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1. Introduction

For more than 20 years, dusty plasmas have proven to be a fruitful field of research due to
its exceptional opportunity to study highly charged many-particle systems on the kinetic
level. A dusty (or complex) plasma contains, in addition to electrons, ions and neutral
atoms, solid particles with sizes ranging from nanometers to millimeters. These dust parti-
cles attain high electric charges due to the influx of electrons and ions, leading to a strong
electrostatic interaction between the dust particles and with the plasma. The complex
interplay between the different species in dusty plasmas leads to a variety of fascinating
phenomena such as crystallization, phase transitions and various types of waves, see Refs.
[1–3] and references therein.
The crucial point that makes dusty plasmas so attractive is the excellent experimental

accessibility: First, the heavy mass of the dust particles (compared to the plasma species)
results in a low charge-to-mass ratio. Hence, the dust dynamics take place on slow time
scales of 10−2 s to 1 s. Second, the fact that (in laboratory plasmas) all dust particles are
negatively charged leads to large inter-particle distances due to the repulsive interaction.
Typically, the distance between neighboring particles exceeds at least 100 times the size
of an individual particle. Both the slow time scales and the high transparency are very
convenient for experimentalists since they allow to capture the position and motion of
dust particles utilizing video cameras.
Many experiments on dusty plasmas focus on two-dimensional dust systems since it is

especially easy to confine a flat layer of dust particles in the sheath of a plasma. There, the
electric field force acting on the dust compensates the gravitational force. The observation
of crystallization in these 2D dust layers in 1994 [4, 5] sparked wide interest in dusty plas-
mas and attracted researchers from different backgrounds. Ten years later, sophisticated
modifications of the dust confinement made it possible to create small three-dimensional
dust clusters (so-called Coulomb or Yukawa balls) which contain less than 1000 particles
(typically well below 100) [6]. Numerous investigations on both 2D dust systems and finite
3D dust clusters have been made, covering e.g. the structure of dust crystals [7–11], phase
transitions [12–18], wave phenomena [19, 20], mode dynamics [21–23] or wake-field effects
[22, 24–29].
In addition to the already rich physics of 2D dusty plasmas, many further physical

phenomena are involved with 3D clouds which occupy a spatially extended volume. These
systems incorporate volume processes as well as surface effects that can arise at various
manifestations of boundaries, e.g. at the characteristic central void [30, 31]. However,
creating extended 3D dust clouds in the experiment is, in contrast to 2D systems, more
challenging. Since the gravitational force dominantly acts on the dust particles, one has to
liberate the dust from gravity in the entire volume that the dust cloud is supposed to fill.
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1. Introduction

The most obvious way to do this is to perform experiments under microgravity conditions,
which has been done on parabolic flights [32–35], sounding rockets [30] or on board of the
International Space Station [36, 37]. In addition to microgravity experiments, spatially
extended dust clouds can be created in the laboratory using thermophoretic levitation,
where gravity is (approximately) compensated by a specifically introduced thermophoretic
force [38–40].
These large 3D dust clouds have been intensely studied for their interesting structure

and dynamics that are often self-excited by intrinsic dust-plasma instabilities. Noteworthy
examples include the existence of central dust-free void [30, 31, 36, 41] and dust vortices
with complex geometries [42–45]. Besides those, the self-excited dust density wave (DDW,
also called dust acoustic wave) is probably the most prominent and most widely studied
phenomenon in 3D dust clouds. Although these waves have now been investigated experi-
mentally for 20 years [46, 47], there is still a continuous flow of intriguing new observations.
As an example, recent findings include (self)-synchronization [48–51], particle trapping [52]
and dust agglomeration due to wave activity [53].
The structure and dynamics of 3D dust clouds and their interaction with the plasma is

based on a complex interplay between various physical processes and mechanism that take
place on different scales over many orders of magnitude: The time scales range from the
electron dynamics in the plasma (10−9 s) to the much slower dust dynamics (due to the
smaller charge-to-mass ratio) of the order of 10−2 s - 100 s. The spatial scales range from the
size of individual dust particles (10−6 m) to the overall extent of the dust cloud (10−2 m).
Finally, the number of involved particles ranges from the entirety of dust particles which
form the cloud and show collective behavior (106 particles) to individual particles whose
dynamics determine the microscopic processes that govern collective behavior.
These wide ranges illustrate that, while 3D dusty plasmas contain fascinating complex
physics, a comprehensive understanding of these systems is a challenging experimental
task. In most experiments on 3D dust clouds, only a thin section of the cloud is investigated
by illuminating the particles with a laser sheet. While this is an efficient and convenient
approach, the fact that only a part of the entire system is studied is often neglected or
not further discussed. Although there are some techniques which aim to overcome that
limitation at least partly (e.g. moving the laser sheet [54–57], using different laser colors
[58], deriving 3D information from 2D images [59] or utilizing plenoptic cameras [60]),
there seems to be a lack for truly three-dimensional diagnostics.
In this thesis, novel experimental techniques have been developed, which, in combination

with established diagnostics, cover the full spectrum of time, size and particle number
scales that are relevant for a three-dimensional dusty plasma. They allow to perform a
comprehensive analysis of the various processes and provide an integrated global picture
of the physics of large 3D dust clouds. In particular, the following questions will be
addressed:
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• What are the microscopic dynamics of single particles in dust density waves? Can
collective wave properties be derived from the trajectories of individual dust parti-
cles?
• Are the established standard diagnostics on DDW, which only consider a section of
the cloud, representative for the global wave dynamics in the entire cloud?
• Which diagnostics are suited to reliably measure the dust density? How is the local
dust density distributed in extended 3D dust clouds?
• Is the dust size in supposedly monodisperse clouds homogeneously distributed? Will
slightest differences of the dust size be reflected in the macroscopic structure of the
cloud? Can the distinct size dependence of the plasma forces acting on the dust
result in phase separation?
• How does the presence of a dense 3D dust cloud affect the plasma properties?

This thesis is structured as follows: First, the fundamental physics of dusty plasmas
will be briefly discussed in chapter 2. Then, a description of the experimental setup and
an overview of diagnostics is given in chapter 3. The results of my research are presented
in chapter 4, followed by a short summary in chapter 5. Finally, reprints of the journal
articles published in the course of my PhD studies are implemented.
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2. Physical Background

Plasma physics is a wide field covering the range from astoundingly large astrophysical
plasmas to extremely hot and dense fusion plasmas to low temperature laboratory and
technological plasmas. In this chapter, a brief overview of the most important fundamen-
tals of plasma physics is presented with a focus on (dusty) low temperature plasmas. A
more general introduction to plasma physics can be found in standard textbooks [61, 62].

2.1. Basic plasma physics

A plasma is an electrically conducting medium consisting of electrically charged (and
possibly neutral) particles that exhibit collective behavior [61, 62]. In a typical noble
gas discharge plasma, electrons and (positive) ions play the role of the charged species.
Furthermore, neutral gas atoms can be present since the degree of ionization is often rather
low. The electrically charged particles interact via the screened Coulomb interaction,
where the screening is due to the free charge carriers in the plasmas. This interaction is
also known as Debye-Hückel potential or Yukawa potential and can be written as

Φ = Q

4πε0r
exp(−r/λD) , (2.1)

where r is the distance from a test charge Q and ε0 is the dielectric constant. The screening
strength is described by the effective Debye length λD, which follows from the electron and
ion contributions by λ−2

D = λ−2
D,e + λ−2

D,i. The Debye length depends on the temperature T
and density n of the respective species and is calculated as λD,e =

√
ε0kBTe/(nee2) (ions

analogous), where e is the elementary charge and kB is Boltzmann’s constant. Hence,
shielding becomes stronger (i.e. the shielding length is smaller) for higher densities n and
lower temperatures T .
The response time of an electron (ion) to an external perturbation is described by

the electron (ion) plasma frequency ωp,e =
√

(nee2)/(ε0me) (ions analogous). Since the
electron mass me is much smaller than the ion mass mi, the electron plasma frequency
is much larger than the ion plasma frequency with typical values of ωp,e of the order
of GHz and ωp,i of the order of MHz. This disparity is exploited in radio frequency
plasmas where the frequency of the externally applied electric field is chosen such that
the ions cannot follow the electric field dynamics due to their smaller plasma frequency
whereas the electrons can, resulting in a high electron temperature but only a moderate
ion temperature. For macroscopic dust particles, a dust plasma frequency can be defined
analogously with the dust mass md and the dust charge Qd (see section 2.2). The small
charge-to-mass ratio of the dust results in typical plasma frequencies of just 10− 100Hz.
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Figure 2.1: Plasma-wall interaction in rf plasmas. The ions cannot follow the fast rf fields and
feature a constant density profile. The electron density in the sheath is periodically modulated
due to the rf voltage Urf . For qualitative illustration, the electron density is shown for three
points in time within the rf period (which is sketched in the inset).

Finally, another fundamental of (gas discharge) plasmas is the quasi neutrality condition,
which means that the total net charge of the plasma is zero (e.g. in a simple rare gas plasma
ni = ne). Hence, following the Poisson equation, a quasi neutral plasma is free of electric
fields.

Radio frequency gas discharge plasmas

Radio frequency (rf) plasmas are widely used in technological applications, having the
major advantage that the electrons are very efficiently heated by the rf electric fields while
the ions and the neutral gas remain roughly at room temperature. The high electron
temperature of typically a few eV allows for a rich chemistry depending on the choice
of gases and of course on the requirements for e.g. special coatings. Furthermore, the
characteristic supersonic flow of ions in the sheath can be used for precise ion bombardment
or sputtering of e.g. silicon wafers [61].
Most dusty plasma experiments take place in capacitively coupled radio frequency dis-

charges, where a blocking capacitor is in series with the rf generator in order to suppress
any net current (averaged over one rf period). The plasma can be phenomenologically
divided into three regions, as sketched in Fig. 2.1: the main (bulk) plasma, which is quasi
neutral, the sheath where the plasma is in contact with the wall, and a transition region
in between (often called pre-sheath). In the pre-sheath (whose existence is imposed by
boundary conditions to match plasma bulk and sheath [61, 62]), both the electron and
ion density decrease with respect to the plasma, but quasi neutrality still holds. In the
sheath, the ion density features a constant gradient towards the wall. The electron density,
in contrast, is modulated by the rf voltage, see the blue, green and cyan curves in Fig.
2.1. Depending on the experimental parameters (most important the gas pressure and the
rf voltage/power), different operation modes for these plasmas are known. In the typical
regime for dusty plasma experiments with gas pressures below 100Pa and rf powers below
30W, the α heating mode is dominant [62]. Here, the electrons are accelerated into the
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2.2. Dusty plasmas

plasma bulk by the strong electric fields in the expanding sheath edge. The electrons then
lose their kinetic energy due to collisions with the neutral gas (or ions, but the ion density
is usually much smaller than the neutral density), resulting in ionization or excitation of
the gas atoms.
One final important aspect of these systems is the presence of an ambipolar ion flow.

This flow originates from the fact that, due to the higher mobility of the electrons, the
walls are negatively charged with respect to the plasma. The ions are therefore subject
to an ambipolar electric field resulting from this charge imbalance, which accelerates the
ions towards the walls and electrodes. While the velocity of this ion flow is subsonic in the
plasma bulk, the ions reach the characteristic Bohm velocity (which is identical to the ion
sound speed) at the sheath edge. While these fast ions hitting the walls can be used in
technological applications (e.g. precise etching or sputtering), the ion flow also has a huge
impact on dusty plasmas since it results in an ion drag force acting on the dust particles.

2.2. Dusty plasmas

Many plasmas contain solid dust particles, with sizes ranging from nanometers to millime-
ters. In space, dust is found almost everywhere, e.g. in the planetary rings of gas planets,
in the tails of comets, in earth’s ionosphere, and, on larger scale, in the huge clouds which
eventually form stars and planets [63]. In technological plasma applications, dust particles
either grow in the plasma as an unwanted by-product (e.g. in computer chip production)
or, in contrast, can be used on purpose to improve the plasma process (e.g. enhancing the
efficiency of polymorphous silicon-based solar cells) [64].
In fundamental research on dusty plasmas, typically particles with a size of a few mi-

crometers are used. There, particles with well-defined properties are injected into the
plasma. In experiments on reactive plasmas, dust particles with a size on the scale of
100 nm are grown in situ. In the following, on overview of the most important aspects of
dusty plasma physics is given.

Dust Charge

The many fascinating phenomena found in dusty plasmas rely on the fact that the dust
particles are electrically charged. While in general many different processes can contribute
to the dust charging (e.g. photoelectric charging due to solar radiation in space plasmas)
[65, 66], I will restrict this discussion to laboratory low temperature plasmas. Here, a
dust particle placed in the plasma collects currents from both electrons and ions. Due
to the higher electron mobility, the particle is charged negatively by the higher collision
rate with electrons. Since the negative dust potential will repel electrons and attract ions,
an equilibrium state is reached when the sum of all currents to the dust particle becomes
zero. In rf plasmas, this equilibrium (the so-called floating potential) is reached quickly
on the time scale of microseconds.
In order to determine the floating potential, the ion and electron currents can, in a

first approximation, be estimated from the OML theory, which was originally derived
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2. Physical Background

for electrical probes in plasmas [67]. In its basic form, this model assumes an isotropic,
collisionless plasma with Maxwellian electrons and ions. Assuming that the dust acts as a
spherical capacitor, the resulting dust charge is of the order of Zd ∼ 103 - 104 elementary
charges for particle sizes of 1 − 10µm. This OML charge may only be seen as a rough
approximation since in typical rf plasmas the previously mentioned assumptions are not
always fulfilled:
• At typical gas pressures of the order of 10Pa, especially the ion current to the dust
is influenced by collisions. Due to charge exchange collisions with neutrals, the ions
lose most of their kinetic energy when approaching a dust particle [68]. In a first
approximation, this results in an increasing ion current onto the dust and therefore
reduces its net (negative) electric charge [69]. Further complications include the
occurrence of trapped ions [68, 70] and the influence of Debye screening on the ion
current [71].
• As mentioned in section 2.1, low temperature rf plasmas feature an ambipolar ion
flow towards wall and electrodes. Especially in the sheath and pre-sheath, the ion
drift velocity vdr is larger than their thermal velocity vth. Hence, the ions cannot be
described by an isotropic Maxwellian velocity distribution. The effect on the dust
charge is ambiguous: For moderate drift velocities vth < vdr < 100 vth, the dust
becomes more negatively charged due to a reduction of the effective ion current. For
larger drift velocities, the ion current increases again, leading to a reduction of the
dust charge. A more detailed discussion can be found e.g. in Ref. [65].
• Besides the ions, also the electron velocity distribution in rf plasmas is often not
Maxwellian but can rather be described as a Druyvesteyn or bi-Maxwellian distri-
bution with a depleted high energy tail [72]. It is generally assumed that such a
distribution results in a smaller electron current to the dust and therefore a smaller
dust charge, since only the electrons from the highly energetic tail can overcome the
negative dust potential [73]. However, the actual implications of the electron velocity
distribution for the dust charging are still subject to current research [74, 75].

In addition to analytical treatment, numerical simulation on dust charging have proven
to be a powerful tool that is able to implement many of the above mentioned limitations
[73].
At high dust densities nd, another important effect influencing the dust charge comes

into play. When the dust charge density becomes relevant for the overall quasi-neutrality
condition (ne +Zdnd = ni), the electron density can be significantly reduced compared to
the ion density since many electrons have been collected by the dust. Hence, there are not
enough free electrons available to charge the dust particles to the value that an isolated
particle would attain [76–80]. This effect is called electron depletion and is often described
by the Havnes parameter P , which is defined as the ratio of the dust charge density to
the electron density [76]. The reduction of the electron density furthermore influences the
plasma conditions [43, 81, 82] and can even have an effect on the electron heating mode
[83]. These effects are addressed in articles [A2] and [A9].
An ensemble of negatively charged dust particles interacts via the screened Coulomb

interaction. In contrast to ideal plasmas, for the dust species the (screened) Coulomb
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2.2. Dusty plasmas

interaction energy can be comparable or even larger than the kinetic energy. This ratio
is described by the Coulomb coupling parameter which in the simple unscreened case is
given as

Γ = Z2
de

2

4πε0rkBTd
(2.2)

where r is a typical distance between two dust particles. While Γ � 1 for ideal plasmas,
the dust species often features strong coupling, i.e. Γ > 1. Crystallization of the dust
ensemble can occur for very strong coupling of the order of Γ > 100 (usually in the range
of 100 < Γ < 200, with the exact value depending on the screening strength and the
dimensionality (2D or 3D) of the system).

Dust ensembles from clusters to clouds

With the appropriate confinement, ensembles of negatively charged dust particles can be
trapped in low temperature plasmas, forming dust systems of various sizes: For 2D dust
layers, the coupling parameter can be varied over a wide range, resulting in gaseous, liquid
or crystalline states of the dust component [84]. Manifestations of the latter depend on
the system size: Small clusters show a ring-like arrangement of particles whereas larger
dust layers tend to feature a hexagonal lattice structure [8].
Small 3D clusters consisting of less than 1000 particles (e.g. Coulomb or Yukawa balls)

are dominated by finite sizes effects. In the crystalline state, they feature an distinct shell
structure [6, 9] which also dominantly affects phase transitions in these clusters [17, 18].
For intermediately sized clouds of about 104 particles, fcc and hcp crystal structures
have been observed under microgravity conditions [57], while laboratory experiments also
revealed a bcc structure due to ion wakefields in the sheath [54].
This thesis is devoted to spatially extended dust clouds that contain about 106 particles

which are confined in a volume of about 100 cm3, resulting in typical dust densities of the
order of 1010 m−3. Hence, volume processes now also play a role in addition to surface-
related phenomena (which dominate the smaller dust systems). While these large dust
clouds are often confined in cylindrical plasma chambers and can therefore (approximately)
be considered as cylindrically symmetric, they still have a complex structure. Often,
a dust-free region is found in the center of the cloud, the so-called void [30, 36, 41].
Furthermore, the dust density distribution is not homogeneous within the cloud. Besides
the structure, these clouds often feature dynamical phenomena such as waves [85, 86] or
vortices [30, 45].
The basic structure of these clouds is sketched in Fig. 2.2 and a typical video image from

an experiment is presented in Fig. 2.3 a), where dust density waves propagate outwards
from the central void.

Forces and confinement of 3D dust clouds

Besides the mutual screened Coulomb interaction, the dust particles in a plasma are subject
to a variety of forces. The most important ones for typical laboratory experiments are:
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2. Physical Background

• The gravitational force Fg = mdg depends on the dust mass md = 4/3πρa3, scal-
ing with the third power of the dust diameter d = 2a and is therefore the dominant
force for larger particles while it is negligible for nano-dust. Dust systems under the
influence of gravity are always under stress since large counterforces are needed to
levitate the particles against gravity. Performing experiments under weightlessness
allows to study more subtle phenomena which are overshadowed by gravity under
laboratory conditions. Hence, some experiments presented in this thesis have been
conducted on parabolic flights.
• The electric field force Fe = QdE acts on dust particles with the charge Qd = Zde

in the presence of an electric field E. It scales approximately linearly with the dust
size since Zd is assumed to be directly proportional to d in the OML model. In
many experiments on finite dust systems, the dust is confined in the sheath due to
the strong electric fields which result in a sufficiently large electric field force that can
compensate gravity. The ambipolar electric field in the plasma bulk is, in contrast,
much smaller and only reveals itself under microgravity conditions.
• The ion drag force Fi = Fi,dir +Fi,C arises from the ion drift that is often found in
laboratory plasmas. This force is responsible for many of the unique phenomena of
dusty plasmas such as the void formation [31], self-excited dust density waves [87],
vortices [43, 45] and wakefield effects [29]. It consists of two contributions, Fi,dir and
Fi,C where Fi,dir is the direct momentum transfer from ions hitting the dust. The
other contribution Fi,C arises from Coulomb scattering events where the ions are
deflected by the dust without a direct collision. The correct calculation of Fi,C is
quite difficult due to the complex question of screening behaviour. An early model
by Barnes [88] has later been succeeded by more sophisticated theories of Khrapak
[71, 89] and Hutchinson [90, 91]. In the most simple model, the ion drag force shows
a quadratic dependence on the dust size. A more detailed discussion about the
complex nature of the ion drag force can be found in Refs. [62, 92]
• The neutral drag force describes the friction force due to relative motion (velocity
vd) between the dust and the gas atoms. It typically (in situations without net gas
flow) leads to a neutral gas friction, damping the dust dynamics that arise due to
other forces. It is often described in the form Fn = mdβvd where β is the Epstein
friction coefficient [93]. Since it depends directly on the gas pressure p, this parameter
can be effectively used to control the dust dynamics in experiments. Under typical
experimental conditions, the dust particles are critically damped (or just slightly
over- or underdamped) since β/ωp,d is approximately unity. As a drag force, Fn
scales with d2.
• The thermophoretic force Fth acts on dust particles when a temperature gradient
∇T is present in the background gas. The force scales linearly with this gradient and
accelerates the particles along the gradient towards the cooler side. Like the neutral
drag force, is scales quadratically with the dust size. The thermophoretic force
is often used in laboratory experiments to compensate gravity and therefore mimic
microgravity conditions [38–40]. This approach is quite convenient since the required
temperature gradient for gravity compensation in argon is just about 10K/cm for
particles with a diameter of d = 3.5µm.
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Figure 2.2: Confinement of large dust clouds in a parallel plate rf plasma. In laboratory ex-
periments, gravity is compensated by the thermophoretic force. Under microgravity conditions,
no thermophoretic force is required.

This variety of forces provides an effective toolkit to confine dust particles in plasmas.
In the early years of dusty plasmas experiments, two-dimensional dust systems were cre-
ated by trapping the particles in the sheath of the plasma, where the electric fields are
strong enough to levitate the dust against gravity [4, 5, 94]. The confinement of spatially
extended 3D dust clouds, in contrast, requires a different approach since the electric field
force is too small in the plasma volume to counter-balance gravity. Hence, the influ-
ence of gravity is either overcome by performing the experiments under weightlessness or
by compensating gravity with a counter-directed thermophoretic force. For the latter, a
temperature gradient in the neutral gas is induced by heating the lower and cooling the
upper electrode. This temperature gradient is specifically chosen to result in an optimal
compensation of gravity for a dust species with a given size.
The basic force geometry in a typical parallel plate discharge is sketched in Fig. 2.2.

When gravity is dealt with, the dust is confined by the electric field force which is directed
towards the plasma center for negatively charged dust particles. The ion drag force, in
contrast, acts in the opposite direction and therefore pushes the dust particles outwards.
In the center of the discharge volume, the ion drag force is stronger than the electric field
force and thereby creates the dust-free void [31]. The void phenomenon was first observed
in microgravity experiments [30, 36] and has been intensely studied, e.g. with respect to
the influence of void formation on the plasma conditions [95–97], void oscillations (also
called heartbeat instability) [31, 41, 98], forces at the void boundary [99], and the possibility
to close the void [40, 100].
The plasma potential structure and resulting force geometries are discussed in greater

detail by Klindworth et al. [101], who performed fluid Siglo simulations [102] for a parallel
plate discharge with the same geometry as that used in this thesis.
Finally, the size dependence of the plasma forces (Fg ∼ d3, Fe ∼ d, Fi, Fn, Fth ∼ d2)

becomes especially important when a dusty plasma contains differently sized dust particles.
The relative size disparity for a binary mixture can be defined as ∆d/d̄ where ∆d is the
difference and d̄ is the mean size of the two species. In laboratory experiments under
the influence of gravity, already small disparities of ∆d/d̄ ≈ 0.2 result in a significantly
different sedimentation of the two species [103, 104]. Under microgravity, experiments

11



2. Physical Background

a) b)

void

wave propagation

Figure 2.3: Self-excited dust density waves a) in a spatially extended dust cloud under mi-
crogravity conditions and b) in a smaller dust system in the laboratory. In both situations, a
section of the cloud is illuminated with a laser. The image in a) only shows the right half of the
dust cloud, which is approximately cylindrically symmetric.

with larger disparities ∆d/d̄ ∼ 1 revealed a strict separation between the different species
[105–108], which is in this situation caused by the electric field force and the ion drag force.
In one of these experiments, the separation process showed evidence of a thermodynamic
de-mixing by spinodal decomposition [107, 109]. However, no systematic experiments on
phase separation due to size differences have been performed so far, since the especially
interesting regime of small size disparities has not been accessible to experiments up to
now.

Self-excited dust density waves

Dusty plasmas feature a variety of wave phenomena which can either be excited by external
perturbations or self-excited by intrinsic plasma processes. Studying wave phenomena in
dusty plasmas is very fruitful since the time and size scales of the dust allow to observe
the wave dynamics on the kinetic level of individual particles. In strongly coupled dust
clusters, different types of lattice waves have been observed, see e.g. Refs. [19, 20] or
[62, 92] for a comprehensive overview. In weakly coupled dusty plasmas, the dust density
wave (or dust acoustic wave) is dominant, which will be studied in greater details in this
section. In addition, interesting phenomena such as solitary waves or solitons have been
observed in dusty plasmas [110–112]. Furthermore, the presence of dust particles modifies
ion acoustic waves [113–116] and ion cyclotron waves [115, 117].
The dust density wave (DDW) is one of the earliest observed and most studied collective

phenomena in dusty plasmas. In its basic form, it can be considered as an analogue to ion
acoustic waves in dust-free plasmas. Instead of the ions, the heavy dust particles provide
the inertia, while the ions (and electrons) provide the shielding, trying to screen the dust
charge density fluctuations. In addition, friction of the dust particles with the neutral gas
is often important for the DDW dynamics and has to be taken into account. Hence, the

12



2.2. Dusty plasmas

dispersion relation can be written as

ω2 + iβω =
(
γd
kBTd
md

+
ω2

p,dλ
2
D,i

1 + k2λ2
D,i

)
k2 (2.3)

under the (in low temperature plasmas usually justified) assumption Te � Ti. On the left
hand side, neutral gas friction is included by the Epstein friction coefficient β. On the
right hand side, the first term represents the dust thermal velocity and the second term is
analog to the ion acoustic wave, where now the dust plays the role of the ions and the ions
play the role of the electrons. The frequency ω of these waves is of the order of the dust
plasma frequency ωp,d =

√
Z2

de
2nd/(ε0md, resulting in typical time scales of 10−2− 10−1 s

that allow to study these waves with video cameras. For small wave vectors k (and
cold dust at Td = 0), the dust density wave features an acoustic behavior (ω = cDAWk)
with the dust acoustic velocity cDAW = λD,iωp,d. Beyond these basic considerations, a
broader introduction into the basic physics of dust density waves can be found e.g. in
Refs. [1, 47, 92].
Dust density waves were predicted by Rao et al. [118] in 1990 and have first been

observed in experiments by Barkan et al. [46] in 1995. Since then, these waves have
attracted wide attention for their rich physics: First of all, in most laboratory experiments
DDW are self-excited by an intrinsic instability related to the dust-plasma interaction.
This instability is usually due to the ambipolar ion flow that also leads to the ion drag
force and creates the void. The details of this mechanism and the growth behavior of
self-excited DDW have been studied extensively in rf [87, 119–122] and direct current (dc)
[46, 87, 123, 124] discharges. In typical experimental situations the dispersion relation
can be influenced by many different processes that even intersect. An integrated picture
accounting for numerous effects such as dust charge fluctuation, collisions and drifts was
studied in Ref. [125]. Combining sophisticated models of the dispersion relation with
experimental observations, DDW can be used as a diagnostic tool providing fundamental
plasma parameters such as the ion density, the ion drift velocity and the dust charge [126].
Of course, the DDW also influences the plasma, resulting e.g. in a modification of the
plasma light emission [127, 128].
Other interesting phenomena in DDW include (self)-synchronization and the formation

of frequency clusters [48, 50, 51]. Often, defect structures are observed which can be
related both to frequency clusters [49] and wave turbulence [129]. Investigations on the
level of individual particles give further insight into the wave dynamics [130] and reveal
fascinating effects such as wave breaking [131], particle trapping [52, 132] and wave-induced
dust agglomeration [53].
Besides the large variety of compelling physics, dust density waves are attractive from

the experimentalist’s perspective since the relatively slow time scales and large size scales
allow to capture the wave dynamics with (high speed) video cameras. In most experiments,
a thin slice of the dust cloud is illuminated by a laser sheet, see e.g. Refs. [48, 52, 53, 86,
119, 121, 123, 127, 131] and the two representative video images in Fig. 2.3. This approach
is well suited to study the wave in the illuminated plane on both the individual level (see the
single particles in Fig. 2.3 b)) and the collective level (see the complex geometry of wave

13



2. Physical Background

crests and troughs in Fig. 2.3 a)). However, this technique is naturally limited by its 2D
character and does not provide the full 3D wave dynamics. One approach to overcome this
limitation is 3D particle image velocimetry (PIV), which is based on collective behavior
and has been applied to dust density waves in the form of stereoscopic PIV [133, 134]
and tomographic PIV [135, 136]. In this thesis, 3D stereoscopic measurements of single
particle dynamics will be used to obtain the full 6D phase space of individual particles
in dust density waves. Furthermore, the coherence of DDW is studied by a novel light
extinction technique which enriches the palette of optical diagnostics on these waves.
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3. Experimental Setup and Diagnostics

3.1. Plasma chamber

All experiments presented in this thesis have been performed in capacitively coupled argon
discharges driven at 13.56 MHz. As customary in plasma research, these plasmas are
created in cylindrical vacuum chambers containing two electrodes. Here, we make use of
the symmetrical parallel plate geometry, where the rf voltage is applied to both electrodes
with a phase shift of 180◦. Operating this so-called push-pull mode results in an axially
symmetric plasma, making it easier to confine symmetrical 3D dust clouds.
With the exception of the microwave interferometry experiments in [A9], IMPF-K2-type

plasma chambers [137] have been used for all experiments. The modular structure of this
chamber makes it very versatile and allows to meet the requirements for many different
diagnostics. The original IMPF device has been developed for microgravity experiments
on parabolic flights and was also considered to be the prototype for an eventual experi-
ment on the International Space Station. Here, the articles [A3], [A6], [A7] and [A10] are
based on experiments that have been carried out on parabolic flights in the DLR cam-
paigns 09/2012, 04/2013 and 09/2015. For this enterprise, the entire experimental setup
is installed in a modified passenger airplane (operated by Novespace, located in Bordeux-
Merignac, France) which involves very strict safety rules and rigorous limitations of the
available space and allowed mass. However, compared to other means of microgravity
experiments (ISS, sounding rocket, drop tower), parabolic flights offer the advantage that
the scientists, being on board the aircraft, can directly control the experiment during the
measurement. The parabolic flight maneuver provides about 22 s of microgravity for each
parabola. Typically, a campaign consists of three to four flight days with 31 parabolas per

Figure 3.1: Schematic front view of the IMPF-K-2 chamber setup.
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Figure 3.2: Schematic top view of different plasma chamber bodies for the IMPF-K-2 electrode
geometry that have been used in this thesis. In some experiments (e.g. in configuration C and
on parabolic flights in configuration A), additional dust dispensors are located on top of the
plasma chamber.

day, resulting in an agglomerated microgravity measurement time of roughly 30 minutes
per campaign.

Electrodes

All versions of the IMPF-K-2 device feature a central pair of parallel circular electrodes
with a diameter of 80mm, which are separated by a 30mm discharge gap as depicted
in Fig. 3.1. For the microgravity experiments on parabolic flights, ITO-covered glass
electrodes are used in order to provide additional optical access to the plasma chamber
via a window at the top of the chamber. In the ground based experiments, aluminum
disks serve as electrodes. Here, the temperature of the electrodes can be controlled by a
water circulation system in order to create 3D dust clouds via thermophoretic levitation
(see section 2.2). In most experiments, dust particles with a diameter between 3.5µm
and 4.0µm have been used, which require a temperature difference of about 30K to 35K
in order to levitate the particles against gravity. Hence, the temperature of the upper
electrode was typically set to 5 ◦C and the lower electrode to 35 ◦C - 40 ◦C.

Chamber body

For the articles presented in this thesis, three different configurations of the plasma cham-
ber body have been used, accommodating for different diagnostics. Top view sketches of
these configurations are shown in Fig. 3.2.
Setup A is the standard configuration of the IMPF-K-2 chamber, providing four win-

dows and four further ports which are mostly used for dust dispensors (at least in the
experiments relevant to this thesis). This configuration has been used in all parabolic
flight experiments (articles [A3], [A6], [A7], [A10]) as well in ground based experiments on
tracer particles in dust density waves [A1] and PROES measurements in dusty plasmas
[A2].
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3.1. Plasma chamber

Setup B provides larger windows, which were required for the light extinction experi-
ments on dust density waves [A4]. Due to the larger windows, the dust dispensor ports
had to be omitted. Hence, one window is replaced by a metal wall containing a dust dis-
pensor. Furthermore, (laboratory) experiments on phase separation have been performed
in this configuration [A10].
Setup C is a more radical development, where a glass ring acts as the side wall of

the plasma chamber. This configuration provides 360◦ optical access which is required
for the computed tomography experiments [A5] and the angle-dependent Mie-Scattering
measurements [A8].

Dust particles

For most experiments on dusty plasmas it is crucial that the dust particles have a well-
defined shape and size. Like many other researchers in the field (see e.g. Refs. [138, 139]
and references therein), we used spherical plastic particles made of melamine formaldehyde
(mf) produced by Microparticles GmbH for all experiments presented in this thesis (except
for the nanodust studies [140]). These particles have a mass density of 1514 kg/m−3 and
a refractive index of N = 1.68 (both quantities specified by the manufacturer).
Mf particles offer a very narrow size distribution (usually 1 % to 2 %) and a well-defined

spherical shape, making them apparently perfectly suited for dusty plasma research. How-
ever, in the last few years evidence hardened that mf particle properties are not set in
stone once they are confined in a plasma. While it was well known that mf can be chem-
ically etched in oxygen plasmas [141, 142] and sputtered in argon plasmas under certain
conditions [105], operation in low pressure argon plasmas was thought to be unproblem-
atic. However, it was recently revealed that mf particles are subjected to outgassing when
they are put into an argon plasma [139] or even just a vacuum [143]. Here, the behavior
of the mf particle size evolution in the plasma is investigated in article [A8].
For the parabolic flight experiments, mostly particles of 6.5µm to 7.0µm diameter are

used, which proved to be advantageous for microgravity experiments over many years. Due
to practical restrictions of the thermophoretic levitation technique (temperature gradient
scaling with the dust size), in laboratory experiments smaller particles with a diameter
between 3.5µm and 4.0µm are preferred.
One distinct advantage of mf particles is the availability of a variety of modifications such

as coatings or doping. One particularly useful option is the incorporation of fluorescent
dye into the mf material. In this thesis, Rhodamine B-marked dust particles have been
introduced and tested in [A1]. Furthermore, the experiments in [A3], [A6], [A7] and [A10]
fundamentally relied on the use of fluorescent particles. In addition, the temperature
dependence of the Rhodamine B emission spectrum is used in [A8] to determine the
material temperature of the dust particles.
In a completely different approach to dusty plasma experiments, dust particles can grow

in reactive plasmas, e.g. by adding silane [83] or acetylene [144] to the plasma. Under
the right experimental conditions, the dust growth can be controlled in a way that leads
to a relatively uniform size distribution with a typical dust size in the range of 50 nm to
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500 nm [144]. This manifestation of dusty plasmas is especially relevant for plasmas in
technological applications [64] and requires different optical diagnostics since the particles
size is in most cases smaller than the wavelength of visible light. In the course of this thesis,
the structure of dust clouds created from particle growth in argon-acetylene plasmas has
been investigated using the setup at the University of Kiel described in Refs. [144–146].

Dust injection

In all experiments (on micron-sized particles), the dust particles are injected into the
plasma using electromagnetically driven dust dispensors with a very fine sieve that allows
only small amounts of dust particles to enter the plasma at a given time. In microgravity
experiments, up to 10 dispensors are operated to accommodate for different kinds of
dust particles and to provide enough dust for 31 parabolas per flight day. In laboratory
experiments, usually only one or two dispensors are used.

3.2. Optical diagnostics

One major advantage of dusty plasma is the excellent experimental accessibility for optical
diagnostics. Since the distance between dust particles is much larger than the actual
particle size, the dusty plasma is very transparent and can be regarded as optically thin.
Hence, individual particles can be observed with video cameras when they are sufficiently
illuminated. In the following, a short summary of optical diagnostics relevant for this
thesis is given.

Laser light scattering

In most experiments on dusty plasmas, the particles are illuminated by lasers and the
scattered light is observed by video cameras. In larger dust clouds, lasers beams are often
expanded in one direction, forming a thin sheet that illuminates a two-dimensional slice
of a dust system. Illuminating a 3D volume is in principle possible, but makes the data
analysis difficult when the dust particles overlap in the camera image plane.
From the physics point of view, laser light scattering in dusty plasmas with micron-sized

dust is described by Mie scattering, where the size of the dust particles is about one order of
magnitude larger than the wavelength of the used laser light. In this regime, the scattering
intensity strongly depends on the dust size, the light wavelength, the scattering angle and
the light polarization. These dependencies are illustrated in Fig. 3.3 a) and b) for typical
experimental parameters. The scattering curves in Fig. 3.3 a) show the strong influence
of the scattering angle. The drastic dependence on the dust size is already implied by the
different course of the two curves in a) and is further pointed out by Fig. 3.3 b), where the
scattering intensity is given as a function of the dust size for a constant scattering angle.
This strongly non-monotonic behavior has serious implications for experiments on large

dust clouds using the standard laser slice technique, where the dust density is often as-
sumed to be directly proportional to the scattering intensity. Although dust clouds of
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3.2. Optical diagnostics

Figure 3.3: Mie scattering results for spherical dust particles with a refractive index N = 1.68
at a wavelength of 532 nm. a) Scattering intensity as a function of the scattering angle for two
different dust sizes. b) Scattering intensity at an angle of 90◦ as a function of the dust size for
two different light polarizations. c) Extinction cross section as a function of the dust size. For
comparison, the geometric cross section is shown.

mf particles are usually considered to be monodisperse, even slightest size differences can
substantially influence the scattering intensity, resulting in misleading conclusions about
the dust density. In addition, further uncertainties can arise from the angular dependence
of the scattering signal: Depending on the specific optical setup of an experiment, imaging
a large dust cloud of 10 cm diameter might result in effective aperture angles of the lens
system that are large enough to cause errors. As an example, already an opening angle of
5◦ would cause a significant artificial intensity gradient in the camera image.
Nevertheless, the characteristics of Mie scattering can also be exploited to obtain in-

formation about the dust: In [A8], the dust size is determined from measurements of
the angular scattering distribution, which has a unique course for a given dust size, see
Fig. 3.3 a). The experimental implementation requires a movable camera to record the
angle-resolved scattering pattern and is sketched in Fig. 3.4 a).
Alternatively, the light polarization can be used to measure the dust size in situ, which

is especially advantageous for experiments with submicron-sized dust [145–147]. Here,
the setup of Greiner et al. [145] has been used to accompany tomographic studies on
nano-dust clouds [140].

Light extinction

To measure the dust density without suffering from the pitfalls of light scattering described
above, a light extinction technique has been developed within the framework of this thesis
which yields the line-of-sight integrated dust density. This approach is based on an LED
panel that is located opposite to the camera. The white light emitted from the panel
traverses the dust cloud where some of it is being scattered or absorbed by the dust. The
camera records the intensity of the transmitted light through an optical filter in the region
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Figure 3.4: Top view sketches of optical diagnostics. a) The camera is mounted on a rotating
stage to perform tomography by light extinction measurements [A5] and to record angle-resolved
Mie scattering patterns [A8]. b) Two cameras observe the same region of the dust cloud where
camera 1 records the scattered light from all particles (green filter) and camera 2 exclusively
records the fluorescence signal from Rhodamine B-doped particles (orange filter). (Both con-
figurations "camera 2(a)" and "camera 2(b)" have been used in section 4.3 : (a) for laboratory
experiments and (b) for parabolic flight experiments [A10]).

of 440 nm to 560 nm, effectively suppressing the plasma light emission. From a reference
measurement without dust, the light extinction due to the dust cloud is determined.
The camera is equipped with a bilateral telecentric lens which ensures that only parallel
light beams (with regard to the optical axis) are observed. Hence, the level of extinction
is directly connected to the line-of-sight integrated dust density via the Lambert-Beer
extinction law

I = I0 e−ndσl (3.1)

where nd is the line integrated dust density, σ is the extinction cross section for a single
particle and l is the optical path length. Neglecting multiple scattering events is justified
since the dust clouds are optically thin. From this equation, we can directly derive nd when
σ is known from Mie theory. As depicted in Fig. 3.3 c), σ depends monotonically on the
dust size and has an almost linear relationship with the geometric cross section of the dust,
making light extinction a reliable measure for the dust density. In contrast to the complex
nature of light scattering illustrated in Fig. 3.3 a) and b), extinction measurements have
fewer uncertainties: The merely weak spectral dependence of the extinction coefficient in
the used range of 440 nm to 560 nm results in acceptable errors of just a few percent (the
same applies for the refractive index of the dust, which also (weakly) depends on the light
wavelength). These uncertainties might be even further reduced in the future by using a
monochromatic instead of a white LED panel.
In [A4], the light extinction technique has been used to measure density oscillations due
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to the propagation of dust density waves. Comparing these results to localized measure-
ments using laser light scattering enabled us to study the coherence of the dust density
waves.
Determining the local dust density is however more complicated, since the density is

usually not constant along the line of sight. Assuming a cylindrically symmetric dust
cloud, Abel inversion can be used to calculate the radially resolved dust density from one
projection. For this purpose, a MATLAB implementation of a particularly robust method
for Abel inversion [148] has been written and published online in the course of this thesis
[149]. Leaving the restrictions of cylindrical symmetry behind, a computed tomography
system has been developed in [A5] where extinction measurements are performed from
many different angles, providing the full 3D resolved dust density, see the sketch of the
experimental setup in Fig. 3.4. Consequently, this technique is finally applied to dust
clouds consisting of nm-sized particles, which are especially challenging for laser light
scattering experiments due to the small dust size [140].

Fluorescent particles

Many interesting phenomena in dusty plasmas only occur at high dust densities (e.g. self-
excited dust density waves or vortices). In this regime, it can become difficult to track
the motion of single dust particles due to the sheer number of particles observed by the
camera, leading to frequent shadowing events where particles overlap in the camera’s image
plane. This problem becomes even more imminent when a three-dimensional volume is
illuminated in order to obtain 3D trajectories.
To overcome this limitation, a tracer particle technique has been developed in the course

of my Master’s thesis, eventually leading to publication [A1]. This method leads to an
artificial reduction of the observed dust density by admixing a small percentage of tracer
particles to the dust system. These particles basically consist of melamine formaldehyde,
but in addition are doped with fluorescent Rhodamine B dye. Besides this property,
the tracer particles have the same size and mass as the other particles. Therefore, they
perfectly blend into the dust cloud and can be seen as representatives for the majority of
"invisible" particles [150].
The fluorescence is excited with a standard Nd:YAG laser at 532 nm, which is also used

for usual laser light scattering diagnostics. The fluorescence emission spectrum has its
maximum intensity at 584 nm with a FWHM of about 40 nm. The observing camera(s)
are equipped with optical filters that block the laser light but transmit the fluorescence
emission. Typically, a bandpass filter with a central wavelength of 592 nm and a FWHM
bandwidth of 49 nm is used in order to maximize the recorded fluorescence intensity while
the laser light and most of the plasma light emission (which is largely in the red part of
the visible spectrum) are blocked.
The fluorescent dust particles are furthermore used to study phase separation in binary

mixtures [A10]. Here, we use these particles to overcome the problem that different particle
species with small size disparities cannot be distinguished by laser light scattering due to
the complex behavior of Mie scattering. Hence, two (slightly) differently sized particle
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Figure 3.5: Emission spectra of Rhodamine B-doped mf particles as a function of tempera-
ture as observed by a compact spectrometer through an optical bandpass filter with a central
wavelength of 592 nm and a FWHM bandwidth of 49 nm. The particles are suspended in water.
The fluorescence is excited by an Nd:YAG laser at 532 nm. In the inset, the FWHM of the
fluorescence spectra is given as a function of the temperature.

species are brought into the plasma where only the particles of one species are marked
with Rhodamine B. In this situation, two cameras with the same field of view are used, see
the sketch in Fig. 3.4 b). While one camera observes the scattered light from all particles,
the other camera is equipped with an optical fluorescence filter and exclusively observes
the fluorescent particles [A8].
Finally, the temperature dependence of the fluorescence emission spectrum is used to

infer the dust particles’ surface temperature. The emission spectrum of dyed dust particles
suspended in water is shown in Fig. 3.5 as a function of temperature. Obviously, the
overall intensity decreases for higher temperature while the full width at half maximum
(FWHM) increases. These curves are used as a calibration to determine the dust surface
temperature for particles confined in a plasma.

Stereoscopy

In large 3D dust clouds with complex dynamics, measuring 3D data is an essential key
for our understanding of the dusty plasma system. Standard laser light scattering diag-
nostics only provide 2D information about either the (2D) single particle dynamics or the
collective wave properties in a thin, laser-illuminated slice of the cloud. Obtaining full 3D
particle trajectories requires a stereoscopic approach with at least two cameras that share
a common observation volume.
A highly sophisticated stereoscopic setup (see Fig. 3.6) has been developed in Greifswald
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Figure 3.6: Sketch of the stereoscopic camera setup. The observation volume is located inside
in plasma chamber (not shown).

by B. Buttenschön [108, 151] and was further improved by M. Himpel [152]. It consists
of three CCD cameras which observe a volume of about 1.5 cm3 where two cameras share
a side window (see Fig. 3.2 A) and the third camera images the dust cloud through a
top window from above. The observation volume is illuminated by a flat top laser with a
square profile of adjustable size. The cameras and the laser are mounted on a common rig
which can be remotely moved in two directions using stepper motors. The compact design
and high degree of automation fit the requirements for operation on parabolic flights,
where the experiments take place in an encapsulated confinement with limited space.
For experiments on dust density waves (with their characteristic high dust density), the

number of visible particles in the observation volume is much too high for further analysis.
Hence, the stereoscopic experiments presented here (in [A1], [A3], [A7],[A6]) all used the
fluorescent tracer particle technique described above. With the proper ratio of fluorescent
particles (typically some percent), less than 100 particles are visible in each camera image.
The crucial and most difficult part of the data processing is the correspondence analysis,
where one has to determine which particle (projection) in one camera matches which
particle (projection) in another camera. Here, epipolar geometry approach is used, which
requires a careful calibration of the cameras [153].
The basic data processing scheme for obtaining 3D trajectories is as follows: First,

the 2D particle positions in each image from each camera are determined using standard
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detection techniques [154]. Then, the particles are tracked over time in each camera,
yielding the 2D trajectories. Having the 2D trajectories available greatly simplifies the
correspondence analysis since we can use the time information to match trajectories instead
of single positions. The use of three cameras improves the data quality by enabling us to
continue particle tracking even when two particle (projections) overlap in the image plane
of one camera. More details on the stereoscopic setup and data processing can be found
in Ref. [155].

Plasma diagnostics

The presence of dust particles always influences the plasma properties. The effect of a
large, volume-filling dust cloud on the plasma heating dynamics is studied in [A2]. The
influence of dust in the sheath on the bulk electron density is investigated in [A9].
In [A2], phase resolved optical emission spectroscopy (PROES) [156] is used to in-

vestigate the plasma light emission dynamics on the scale of the radio frequency cycle
(Trf = 74ns). Using a gated, intensified CCD (ICCD) camera allows very short exposure
times on the scale of a few ns. The signal-to-noise ratio is drastically improved by repeated
sampling of each point in the rf phase for at least 105 times. The ICCD camera is therefore
synchronized with the rf generator. Repeating this process for different points in the rf
phase provides a complete dataset of the plasma light emission dynamics throughout a
full rf period.
On these timescales of a few ns, the finite lifetime of the atomic transitions which cause

the plasma glow has to be taken into account. Hence, only one specific atomic transition
with its corresponding light emission is studied by using narrow optical filters. Here, the
argon double line at about 751 nm was observed, which corresponds to the transitions
Ar(2p1)-Ar(1s2) and Ar(2p5)-Ar(1s4) (in Paschen’s notation) with a mean lifetime of τ =
23.7ns. The measured emission intensity I is converted to the actual excitation rate χ
using the simple corona model [157, 158]

χ(t) ∝ I(t) + τ
dI(t)
dt

. (3.2)

Furthermore, data complexity is reduced and the signal-to-noise ratio is improved by
horizontally averaging the measured images (in the region corresponding to the center of
the discharge), resulting in one-dimensional vertical emission profiles.
In a different experiment, the electron density in the plasma bulk is measured by 160GHz

Gaussian beam microwave interferometry [A9]. A microwave beam running through the
plasma experiences a phase shift which is proportional to the electron density in the plasma
[159]. The phase shift is determined from interferometry between the measurement beam
and a reference beam. The lower resolution limit of 0.1◦ corresponds to a line integrated
electron density of 5× 1013 m−2. This technique is especially suited for the measurement
of the electron density, since (in contrast to electrical probes [101, 160] or spectroscopy
[83, 158]) it requires no models or assumptions [159].
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4. Results

In the course of my PhD studies, experiments on the structure and dynamics of large
dust clouds have been performed on different levels, from individual particles to global
properties. An overview of this research is given in this chapter. In the first part of
section 4.1, dust density waves are investigated on the kinetic level by measuring the
3D trajectories of single particles participating in the waves. While this investigation
goes beyond the possibilities of the standard laser slice technique, still only a small partial
volume of the entire dust cloud is considered. Hence, the global wave dynamics in the entire
dust cloud will be studied using a novel light extinction technique in the second part of
section 4.1,. Consequently, in section 4.2 this experimental technique is used to investigate
the 3D dust density distribution in the cloud. Following the density distribution, the dust
size dispersion is investigated in section 4.3 with regards to the time evolution of the dust
size and size disparity-induced diffusion processes. Finally, the effect of large and dense
dust clouds on the plasma is studied in section 4.4.
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4.1. Dynamics of dust density waves ([A1], [A3], [A4], [A6],
[A7])

In the past 20 years, many researchers all over the world have performed numerous exper-
iments on dust density waves (DDW) which revealed fascinating phenomena and provided
insight into the complex physics of these waves (see section 2.2). Almost all of these exper-
iments relied on the observation of a thin slice of the dust cloud that has been illuminated
by a laser sheet. While this simple and yet powerful technique allows to study DDW on
both the individual and collective level, it is naturally restricted to the illuminated area.
The wave properties in other parts of the dust cloud and wave propagation perpendicular
to the illuminated plane cannot be accessed. Here, two different approaches are presented
which aim to overcome the limitations of the laser sheet method.
First, the 3D trajectories of single dust particles are obtained from stereoscopic mea-

surements using a volume illumination. In [A1], a new experimental method for measuring
the 3D trajectories is presented. Largely conducted by M. Himpel, this technique is used
in [A3] to study DDW under microgravity on the kinetic level. The promising potential
of this method is further illustrated by the publications [A6] and [A7].
Second, a novel line-of-sight integrated experimental technique gives access to the col-

lective wave behavior of an entire dust cloud, allowing to investigate the wave coherence
[A4].

Single particle movement in DDW ([A1], [A3], [A6], [A7])

Dust density waves offer the outstanding opportunity to study non-linear phenomena on
the kinetic level of individual particles. Since DDW can propagate in all spatial dimensions
within three-dimensional dust clouds, it is of course highly interesting to retrieve 3D data
experimentally. Doing so is however very difficult: To obtain the 3D positions of dust
particles, a volume of the dust cloud has to be illuminated instead of a thin slice. Due
to the high dust density, the number of particles in such a volume is much too high
for further data processing. We have overcome this limitation by introducing fluorescent
tracer particles that perfectly blend into the dust cloud (see section 3.2). Since the tracers
artificially reduce the visible dust density (yet keeping the physics unchanged), a feasible
number of dust particles is visible in the camera images. Using the stereoscopic camera
setup presented in Fig. 3.6, the 3D trajectories of single dust particles in DDW are
obtained. The dust velocity and acceleration is derived from the trajectories simply by
differentiation. In [A1], we have introduced the tracer particle technique and we have
shown that the tracers can be considered as representatives for the majority of standard
particles.
A typical set of 3D trajectories obtained in a microgravity experiment is shown in Fig.

4.1. The wave propagates in the vertical (z) direction. Consequently, the strongest dust
dynamics is visible in this direction. From such a data set, the velocity distribution can be
directly inferred for each spatial component. A typical velocity distribution is presented
by the symbols in Fig. 4.2 a). In the direction of wave propagation (z), a bimodal

26



4.1. Dynamics of dust density waves ([A1], [A3], [A4], [A6], [A7])

Figure 4.1: Set of 3D trajectories of individual particles in DDW under microgravity conditions.
For clarity, only trajectories longer than 70 frames from a measurement time span of 1000 frames
are shown (cameras record at 180 fps). The wave propagates in z-direction, which consequently
features the strongest dynamics.

structure is visible. In the transverse directions (x and y), in contrast, the particles have
nearly thermal velocity distributions. This is confirmed by the solid lines, which represent
thermal Maxwellian distributions (for x and y) and agree well with the experimental
results. For the z direction, a damped harmonic oscillator with noise has been fitted,
which also describes the results quite well for small (absolute) velocities but shows greater
deviations for large (absolute) velocities. The vertical velocity distribution is investigated
in greater detail in Fig. 4.2 b), where it has been computed for different vertical positions
in the dust cloud. In the direction of wave propagation (from z1 to z3), the two peaks
become more separated, indicating increasing kinetic energy, wave speeds and oscillation
amplitudes (see [A3]). The evolution of the dust oscillation amplitudes in self-excited,
non-linear DDW has been subject to many investigations [121, 131] and is furthermore in
the focus of [A6].
Upon closer inspection, Fig. 4.2 b) reveals another interesting aspect: The models in-

dicated by the solid lines fit better for highly negative velocities than for highly positive
velocities. A detailed investigation revealed that the surplus of dust particles with veloc-
ities of about +20mm/s is due to the existence of trapped particles. In contrast to the
majority of oscillating particles, trapped particles move along with the wave for a certain
time and distance until they are spontaneously released and resume oscillating around a
new mean position. So far, this phenomenon been studied in simulations of 2D dusty
plasmas [132] and was experimentally observed in dust density waves using 2D diagnostics
only [52]. Here, trapped particles have been studied in three dimensions for the first time.
Is has been shown in [A3] that the velocity distribution of trapped particles explains the
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Figure 4.2: Velocity distribution obtained from 3D trajectories in a DDW under microgravity
conditions propagating in the vertical (z) direction. The symbols show the experimental results
and the solid lines represent fits of a Maxwellian distribution (x and y component) and a damped
harmonic oscillator (z direction), respectively. In b), the vertical velocity distribution is shown
as a function of the vertical position in the dust cloud. After [A3].

gap between the experimental results and the oscillator model in Fig. 4.2 b).
The tracer particle technique can finally be used to derive information about the col-

lective properties based on the dynamics of single particles. Here, we exploit the fact that
the frequency of the DDW is often constant for a sufficiently long time span. Furthermore,
the occurrence of frequency clusters due to self-synchronization often results in a homo-
geneous wave frequency in the entire observation volume [48–51]. Hence, all trajectories
that have been observed over many oscillation periods can be mapped onto a single period.
By this pseudo-stroboscopic approach, the data density is massively improved, resulting
in a spatially and temporally continuous data set of the wave properties. In [A7], this
technique has been used to reconstruct the spatio-temporal evolution of the dust density
in the DDW from single particle trajectories. In addition, the dust acceleration and the
kinetic energy have also been investigated by the pseudo-stroboscopic approach with re-
spect to the transfer of kinetic energy from the longitudinal to the transverse components
due to dust-dust collisions in [A3].
To conclude, the tracer particle technique is a powerful tool which provides access to non-

linear dust density waves on the kinetic level of single particles. Many questions remain
to be addressed, e.g. the role of dust-dust collisions for the transfer of kinetic energy to
the transverse directions and the microscopic 3D dynamics of topological defects that are
associated with the boundaries between frequency clusters [49, 161].

Coherence analysis: DDW in the collective picture ([A4])

Both the traditional laser slice experiments and the stereoscopic measurements presented
above lack a global view of the dust cloud since these techniques are naturally restricted
to the illuminated areas or volumes. It would however be interesting to study the wave
propagation in the entire dust cloud. Even if the waves propagate purely in one direction
(e.g. z), a laser slice in the x-z- or y-z-plane might not provide the full picture. As an
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4.1. Dynamics of dust density waves ([A1], [A3], [A4], [A6], [A7])
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Figure 4.3: The time evolution of the local and global wave amplitude at one (identical)
region in the dust cloud for a) small amplitude waves and b) large amplitude waves. The cross
correlation between the local and global time series indicates the wave coherence and has been
calculated for each pixel, resulting in the color coded correlation maps in c) and d). The blue
boxes mark the regions from which the data in a) and b) is taken and the blue circles indicate
defects. After [A4].

example, one might ask whether the wave propagates coherently in the entire dust cloud,
i.e. whether the wave crests resemble coherent, flat layers in the x-y-plane.
In order to address this question, a novel experimental technique has been developed that

provides the line-of-sight integrated dust density based on light extinction measurements.
If DDW are present in a dust cloud, the line integrated dust density will be modulated
according to the waves. Two typical time series of the line integrated dust density are
represented by the red dashed lines in Fig. 4.3 a) and b), where part a) corresponds
to a situation with moderate wave activity (SAW - small amplitude waves) while part b)
represents a situation where strongly non-linear waves with large amplitudes (LAW - large
amplitude waves) are present.
In addition to the line integrated data (which is referred to as global wave state), the local

wave amplitude has been measured by the standard laser slice technique and is represented
by the blue solid lines. Here, the same camera recorded the scattered light intensity in a
central illuminated plane of the dust cloud, providing an identical field of view. Since both
quantities (local and global) have been obtained (quasi) simultaneous in the experiment
and both represent the same spatial position, the local and global time series can now be
correlated. Obviously, both time series seem to be in phase in the LAW situation, while
they are clearly not in phase (and even show an irregular phase difference) in the SAW
case.
The degree of correlation is quantified by calculating the cross correlation between the

local and global time series, yielding a high cross correlation for the LAW (CLAW = 0.77)
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and no correlation for the SAW (CSAW = 0.01) for the examples of Fig. 4.3 a) and b).
This behavior indicates that in the LAW case the wave field is coherent since the wave
dynamics in the laser slice agree very well with the globally integrated wave dynamics. In
the SAW case, however, the wave field seems to be incoherent since the local and global
wave dynamics are inconsistent. This finding is confirmed when the correlation analysis is
performed for every single pixel of the camera image, resulting in the correlation maps in
Fig. 4.3 c) and d). There, the cross correlation is computed pixel-wise and is superposed
onto representative (local) measurement images as color-coded contour planes. For LAW,
the entire area that exhibits waves shows a high correlation and therefore a high coherence
of the wave field. For SAW, in contrast, the correlation is very small in the main wave
field below the void. Further analysis in [A4] suggests that the incoherent wave field
in the SAW case is due to the sporadic occurrence of topological defects which result
in a fragmentation of the wave fronts (two defects are marked by blue circles in in Fig.
4.3 c)). The occurrence of these defect structures has been linked to the formation of
frequency clusters by Menzel et al., who observed defects in the boundary region between
two domains of different natural wave frequencies [48, 49]. In the measurement shown
in Fig. 4.3 c), the natural frequency (and therefore the wave speed) is higher in the
right part of the wave field (x > 40mm) than in the left part (x < 40mm), resulting in
bifurcations of the wave fronts. Although the occurrence of defects has been linked to
turbulence [129, 161], the much more non-linear and chaotic LAW do not feature defects
in our experiments. This might be due to the, compared to the size of the dust cloud,
larger wave length of the LAW (λLAW ≈ 4mm, while λSAW ≈ 2mm).
These investigations have serious implications on experiments on DDW with the stan-

dard laser slice technique. We have shown that the wave dynamics in a thin illuminated
slice of the dust cloud are not necessarily representative for the global wave properties.
This finding is particularly important for investigations of the interplay of DDW with
line-integrated properties such as the plasma light emission [127, 128].
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4.2. Structure of large dust clouds ([A5] and [140])

Even in the absence of dust density waves, large 3D dust clouds confined in low temper-
ature plasmas often feature a complex structure. Besides the existence of the prominent
central void, the dust density distribution in the dust cloud can also be inhomogeneous
due to the confining forces. In most experiments, the established laser slice technique is
used to study the density distribution within a dust cloud by observing the scattered light
in a thin illuminated plane of the dust system. Although not explicitly stated, it is often
assumed that the dust density distribution can be directly derived from the scattering
intensity in the laser sheet. This approach has two important limitations: As we have
seen in section 4.1, the illuminated slice is not necessarily representative for the entire
cloud. Moreover, the scattering intensity depends not only on the dust density, but also
on the dust size and the scattering angle, see Fig. 3.3 and the discussion in section 3.2.
Especially the drastic and non-monotonic dependence on the dust size has huge impli-

cations for experiments on large 3D dust clouds. A typical camera image from a laser-
illuminated section of a dust cloud is presented in Fig. 4.4 a), where the scattering intensity
is given in inverted gray scale for visual clarity. Besides the existence of the central void,
the cloud appears to be segmented into darker and brighter regions, which correspond to
different scattering intensities. Assuming perfectly monodisperse particles (and therefore
neglecting the possibility of a dust size distribution) would lead to the conclusion that
the differently bright (or dark) regions correspond to significantly different dust densities.
However, in section 4.3 it will be shown that the (seemingly monodisperse) dust can indeed
show a size distribution that is sufficiently large to affect the scattering intensities.
Hence, it is advantageous to have an alternative approach to study the dust density

distribution. Here, light extinction experiments have proven to provide a reliable measure-
ment of the line-of-sight integrated dust density. In contrast to the complicated scattering

Figure 4.4: a) Scattering intensity of a laser-illuminated slice of the dust cloud in inverted gray
scale. b) Line-of-sight integrated light extinction of the (same) trans-illuminated dust cloud.
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behavior, the light extinction coefficient has a much simpler dependence on the dust size,
see Fig. 3.3.
A typical extinction measurement is shown in Fig. 4.4 b), where the line-of-sight inte-

grated dust density is given in gray scale. Compared to the laser light scattering measure-
ment of the same dust cloud in a), the structure of the cloud appears much smoother in
the extinction measurement. As suggested by the example plots in Fig. 3.3, this is due
to the weaker dependence of the extinction measurement on uncertainties of the dust size
and scattering angle. Furthermore, the light extinction is highest in the center of the cloud
as is expected in a line-of-sight integrated measurement of an object with (approximately)
cylindrical symmetry.
In the ideal case of a perfectly cylindrically symmetric dust cloud, the line-of-sight

integrated dust density F (y) will obey the Abel transform

F (y) = 2
∫ R

y

f(r)rdr√
r2 − y2 (4.1)

assuming an optically thin dust cloud (which is usually justified in our experiments).
Hence, the radial dust density distribution f(r) can be computed by performing the inverse
Abel transform. The numerical implementation of the inverse Abel transform is difficult
since in its direct form it contains a differential expression that is very sensitive to noise
in the experimental data. Here, a numerical technique proposed by G. Pretzler has been
used [148], which is based on least-square fitting a set of cosine expansions. This approach
is especially suited for noisy experimental data as well as for hollow density profiles, which
are expected for dust clouds featuring a central void [162]. A numerical implementation
of this algorithm has been written for MATLAB and can be accessed online [149].
While dust clouds are, in a rough approximation, cylindrically symmetric due to the

symmetric plasma chamber, deviations from perfect symmetry may occur due to e.g.
unwanted temperature gradients from the thermophoretic levitation system. In the case
of an asymmetric dust cloud, more information than just one projection measurement is
required to derive the dust density distribution. Hence, a computed tomography (CT)
technique has been implemented in which the extinction measurements can be performed
from any horizontal angle by using a rotating stage and a completely transparent plasma
chamber, see Fig. 3.4 a). In analogy to a medical CT, any irregular density distribution
can now be obtained by applying the inverse Radon transform to the data set of extinction
measurements from many different angles. Due to the widespread use of CT, sophisticated
and powerful algorithms for the inverse Radon transform are easily available [163, 164].
The CT technique has not only been applied to clouds of micron-sized particles (as in

Fig. 4.4) but also to dusty plasmas containing nanometer-sized particles. Experiments
on the latter were performed at the University of Kiel using the setup described in Refs.
[144–146]. There, particles with a size of the order of 100 nm grow in reactive argon-
acetylene plasmas. The dust growth can be controlled by the acetylene flow: The growth
quickly stops when the flow is switched off, resulting in a stable dust cloud with an
approximately homogeneous size distribution. Mie ellipsometry measurements provide
the size, the refractive index and the extinction cross section of the dust [145, 146]. In the
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4.2. Structure of large dust clouds ([A5] and [140])

Figure 4.5: 3D dust density distribution in micro-dust (left) and nano-dust clouds (right). The
micro-dust cloud has a diameter of 77mm and a total height of 23mm. The nano-dust cloud is
30mm high and horizontally protrudes beyond the observation volume (which has a diameter
of 82mm), resulting in the curtain-like artifact at the edge of the cloud. In a) and c) t0 refers
to the dust injection, while in b) and d) t0 marks the time where the dust growth was stopped.
Note the different scaling of the colored surfaces for micro- and nano-dust clouds.

joint CT experiments, where the dust size was typically about d = 420nm, the extinction
cross section was used to derive the dust density from the light extinction measurements.

The 3D dust density distributions for both a micro- and a nano-dust cloud is presented
in Fig. 4.5 a) and b), where the colored surfaces connect points of equal dust density.
For clarity, only one half of the cloud volume is used for this illustration, emphasizing
the density distribution in the central cutting edge. As expected due to the symmetry of
the plasma chambers, both clouds appear to be approximately cylindrically symmetric.
In comparison, however, the nano-dust cloud has a much higher degree of cylindrical
symmetry while the micro-dust features significant deviations. This behavior can largely
be attributed to the thermophoretic levitation method which is used to create the micro-
dust cloud in the first place. There, additional temperature gradients on the electrode
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surfaces and between electrodes and walls can cause unwanted side effects. The nano-dust
cloud, in contrast, is sufficiently symmetric to justify a simpler experimental approach for
future measurements: The 3D density distribution can be obtained from the inverse Abel
transform of a single extinction measurement, having the advantage that the camera does
not have to be moved and therefore allowing much faster measurement times [140]. As
expected, the dust density is much higher in the nano-dust cloud since the smaller particles
carry a smaller charge, resulting in a weaker repulsive interaction. Rough estimates of the
dust charge, however, reveal that the dust charge density is comparable in both systems:
In the micro-dust cloud with a density of the order of 1011 m−3, each particle carries some
103 elementary charges, resulting in a charge density Zdnd of the order of 1014 m−3. In the
nano-dust clouds, the dust charge is (from similar experiments) known to be significantly
affected by electron depletion and might therefore be even smaller than 100 elementary
charges per particle [126]. The charge density in the nano-dust clouds is therefore also of
the order of 1014 m−3.
In addition, the time evolution of the 3D dust density distribution was studied. After

a dust cloud had been created at t = t0 (dust injection for micro-dust; stopping the dust
growth for the nano-dust), CT measurements have been repeatedly performed on the dust
cloud while all experimental parameters remained unchanged. The time evolution of the
dust density is illustrated by two representative measurements of each system in Fig. 4.5.
Comparing the top row to the bottom row reveals a drastic change of the dust density
in both micro- and nano-dust clouds in the course of some minutes. The nature of the
dust density evolution is, however, quite different for both systems: The micro-dust cloud
changes its shape and the spatial distribution of the dust density inside the cloud is shifted,
incorporating a transport of dust particles from the lower part to the upper part of the
cloud. This effect is caused by the size and mass loss of dust particles in the plasma
which will be discussed in detail in section 4.3. The nano-dust cloud, in contrast, features
a global decrease of the dust density while the relative distribution remains unchanged.
This implies a particle loss process which may be caused by an imperfect confinement.
To evaluate the quality of the dust confinement, the total number of dust particles Nd is

calculated by simply integrating the dust density over the entire volume of the cloud. The
time evolution of the total particle number is presented in Fig. 4.6 a) for micro-dust clouds
and in Fig. 4.6 b) for nano-dust clouds. While both systems display a continuous loss of
dust particles, Nd drops more quickly for the nano-dust clouds. In a rough approximation,
the loss rate is of the order of 104 particles per minute for the micro-dust and 108 particles
per minute for the nano-dust, respectively. Considering that the particle loss process takes
place on the side areas of the cylindrical dust clouds (which is about 150 cm2 for both
systems), the average flux of particles leaving the cloud is estimated as 1 cm−2s−1 for the
micro-dust and 104 cm−2s−1 for the nano-dust system. Regarding the micro-dust cloud,
where individual particles can be observed, the particle loss process further illustrates the
limitations of the laser slice technique: Since the laser sheet usually illuminates a thin
section of the dust cloud, the event of a particle leaving the confinement is infrequently
observable (at most one particle per second). Hence, the CT technique reveals significant
global effects which are difficult to notice with standard diagnostics.
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4.2. Structure of large dust clouds ([A5] and [140])

Figure 4.6: Total particle number in the dust cloud Nd (obtained from integrating over the 3D
dust density distribution) as a function of time for a) micro-dust and b) nano-dust clouds. In a),
the open squares account for the dust size reduction, see section 4.3.The crosses in b) represent
measurements of a single extinction image with a higher temporal resolution. In this case,
the dust density distribution was obtained by the inverse Abel transform, assuming cylindrical
symmetry.

Furthermore, Fig. 4.6 a) illustrates the significance of even small changes in the physical
dust properties. As will be discussed in section 4.3, the mf dust particles are subject
to a continuous size loss when they are confined in the plasma. This affects the light
extinction cross section which is required to calculate dust densities from the extinction
measurements. While the solid diamonds represent the (integrated) dust density assuming
a constant extinction cross section, a size reduction rate of 0.04 nm/s (which was found in
[A8]) has been accounted for in the data represented by the open squares. In comparison
to the data set based on a constant dust size, the corrected curve features a significantly
smaller particle loss rate. For the nano-dust particles, an analogous size loss process has
been observed in comparable experiments but is very difficult to quantify in its implications
for the optical dust properties [146]. For the experiments presented here, no reliable
conclusions on the time evolution of the extinction cross sections can be drawn.
Finally, a second series of measurements has been performed on the nano-dust clouds

where just single extinctions images have been acquired, allowing for a much higher time
resolution compared to the CT method. Assuming cylindrical symmetry, the 3D dust
density distribution was derived using the inverse Abel transform [149]. The integrated
dust density from this approach is represented by the crosses in Fig. 4.6 b). The good
agreement between both curves in Fig. 4.6 b) further supports the conclusion that the
nano-clouds are highly symmetric.
To conclude, tomography by light extinction is a powerful and versatile diagnostic for

large dust systems. In micro-dust clouds, it gives insight into the (inhomogeneous) 3D
dust density distribution and its time evolution. CT measurements of nano-dust clouds
revealed a high degree of symmetry. Thus, the growth and decay of these systems can
be studied in future experiments with a much higher temporal resolution when just single
extinction images are recorded.
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4.3. Phase separation by dust size disparities ([A8] and
[A10])

In most experiments on dusty plasmas, monodisperse particles are used in order to reduce
the complexity of the dusty plasma to a comprehensible degree. Only few experiments
on bi- or multidisperse dust systems have been performed so far since it is difficult to
distinguish between different particle sizes in the experiment. As indicated by Fig. 3.3
b), the light scattering intensity depends strongly non-monotonically on the dust size.
Hence, investigations on dusty plasmas with size disparity (as defined in section 2.2) were
restricted to situations where one species is several times larger than the other (∆d/d̄ ∼ 1),
which usually results in a strict separation of the species [105–108].

Time evolution and spatial distribution of the dust size (Article [A8])

Remembering the segmented structure of the laser-illuminated slice of a dust cloud in
Fig. 4.4 a) and putting it in context with the drastic size dependence of the scattering
intensity presented in Fig. 3.3 b), it is consequent to assume that the segmentation might
be due to different dust sizes. Hence, a novel experimental technique has been developed
which allows to measure the size of dust particles with a very high accuracy in [A8]. By
measuring the laser light scattering intensity with a high angular resolution over a wide
range of scattering angles, the dust size can be precisely determined from comparison with
the scattering behavior expected from Mie theory [165].
The working principle of this diagnostic is illustrated in Fig. 4.7, where two camera

images from a laser-illuminated slice of the dust cloud are presented in a) and b) for
different observation angles. While both images feature the segmentation of the cloud
into regions of different scattering intensity (see Fig. 4.4 a) for comparison), the strong
influence of the scattering angle is clearly visible. As an example, the central region
containing point "2" has much higher scattering intensity in Fig. 4.7 a) compared to b).
For illustration, the experimentally determined angular scattering distribution for four
representative positions in the dust cloud is shown in c), revealing a distinct course for
each curve. From comparison with Mie theory, a specific dust size can be attributed to
each of these scattering curves. By performing this process for the entire image, the spatial
dust size distribution in the illuminated slice of the cloud is determined, see Fig. 4.7 d)
- f). The structure of these dust size maps confirms that the segmentation of the cloud
observed in a) and b) is due to different dust sizes even though the relative size disparity is
just ∆d/d̄ ≈ 0.03. The observed size distribution is, however, larger than the specifications
given by the manufacturer of the dust particles [166]. In the literature, there are only a
few works which study the size distribution of MF particles. The findings are ambiguous:
While Carstensen et al. found a good agreement with the dust manufacturer [167], Liu et
al. observed a wider dust size distribution [138]. Apart from discussions on the dust size
distribution, the unexpected observation of phase separation due to the slightly different
dust sizes consequently leads to the question of the responsible mechanism. To study
this phenomenon in greater detail, a dedicated experiment will be presented in the next
subsection based on article [A10].
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Figure 4.7: Mie imaging of the dust size: The recorded scattering intensity for two different
observations angles in given in inverted gray scale in a) and b). The experimentally measured
angular scattering distribution for the four representative points indicated in a) and b) is shown
in c). A specific dust size can be attributed to each distinct curve, resulting in the dust size
maps in d) - e), which were taken from a long term observation of a static dust cloud that has
been injected at t = t0. After [A8].

Furthermore, this technique directly allows to study the time evolution of the dust size
by conducting measurement over long time spans. The dust size maps in Fig. 4.7 d) - f)
describe a static dust cloud that has been created at t = t0. Over the next two hours,
the dust size has been constantly monitored in time intervals of about 10 minutes. As
indicated by the representative size maps in d) - f), the dust size continuously decreases
with time. In addition, the shape of the dust cloud changes since the confinement (which
is a superposition of forces, see section 2.2) depends on the dust size (see also section 4.2
for details on the evolution of the dust density distribution).
From the dust size maps, a mean size loss rate of about 0.04 nm/s was derived. Such

significant rates have previously been observed when mf particles were confined in oxygen
plasmas, where they are subject to the highly effective chemical etching of oxygen species
[141, 142]. In (chemically inert) argon plasmas, though, this is unexpected. However,
Carstensen et al. have observed an apparent reduction of the dust mass density in argon
plasmas and have attributed this effect to outgassing of volatile compounds from the dust
[139]. Hence, additional diagnostics have been performed in article [A8] in order to provide
a clearer picture of the processes affecting the dust properties in the plasma:
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• direct ex situ determination of the dust size via microscopy
• force balance measurements on the dust over time, providing additional insight on
the question whether the dust size or mass changes
• time evolution of the dust resonance frequency using a precise phase resolved tech-
nique adapted from Ref. [139]
• measurement of the dust surface temperature using fluorescent dye as adapted from
Ref. [168]
• influence of an elevated dust surface temperature on the chemical dust structure
using FT-IR spectroscopy
• mass spectrometry of residual gases in the plasma, investigating whether the con-
centration of any atomic or molecular species in the plasma increases due to the
presence of dust

The global picture from these experiments suggests that two different processes affect both
the dust size and mass density: First, outgassing of volatile constituents (such as water
or organic molecules) from the dust takes place. This process mostly affects the mass
density (and, to a smaller degree, also the dust size) and is stimulated by the elevated
dust surface temperature of more than 100 ◦C. Second, chemical etching due to impurities
in the plasma (e.g. oxygen) can drastically diminish the dust size. This process might be
self-reinforcing when many dust particles are present since the products of outgassing and
etching can dissociate in the plasma and form new oxygen radicals, resulting in additional
etching. Finally, sputtering by argon ions seems improbable [139] but should nevertheless
be taken into account as a possible factor for size changes.
These results have important general implications on dusty plasma experiments with

plastic dust particles (such as mf), since usually a homogeneous and constant dust size
is assumed. It is therefore advisable to account for possible effects of (even narrow) size
distributions and, more important, for the fact that the dust properties (size, mass, charge)
can drastically change over time.

Phase separation dynamics ([A10])

The unexpected finding of dust cloud segmentation due to small dust size disparities (see
Fig. 4.7) opens up a new interesting question: What is the physical origin of the separation
process that results in this segmentation?
One possible mechanism might be spinodal decomposition, which has been observed

in different manifestations of binary mixtures, e.g. for critical binary liquids, [169, 170],
colloidal systems [171–173] or nanoporous solids [174] . Spinodal decomposition occurs
in force-free, isotropic binary mixtures when the curvature of the free energy function
is negative [175, 176]. As a particular example, spinodal decomposition can be initiated
by deviations from the Berthelot mixing rule [177] which apply to dusty plasmas [109].
However, dusty plasmas are rarely force-free due to the variety of forces presented in section
2.2. Since all of these forces depend on the dust size (scaling either linearly, quadratic or
cubic), even a small size difference may lead to a force-driven de-mixing.
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Figure 4.8: Positions of detected particles in a dust cloud under microgravity. Left column:
fluorescent particles with df = 6.8µm were injected into a previously created cloud of non-
fluorescent particles (dn = 7.0µm) at t = t0. The fluorescent particles form a separate popula-
tion while they spread in the plasma chamber, displacing the larger species of non-fluorescent
particles. Right column: Two species (df = 6.8µm and dn = 6.5µm) were jointly injected at
t = t0. While both species are mixed in the initial cloud in c), the larger fluorescent particles
have settled in the radially outer parts of the cloud in d). After [A10].

To investigate the phase separation in dusty plasmas in detail, a dedicated experiment
has been designed where a well-defined binary mixture of two dust species with small size
disparity was studied. The discrimination between the different dust sizes was achieved
by using particles marked with fluorescent dye for one of the two species. Using two
cameras with an identical field of view but different optical filters conveniently allowed
to distinguish between both species since one camera observed all particles and the other
camera exclusively observed the fluorescent species, see Fig. 3.4 b). Furthermore, the
experiments were performed under weightlessness on parabolic flights in order to dispose
of the gravitational force, which especially emphasizes size differences since it scales with
the third power of the dust size.
The experiments revealed a clear trend towards phase separation even for slightest size

disparities of just ∆d/d̄ ≈ 0.03. In case of a separate injection of both dust species, no
mixing was observed at all. This observation is illustrated in Fig. 4.8 a) and b), where
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Figure 4.9: Experimentally determined diffusion properties during phase separation: particle
fluxes J are given as a function of the concentration gradient. The (uphill) diffusion coefficient
due to Fick’s first law directly follows from the slope of the linear fit. In b), the diffusion
dynamics within the first second of the measurement (gray diamonds) reveal a much higher
diffusion coefficient than the long term evolution (black circles), indicating anomalous diffusion.
After [A10].

fluorescent particles with df = 6.8µm were injected into a previously created cloud of
non-fluorescent particles (dn = 7.0µm) at t = t0. There, the population of larger (non-
fluorescent) particles is displaced and compressed when the second species is injected and
subsequently spreads in the plasma volume.
When both species were injected together from the same dust reservoir, in contrast,

a mixed cloud consisting of both species is formed at first. However, the two species
quickly start to separate as indicated by the particle positions shown in Fig. 4.8 c) and
d). The novel experimental technique allowed to observe this diffusive process on the level
of individual particles. From the experiment, both the diffusive particle flux J and the
concentration gradient ∇n have been obtained as a function of time, which are connected
through the diffusion coefficient D according to Fick’s first law J = −D∇n. Since the
phase separation process results in increasing concentration gradients (in opposite to usual
diffusion), it is often referred to as "uphill diffusion" [174, 178] and is therefore associated
with negative diffusion coefficients. As an example, two representative measurement re-
sults are presented in Fig. 4.9, where the particle flux J is given as a function of the
concentration gradient ∇n. The uphill diffusion coefficient directly results from the slope
of the linear fit and is of the order of 10−7 m2/s for most of our experiments (the particular
values depend on the size disparity, the total dust density and, related, the viscosity of the
dust cloud). Furthermore, the diffusion coefficient is not constant over time as illustrated
by a different experiment presented in Fig. 4.9 b). There, the early dynamics in the first
second of the separation process have been studied with a time resolution of ∆t = 0.1 s and
reveal a much higher diffusion coefficient than the long term evolution that was observed
with ∆t = 1 s. This behavior indicates anomalous diffusion [179]. Interestingly, the abso-
lute values of the (uphill) diffusion coefficients are about three orders of magnitude larger
than the self-diffusion coefficients in the same dust clouds, which have been determined
from the mean square displacement of the thermal motion of individual particles.

40



4.3. Phase separation by dust size disparities ([A8] and [A10])

Now, the mechanism behind this fascinating phenomenon needs be to resolved. Eval-
uating the model for spinodal decomposition in dusty plasmas developed by Ivlev et al.
[109], a size disparity of ∆d/d̄ ≈ 0.3 is required to initiate de-mixing for our experimental
parameters. Hence, spinodal decomposition is not the (main) factor driving the observed
phase separation.
The influence of size-dependent plasma forces was evaluated from 2D fluid Siglo simula-

tions [102] which provide the plasma parameters. Consequently, the effective force on dust
particles (comprising electric field force and ion drag force) can be calculated as a function
of the dust size. For our experimental size disparities of a few percent, the difference of
the force between both species is just ∆F . 1 × 10−15 N, while absolute forces are of
the order of F ∼ 10−13 N. Applying the effective force ∆F to the Einstein-Smoluchowski
relation D = µkBT via the mobility µ = vd/∆F and taking the experimentally deter-
mined drift velocities vd ∼ 1mm/s and temperature kBT ≈ 0.8 eV into account results
in D ∼ 10−7 m2/s, agreeing well with the values determined from the diffusion proper-
ties. Hence, the size-dependence of the plasma forces is sufficiently large to drive phase
separation even for small size disparities.
The novel experimental approach introduced here not only enables to investigate phase

separation in charged binary mixtures but also opens up new possibilities to study sta-
tistical properties such as viscosity or self-diffusion. In a first laboratory experiment,
presented in Fig 4.10, fluorescent particles have been injected into a stationary cloud of
non-fluorescent particles of the same size (df = dn = 4.0µm). In contrast to the extended
dust clouds under microgravity, here the particles form a pancake-shaped cloud in the
sheath due to the dominating influence of gravity. While the compression of the non-
fluorescent population due to the injection gives insight into the viscosity, self-diffusion
can by studied from the time evolution of the spatial distribution of fluorescent particles.
At t = t0, the fluorescent particles are injected from the left, forming a wedge-shaped
population, see the right column of 4.10. On the time scale of seconds, the particles dif-

Figure 4.10: Laboratory experiment on self-diffusion. One camera records the scattered light
from all illuminated particles (left column), while the other camera exclusively observes the
fluorescent particles (right column). At t = t0, fluorescent particles are injected into a non-
fluorescent cloud of identically sized particles (df = dn = 4.0µm).
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fuse to the right part of the dust cloud (see the middle row). After almost an hour, the
fluorescent particles are homogeneously distributed due to self-diffusion. While diffusion
has been studied extensively for 2D dusty plasmas, see e.g. Refs. [179–183] or finite 3D
clusters [184], only theoretical investigations exist for large 3D dust clouds [185, 186].
Hence, experiments such as the preliminary results shown here may provide a new access
to diffusion properties in large dust clouds.

42



4.4. Impact of dense dust clouds on the plasma properties ([A2] and [A9])

4.4. Impact of dense dust clouds on the plasma properties
([A2] and [A9])

The high electric charge dust that particles attain in the plasma is fundamental to the
many fascinating facets of dusty plasmas. The plasma, however, does not only provide
the free charge carriers that result in the dust charging but is in turn also affected by
the presence of dust particles. One major phenomenon in this respect is the electron
depletion, which follows from the quasi neutrality condition ni = ne + Zdnd when the
dust charge density is comparable to the plasma density. The electron depletion does
not only backfeed into the dust charging process but may also influence basic discharge
characteristics [43, 81, 82, 97]. One particular effect of electron depletion on the rf discharge
properties is the Ω heating mode, which was first found in electronegative plasmas that
also exhibit electron depletion [187] and was soon afterwards observed in reactive plasmas
growing nm-sized dust [83, 188]. In contrast the the α mode, which is usually found under
our typical plasma conditions (see section 2.1), the Ω mode features an additional electron
heating due to drift electric fields in the plasma bulk. These fields originate from the
reduced electrical conductivity of the plasma due to electron depletion [82].
In [A2], a dust cloud similar to the one presented in Fig. 4.4 has been confined an argon

plasma. Using phase resolved optical emission spectroscopy (PROES), the dynamics of
the argon light emission have been measured with a high temporal resolution of 2 ns (for
details of the PROES technique see section 3.2). Comparing the argon excitation rates
of dusty and dust-free discharges one finds that the excitation rate increases drastically
when dust is present, see the left column in Fig. 4.11. While the excitation pattern is
restricted to the sheath region in the dust-free case (α heating), it extends far into the
plasma volume in the dusty plasma.
In order to verify whether this observation corresponds to the Ω mode as described

in Refs. [83, 187], particle in cell (PIC) simulations have been performed. The PIC
technique is an established tool in plasma physics, see e.g. Refs. [189–193]. Since in our
case the plasma geometry is cylindrically symmetric, a 1D model can be used as a sufficient
approximation to study the axial plasma dynamics. Here, the code presented in Ref. [191]
has been used and modified to include the dust. The dust species is implemented as an
immobile electron sink causing electron depletion. As expected [95–97], the presence of
dust leads to an increased electron temperature. However, the highly energetic tail of
the electron energy distribution is drastically depleted since the fast electrons quickly lose
their energy due to collisions with dust particles.
Now, spatio-temporally resolved argon excitation rates have been calculated from the

simulation results, which are presented in the middle column of Fig. 4.11. Although
the gas pressure was 30Pa in the experiment and 60Pa in the simulation, qualitative
agreement is found. Especially the excitation difference plots in the bottom row agree
well with each other in terms of the increase of argon excitation in the plasma volume
due to the presence of dust. To study the physical mechanisms behind this behavior, the
electric field in the plasma is shown in the right column of Fig. 4.11. While the plasma
center is essentially field-free in the dust-free plasma, the electric fields reach out far into
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Figure 4.11: Left column: Experimentally measured argon excitation rates for dust-free (χ0)
and dusty (χd) plasmas at p = 30Pa. In the bottom panel, the normalized excitation difference
(χd−χ0)/χ0 is shown. Middle column: Results from PIC simulations are presented in the same
manner. The simulations assumed a gas pressure of p = 60Pa and show qualitative agreement
with the experiment. Right column: Electric field obtained from the PIC simulation for the
dust-free (top) and dusty plasma (middle). In the bottom panel, a vertical profile of the electric
field corresponding to the gray lines in the panels above is plotted for clarity. After [A2].

the plasma in the dusty situation. For clarity, the vertical profile of the electric field
of the points in time indicated by the gray lines is plotted in the bottom panel. This
illustration confirms the different behavior of the electric field in the plasma volume in the
two situations. The higher electric field in the electron-depleted dusty plasma indicates
the presence of the Ω mode.
While optical emission spectroscopy is a powerful tool for plasma diagnostics, it has

the disadvantage that no direct information about one single parameter such as electron
density or temperature can be inferred, since the atomic excitation cross sections depend
on a convolution of both of these parameters. We overcome this limitation by directly
measuring the electron density with Gaussian beammicrowave interferometry in [A9]. This
technique directly provides line-integrated results for the electron density and requires no
further models or assumptions [159, 194]. It is therefore consequent to study the influence
of dust particles on the electron density with this method.
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results in a significant increase of the electron density, while a weaker decrease is observed for
the smaller dust particles. No clear dependence on the dust density or the gas pressure is found.
After [A9].

The technical implementation of the microwave interferometer system described in [159]
did not allow to use the standard symmetric plasma chamber that is used throughout this
thesis. Instead, a different vacuum vessel was used which is routinely used for experiments
on finite dust clusters, see e.g. Refs. [6, 11, 17, 18, 23, 195, 196]. The confinement
of the dust is here limited to the sheath since no thermophoretic levitation is possible.
However, still some 105 particles can be trapped in several vertically stacked layers above
the electrode that has a diameter of 170mm. The microwave beam axis is located 15mm to
25mm above the dust and therefore measures the electron density in the bulk plasma, well
outside the sheath. In agreement with previous spectroscopic experiments and numerical
simulations under similar conditions [197, 198], we found that the effect of dust on the
electron density strongly depends on the dust size, see Fig. 4.12. For small particles
(d = 3.6µm), a slight reduction of the electron density in the plasma was observed,
which might be attributed to a small electron depletion. In contrast, the electron density
significantly increased in the plasma when large dust particles (d = 12.3µm) were trapped
in the sheath. This result may be unexpected when one expects to find electron depletion.
However, the high dust charge density in these experiments might lead to a situation that is
roughly comparable with the global balance model presented in Ref. [97]. Furthermore, the
increased electron density can also be explained by the numerical simulations performed in
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Ref. [198], where the following mechanism was proposed to account for increased plasma
emission above the dust: When the sheath expands and accelerates electrons towards the
plasma, their motion is obstructed by the dust particles due to collisions. When an electron
is released from the dust, the sheath potential has become more negative in the meantime,
resulting in an even stronger acceleration of the electron. While the so-created surplus
of highly energetic electrons was made responsible for the increased plasma emission in
Ref. [198], it is consequent to assume that it will also result in increased ionization and
therefore a higher electron density in the plasma bulk above the dust.
Concluding, the effects of dust particles on the plasma can be diverse. First of all, the

dust acts as an electron sink and therefore reduces the electron density. This electron
depletion not only affects the electron temperature and their energy distribution, but can
also influence the overall discharge characteristics due to drift electric fields that arise
from the reduced plasma conductivity. However, more complicated mechanisms can, in
contrast, result in an increasing electron density in dust-free regions of a dusty plasma.
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In this thesis a set of novel diagnostic tools was developed which, in combination with
established diagnostics, provides new insight into the physics of large 3D dust clouds in
dusty plasmas.
First, dust density waves have been studied both on the collective level as well as on

the kinetic level of individual particles. The latter has been made possible by stereoscopic
measurements of fluorescent tracer particles which provide the 3D trajectories of single
particles participating in these waves. Experiments with this technique on DDWs under
microgravity revealed a bimodal velocity distribution in the direction of wave propagation
that can be modeled by a damped harmonic oscillator with noise. In the transverse
directions, thermal velocity distributions were found. It has furthermore been shown that
the phenomenon of particle trapping in the wave crest has a significant effect on the
longitudinal velocity distributions by introducing an asymmetry in favor of the (positive)
direction of wave propagation. Finally, the large number of available dust trajectories
allowed to use a pseudo-stroboscopic approach to infer collective properties such as the
wave crest shape and revealed the growth characteristics of DDWs.
Then, the collective picture of DDWs was further investigated by light extinction mea-

surements which provided a line-of-sight integrated dust density and therefore averaged
wave properties over the entire dust cloud. These global wave properties have been corre-
lated with simultaneously obtained data from standard laser illumination measurements in
order to study the wave coherence. Weakly damped DDWs with large amplitudes showed
a highly coherent wave field. DDWs with small amplitudes, in contrast, revealed an in-
coherent wave field due to the sporadic occurrence of topological defects. Hence, in this
situation, the wave dynamics in a section of the cloud are not representative for the entire
cloud.
The light extinction technique was then used to study the structure of static dust clouds.

The implementation of a computed tomography setup provided the 3D dust density dis-
tribution in these clouds. It has been shown that this technique is also suited to study the
structure of dust clouds consisting of nm-sized particles which grow in reactive plasmas.
Long term observations revealed a continuous loss of dust particles due to an imperfect
confinement for both nano- and micro-dust.
Experiments with a Mie scattering diagnostic provided precise in situ measurements of

the dust size and revealed a segmentation of supposedly monodisperse dust clouds due
to slightest size disparities. Furthermore, the time evolution of the dust size was studied,
revealing a constantly decreasing dust size in the plasma. Additional diagnostics indicated
that a combined action of outgassing of volatile compounds from the dust and chemical
etching by reactive impurities in the plasma leads to the dust size loss. Motivated by these

47



5. Summary and Outlook

surprising observations, a dedicated experiment on the phase separation mechanism was
carried out under microgravity conditions. Using fluorescent particles, dust clouds of two
dust species with a well-defined size disparity have been created, allowing to distinguish
between both species regardless of their sizes. A clear trend towards phase separation
even for slightest size disparities was observed. The driving mechanism of the separation
was attributed to the size dependence of the plasma forces. The (uphill) diffusion process
associated with phase separation was studied on the level of single particles, which allowed
to experimentally determine diffusion properties such as concentration gradients, particle
fluxes, drift velocities and diffusion coefficients.
Finally, the effect of spatially extended dust clouds on the plasma has been investigated

experimentally. Phase resolved optical emission spectroscopy revealed a strongly increas-
ing light emission in the plasma bulk (and also in the sheath) with the characteristic
temporal modulation due to the rf frequency. Supplementary particle-in-cell simulations
qualitatively reproduce the experimental results and suggest that the plasma heating be-
comes more resistive in the dusty plasma due to the decreasing electrical conductivity
caused by electron depletion (the so-called Ω mode [83, 187]). In contrast to these elec-
tron depletion effects in the plasma volume occupied by dust, experiments with microwave
interferometry showed that the electron density can increase in the dust-free regions of a
dusty plasma compared to a situation without any dust. Again, the proposed mechanism
behind this observation is related to the rf dynamics.
To conclude, this thesis covers a wide range of physical phenomena which have been

experimentally accessed on different temporal, spatial, and quantity scales, stretching over
many orders of magnitude:

• The time scales range from the electron dynamics in the plasma (10−9 s) to the dust
dynamics in dust density waves (10−2 s - 10−1 s) to dust diffusion processes (10−1 s -
101 s), which may even extend into 103 s due to slow changes of the dust properties
by the influence of the plasma.
• The size scales range from slightest size differences between dust particles that drive
phase separation (10−9 m) to the typical size of individual dust particles (10−6 m)
to the wave length of dust density waves and typical diffusion lengths resulting in
phase separation (10−3 m) to the overall extent of the dust cloud (10−2 m).
• The number of particles to be considered ranges from the entirety of dust particles
which form the cloud and show collective behavior (106 particles) to the dynamics
of single, individual particles whose movement gives insight into the microscopic
processes governing dust density waves or phase separation processes.
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The CT technique based on light extinction has proven to be well suited to study the 3D
dust density distribution. The time-resolved 3D structure of dynamical phenomena such
as dust density waves would consequently be of great interest. However, the diagnostic is
in its current technical implementation restricted to static dust clouds due to the typical
measurement time of about 10 s. The cone beam CT technique is a promising alternative
which is well established in medical applications [164] and may drastically improve the
time resolution since it requires no mechanically moving parts.
Mie scattering at charged surfaces implicates additional effects. Heinisch et al. pre-

dicted anomalous optical resonances that might be exploited to experimentally measure
the charge of a dust particle in the plasma by optical means [199]. Although the technical
realization is challenging (the resonances are located in the mid- to long-wavelength in-
frared and submicron-dust is required, which is delicate to handle), a direct measurement
of the dust charge is unprecedented and certainly worth the effort.
Fluorescent dust particles have proven to be a powerful tool that opens up new possibil-

ities for experiments on dusty plasmas. While they have here been employed as tracers in
DDW and to study phase separation, the use of these particles surely offers a large poten-
tial for many other experiments. As an example, statistical and thermodynamic properties
on the level of single particles have been extensively studied for finite dust clusters [200],
but remain difficult to measure in larger dust ensembles. As suggested in section 4.3,
fluorescent particles might provide an access to these properties in spatially extended dust
clouds. Furthermore, the use as tracer particles is not restricted to dust density waves.
It will be interesting to use fluorescent tracers to study e.g. solitary waves [110–112] or
vortices [42–45], especially with a stereoscopic camera setup that provides 3D trajectories.
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Three-dimensional single particle tracking in dense dust clouds
by stereoscopy of fluorescent particles

Michael Himpel,a) Carsten Killer, Birger Buttensch€on,b) and Andr�e Melzer
Ernst-Moritz-Arndt-University, 17489 Greifswald, Germany

(Received 15 October 2012; accepted 28 November 2012; published online 19 December 2012)

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

13:56 MHzrf-voltage of about 40 Vpp 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 4:04 6 0:08 lm and

dRhB ¼ 4:0260:09 lm. 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 2� 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 640� 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 600 mW illumination laser at 532 nm wave-

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

5� 5 mm 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 1 mm to x ¼ 2 mm (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

5� 5� 5 mm. 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 11 Hz, 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 10 mm=s and vz ¼ �30 mm=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 � 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 � vÞ
X
v>0

ðfv � 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 10 mm=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 hv2
x;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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The time-resolved emission of argon atoms in a dusty plasma has been measured with phase-resolved

optical emission spectroscopy using an intensified charge-coupled device camera. For that purpose,

three-dimensional dust clouds have been confined in a capacitively coupled rf argon discharge with

the help of thermophoretic levitation. While electrons are exclusively heated by the expanding sheath

(a mode) in the dust-free case, electron heating takes place in the entire plasma bulk when the

discharge volume is filled with dust particles. Such a behavior is known as X mode, first observed in

electronegative plasmas. Furthermore, particle-in-cell simulations have been carried out, which

reproduce the trends of the experimental findings. These simulations support previous numerical

models showing that the enhanced atomic emission in the plasma can be attributed to a bulk

electric field, which is mainly caused by the reduced electrical conductivity due to electron

depletion. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818442]

I. INTRODUCTION

The presence of negatively charged species (besides

electrons) in capacitively coupled radio frequency (ccrf)

plasmas is known to have a profound influence on the

discharge characteristics.1–5 In electronegative gases, such as

O2 or CF4, negatively charged ions are responsible for a vari-

ety of plasma heating mechanisms: Besides the common a
mode, where electrons are heated by the expanding sheath

edges, a c mode-like heating can be found even at low

voltages. Here, secondary electrons are not emitted from the

electrodes but rather become detached from negative ions

during sheath collapse.3

Another interesting phenomenon in electronegative plas-

mas is the recently found drift-ambipolar heating mode,5

which was later termed X mode.6 In this operational mode,

electrons are accelerated by a drift electric field in the plasma

bulk and an ambipolar field at the sheath edges. The drift

electric field results from the low electrical conductivity,

which in turn is a consequence of the decreased electron den-

sity due to the presence of negative ions. The origin of the

ambipolar field is the highly peaked electron density at the

sheath edge, which leads to a strong density gradient towards

the plasma bulk.

In atmospheric pressure microplasmas, a similar effect

has recently been observed.7 There, the high collisionality in

the atmospheric pressure regime causes a significantly

decreased electrical conductivity in the plasma bulk. To

maintain the discharge current, an electric field is required,

which leads to electron heating in the plasma bulk. Due to

the ohmic heating in the plasma bulk, the authors denote this

phenomenon as X mode.

Finally, Sch€ungel et al. reported the observation of the

X heating mode in hydrogen diluted silane discharges, where

dust particles grow inside the plasma.6 These dust particles

acquire a highly negative charge in the plasma, resulting in a

significant electron depletion. The authors found that a high

dust density, distributed over the discharge volume, leads to

a strong Ha emission throughout the plasma bulk, confirming

the occurrence of the X mode.

In contrast to the situation of Sch€ungel et al.6 with a

relatively high pressure (500 Pa) electronegative, reactive

plasma, which grows sub-lm dust particles with a broad size

distribution, many experiments on dusty plasmas take place

in electropositive, chemically inert gases (mostly argon)

at lower pressures (on the order of 1 Pa to a few 10 Pa).

Typically, monodisperse plastic particles with a size of a few

lm are injected into the plasma, which can be confined in

the entire plasma volume with the help of thermophoretic

levitation resulting in a spatially extended 3D arrangement

of the dust8,9 with the characteristic central void.10

These different situations impose the question, whether

the results of the dust-growing, high pressure reactive

plasma6 can be reproduced in low pressure dusty argon plas-

mas with a smaller density of larger, micron-sized, particles

carrying higher charges.

Phase-resolved optical emission spectroscopy

(PROES) measurements of argon plasmas containing rela-

tively small 2D dust systems revealed a significant influ-

ence of the dust presence onto the plasma emission at

certain points within the rf period.11 There, an increased

optical emission above the dust particles and, to a smaller

degree, a decreased emission in the sheath directly below

the dust was observed. Later, P3M simulations confirmed

this phenomenon.12

In this work, PROES has been used to measure the

atomic emission in a ccrf argon discharge containing a spa-

tially extended 3D dust cloud. While this is also the case in

the work of Sch€ungel et al.,6 here much larger (micron-

sized) dust particles (consequently with a higher charge)

were confined in a non-reactive argon discharge.
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The experimental results in the situations with and with-

out dust are compared to a 1d3v (one-dimensional in space

and three-dimensional in velocity) particle-in-cell (PIC) sim-

ulation, which includes dust particles besides the ordinary

plasma species. Providing rf phase resolved plasma proper-

ties, the simulation results enrich the understanding of the

experimental findings. Simulations of dusty plasmas contain-

ing 3D dust clouds systems using a 2D fluid model have

already been carried out by Land et al. and show a global

increase of electron temperature as well as a significantly

increased electron temperature inside the void.13

II. EXPERIMENTAL SETUP

The experiments presented in this work have been per-

formed in a symmetric argon ccrf discharge at 13.56 MHz,

which is ignited between two parallel plates (Fig. 1). The cir-

cular electrodes with a diameter of 80 mm have a distance of

30 mm and are operated in push-pull-mode. Typical parame-

ters of our discharge are pressures in the range of 10–30 Pa

and peak-to-peak voltages of about 50 V, resulting in rela-

tively low plasma power on the order of a few W. Under

these conditions, a mode heating is dominant, while the c
mode does not occur.14 Furthermore, the discharge is oper-

ated in the border region between ohmic and stochastic heat-

ing (with ohmic heating still dominating).15–17

The values of pressure and rf voltage are mainly limited

by the quality of dust confinement. At lower pressures,

self-excited dust density waves and related instabilities

become influential enough to remove a high percentage of

the dust particles from the discharge volume.18,19 In contrast,

at higher pressures as well as at higher voltages, it is not pos-

sible to fill the entire plasma volume with dust. Rather, the

particles are trapped in both sheath edges due to an increas-

ing size of the void. For comparison, in the experiments of

Sch€ungel et al.,6 the sub-lm dust was distributed all over

the plasma, since the gravitational force is negligible for par-

ticles of that size.

In our experiments with micron-sized particles, gravity

is a dominant force and has to be compensated in order to

create a spatially extended, three-dimensional dust cloud.

This is realized with the help of the thermophoretic force,

which is induced by a temperature gradient in the neutral gas

that is created by heating the lower electrode and cooling the

upper electrode.6,8,9 For the experiments presented here,

spherical particles made of melamine formaldehyde with a

well-defined diameter of 3:47 lm and a mass density of

1514 kg=m3 have been used. The required temperature gradi-

ent for levitation of about 1100 K/m was realized by setting

the electrode temperatures to 5 �C (37 �C) for the upper

(lower) electrode.

To monitor the dust distribution, a slice of the cloud is

illuminated by an expanded laser beam and observed by a

standard video camera (Fig. 2).

III. PHASE-RESOLVED OPTICAL EMISSION
SPECTROSCOPY

The time- and space-resolved emission measurements

were performed using an ICCD (intensified charge-coupled

device) camera with a spatial resolution of 1024 px� 1024

px. The camera was focused on the discharge center, so

that the field of view covered the entire area between the

electrodes (30 mm). Assuming an optically thin plasma,

the recorded emission is naturally integrated along the line

of sight.

Specific atomic emission lines have been measured

using optical interference filters. For simplicity, only experi-

ments performed with a filter transmitting at 750 6 10 nm

are presented in this paper. This filter allows the observation

of two of the most intense lines in low-pressure argon plas-

mas, which are found at 750.4 nm and 751.5 nm.20 The lines

originate from the transitions Ar(2p1)-Ar(1s2) and Ar(2p5)-

Ar(1s4) (in Paschen’s notation). These transitions have a life-

time of 22.5 ns and 24.9 ns, respectively, which is well suited

since it is significantly shorter than the rf period (73.75 ns).

Furthermore, additional measurements of different argon

lines have been carried out. The results are similar to the

experiments at 750 nm, but with a lower signal-to-noise ratio

due to weaker emission intensity.

To obtain phase-resolved data with respect to the rf

period, the ICCD camera was gated for 5 ns each. The begin-

ning of this time frame was triggered by the rf generator. To

FIG. 1. Experimental Setup: The cylindrically shaped dust cloud (grey) fills

almost the entire plasma volume (pink), which is confined between the elec-

trodes. For clarity, only one half of each volume is shown. The ICCD cam-

era measures the plasma emission, while the dust camera observes the dust

particles, which are illuminated by a 2D laser sheet (green).

FIG. 2. Video snapshot of a typical dust cloud illuminated by a 2D laser

sheet. The ICCD camera’s field of view is marked with a dashed box.
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enhance the signal to noise ratio, the light was accumulated

for 105 rf cycles, while the gate width of 5 ns and the trigger

timing remained constant. Subsequently, a delay of 1 ns was

added to the trigger and the measurement was repeated,

allowing a scan of the complete rf period by carrying out the

described procedure for each point of time.

To determine the spatio-temporal emission dynamics,

the emission is averaged over the horizontal axis. This is

legitimate, since the plasma and therefore the emission is

homogenous in this direction. Thus, the vertical axis repre-

sents the emission between the electrodes and the abscissa is

the time. A typical illustration of the experimentally meas-

ured emission intensity of a dust-free argon plasma is shown

in Fig. 3(a) over two rf periods.

The emission pattern in Fig. 3(a) is well-known for

low-temperature argon plasmas21,22 and exhibits a strong

temporal and spatial variation: A clear maximum emerges

periodically in the region of the sheath boundary (about

5 mm in front of the electrode), where electrons gain energy

from the expanding sheath edges. Since both electrodes are

powered with a phase shift of 180� between the driving

voltages, an alternating pattern of emission peaks is visible.

A close look at Fig. 3 reveals a slight asymmetry

between the emission intensities at the upper and lower elec-

trodes. Generally, higher values are observed in front of the

lower electrode. This behavior is a direct consequence of a

marginal asymmetry in the driving voltages and has no rele-

vance for the discussions in this work.

An alternative representation of the experimental data is

the use of the excitation rate instead of the emission inten-

sity. The excitation rate v can be derived from the emission

intensity I by taking the lifetime s of the observed transitions

into account21,23

vðz; tÞ / Iðz; tÞ þ s
dIðz; tÞ

dt
: (1)

Additional processes such as de-excitation by quenching,

excitation from metastables, cascade processes, and reab-

sorption of radiation can be neglected for this energy state in

our situation of an optically thin, low-pressure argon plasma.

In Fig. 3(b), the spatiotemporal excitation rate derived

from the emission intensity is shown. The excitation pattern

basically resembles the emission pattern, but the main fea-

tures appear narrower in the time domain due to the correc-

tion for the finite lifetime. In the following, we will focus

our analysis on the excitation rate instead of the emission

intensity.

IV. EXPERIMENTAL RESULTS

We have confined 3D dust clouds at different gas pres-

sures and measured the argon excitation for the dust-free

and the dusty plasma. In Fig. 4, the experimentally meas-

ured excitation rate is presented for the two cases. In the

dust-free case in the top row, the typical pattern of periodi-

cally occurring excitation maxima in the sheath region is

visible.21,22 While the general behavior is independent of

the gas pressure, the extent of the excitation maxima varies:

At 30 Pa, the excitation is concentrated in a relatively small

area about 5 mm from the electrodes. With decreasing pres-

sure, the excitation is spread over a larger area, while

the whole pattern travels towards the plasma center.

Furthermore, the global excitation decreases for lower

pressures.

This well-known behavior can be attributed to smaller

collision rates and the increasing rf sheath width at smaller

pressures.24–26

The excitation rates in the middle row of Fig. 4 have

been obtained from measurements of a dust-filled plasma,

similar to the situation in Fig. 2. The dust density was

roughly of the order of 5� 1010 m�3, while the dust charge

amounts to about 7000 elementary charges per particle. The

dust charge density is therefore comparable to the plasma

density, which was found to be of the order of a few

1014 m�3 using Langmuir probes in experiments under simi-

lar conditions.

Comparing the case of the dusty plasma with the dust-

free discharge, one finds that the basic periodical excitation

pattern is still present. However, in the dusty plasma, a

strong excitation is visible throughout the entire plasma vol-

ume at the same time as in the dust-free case. This behavior

is observed in all of the three situations in Fig. 4 and is gen-

erally a robust phenomenon, since it occurs at all operational

parameters that allow the confinement of spatially extended

dust clouds (see Sec. II).

An even clearer picture of the influence of the dust

particles is given in the bottom row of Fig. 4, where the nor-

malized difference v̂ between the excitation plots in the cor-

responding columns is shown. The difference between the

FIG. 3. Pure argon plasma without dust at p ¼ 30 Pa and U ¼ 50 V. (a)

Experimentally measured spatio-temporal emission intensity. (b) Derived

excitation rate.
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excitation rate of the dusty plasma vd and the excitation rate

of the dust-free plasma v0 has been calculated as

v̂ ¼ vd � v0

v0

; (2)

meaning that positive values of v̂ indicate increased excita-

tion due to the presence of dust particles. The difference

plots in the bottom row of Fig. 4 confirm the strong increase

of argon excitation in the plasma bulk.

A similar behavior was observed in other electronega-

tive situations.5–7 There, the increased excitation in the

plasma bulk is considered to be due to an electric field

caused by reduced electrical conductivity. This novel heating

mode was named X mode.6,7 It is reasonable to assume the

same mechanism here, since our observations resemble the

results in Refs. 5–7. Just like the strongly electronegative

plasma in Ref. 5 and the dust-growing reactive plasma in

Ref. 6, in the experiments presented here a significant elec-

tron depletion due to negative plasma species (i.e., highly

negatively charged dust) occurs, resulting in a reduced elec-

trical conductivity.

The assumption of an electric field throughout the

plasma is supported by the almost vertical shape of the exci-

tations patterns in the dusty plasma (middle row) in contrast

to the tilted shape in the dust-free case (top row). This tilted

pattern is a consequence of the sheath edge propagation

during sheath expansion. The electron heating stops at the

sheath edge and the electrons loose their energy (e.g., by

ionization and excitation of argon atoms) on the mean free

path length scale. The vertical pattern in the dusty plasma

however corresponds to an instantaneous electron heating

throughout the domain, supporting the assumption of a bulk

electric field.

Another indication of the X mode operation is the

dependancy of the excitation differences in the bottom row

of Fig. 4 from the gas pressure. For higher pressures, the

increase of excitation in the plasma bulk is stronger. This

coincides with the understanding of the X mode,5,7 which is

predicted to be more distinctive at higher pressures due to

increasing collisionality.

Another interesting observation is the (slightly) negative

excitation difference in the expanding sheath. This behavior

has previously been observed in the sheath below 2D dust

clouds.11,12 It could be conjectured that in the dusty plasma

the energy gained from the expanding sheath is distributed

over a larger space, leading to a decreasing excitation in the

area of maximum intensity in the dust-free case. Again, this

feature is more pronounced at higher gas pressure. In the first

FIG. 4. Experimentally measured excitation rates at different gas pressures (see columns) for a dust-free plasma (top row) and a dust-filled plasma with a dust

density of nd � 5� 1010 m�3, similar to the situation in Fig. 2 (middle row). In the bottom row, the normalized difference ðvd � v0Þ=v0 is plotted.
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column of Fig. 4, representing measurements at 10 Pa,

the pattern of negative excitation difference has almost

vanished.

Finally, a comparison of the results in Fig. 4 and the

results from Ref. 6 reveals slight differences. The excitation

rate in the experiments presented here still has a maximum

in the expanding sheath, therefore indicating a superposition

of a mode heating in the expanding sheath and X mode heat-

ing in the plasma bulk. In contrast, Sch€ungel et al. observe a

pure X mode with a corresponding phase shift between volt-

age and current towards a more resistive characteristic.6 In

our experiments, the phase difference between voltage and

current (which was measured with current probe according

to Ref. 6 and a Rogowski coil) remained capacitive and was

not significantly influenced by the dust. Therefore, the mani-

festation of the X mode is stronger in the situation of

Sch€ungel et al., where negative ions may have an influence

in addition the grown dust.

V. PIC SIMULATION

To further reveal the mechanisms of electron heating in

dusty argon plasmas and to compare with the experiment,

PIC simulations have been performed. The PIC algorithm

with Monte Carlo collisions (MCC) is a common tool for

plasma simulations.5,26–30 In many situations, given the

required symmetry of the problem, a 1d3v model is sufficient

to produce credible results. Since the experiments in this

contribution have been carried out in a device with cylindri-

cal symmetry, only the spatial information along the axial

direction needs to be resolved. The PIC code used for this

work is based on the code described in Refs. 29 and 31.

A. Implementation of dust in the simulation

While the PIC algorithm is designed to resolve plasma

dynamics with great efficiency, dust particles cannot be

included easily due their completely different temporal and

spatial scales. This problem could in principle be solved by

using a particle-particle particle-mesh (P3M) code.12,32,33

However, this approach is computationally expensive

already for very few dust particles and is therefore not suita-

ble to simulate plasmas containing spatially extended dust

clouds.

Hence, a simple solution has been implemented: the

dust is introduced as an immobile species with a constant,

homogenous density in the plasma volume.

The dust particles with radius a (set to a ¼ 1:75 lm in

agreement with experiment) and electrical potential U act as

a sink for electrons and ions using the ideal OML (orbital

motion limit) collisional cross section34

rdust;e ¼ pa2 1þ 2eU
mev2

e

� �
(3)

for electrons and

rdust;i ¼ pa2 1� 2eU

miv2
i

� �
(4)

for ions, where ve;i is the velocity and me;i the mass of elec-

trons and ions, respectively. Since U < 0, the cross section

for electrons (ions) is smaller (larger) than the geometrical

cross section pa2. Starting from a predefined initial value at

the beginning of the simulation, the dust potential U < 0 is

calculated self-consistently for each particle based on the

collision rate with electrons and ions. By this, the dust charge

can reach its equilibrium value.

In agreement with basic OML theory,34 the dust charge

settles to about 6500 elementary charges in the simulation.

Using a typical dust density of 1� 1011 m�3, the resulting

dust charge density of 6:5� 1014 m�3 leads to a significant

electron depletion, since overall quasi-neutrality has to be

sustained.

In the simulation, a smoother potential structure is

achieved by implementing a larger dust density, while the

charge of individual dust particles is reduced, so that the

overall dust charge density is conserved. As a consequence,

the collision rate has to be rescaled using the OML cross

sections (Eqs. (3) and (4)) to the original dust density.

For simplicity, the dust is assumed to be homogeneously

distributed over the entire plasma volume except for the

sheaths, where no dust is confined in the experiment.

Different configurations with and without the characteristic

void have been simulated. The void was found to have only

a minor influence on the argon excitation, while the sharp

dust density gradients at the void edges resulted in unwanted

boundary effects. Thus, no void was included in the simula-

tion results presented in the following. Further, the void is

located only in the center of the dust cloud in the experiment

and the plasma emission is recorded line-integrated along

the sight axis. Therefore, the experimental data do always

contain light from regions of the discharge with centrally

located dust.

B. Discharge properties

The simulation parameters were chosen to be as close

to the experimental conditions as possible. Hence, the peak-

to-peak voltage was set to U ¼ 50 V, the pressure was on the

order of p ¼ 10 Pa, and the discharge gap was 30 mm wide.

In analogy to the experimental results, situations with differ-

ent gas pressures were evaluated in the simulation. For

clarity, in the following only the two simulation results listed

in Table I will be presented, namely at 30 Pa and 60 Pa.

Typical time-averaged charge density profiles for the

situations at 30 Pa and 60 Pa are plotted in Fig. 5. The dust

cloud has a distance of about 4 mm from the electrodes and

is homogenously distributed in the plasma with a charge

density of 7:5� 1014 m�3. In the plasma bulk region,

TABLE I. Simulated situations at 30 Pa and 60 Pa. Charge numbers Z are

given as the number of elementary charges. Densities n are given in m�3.

The technical implementation has been realized using 7.5� 1014 dust

particles with Z¼ 1, preserving the dust charge density.

nd Z Znd Znd=ne ni=ne

30 Pa 1:12� 1011 6700 7:5� 1014 0.68 1.68

60 Pa 1:25� 1011 6000 7:5� 1014 1.56 2.56
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quasi-neutrality is conserved, meaning that ni ¼ ne þ Znd .

To yield comparable results at different gas pressures, the

dust charge density has been kept constant at the value of

7:5� 1014 m�3.

The influence of the gas pressure is clearly visible in the

density profiles (Fig. 5). While the electron density is still

larger than the dust charge density at 30 Pa, the situation is

reversed at 60 Pa. Therefore, the ratio nd=ne and also ni=ne is

different in both situations, resulting in different equilibrium

values of the dust charge (Table I). The lower electron den-

sity at 60 Pa can be attributed to the higher collisionality in

this situation, which results in a smaller mean free path for

the electrons.

The electron temperature profiles depicted in Fig. 6(a)

reveal a significantly increased electron temperature in the

dusty plasma. While the electron temperature is about 2.3 eV

in the plasma center in the dust-free case, the dusty plasma

features a temperature of about 2.7 eV at 30 Pa and 3.2 eV at

60 Pa. This observation is in agreement with experimental

results showing enhanced plasma emission in a dusty plasma

(Fig. 4; Refs. 11 and 12) and fluid model simulations.13

To further investigate the electron dynamics, the time-

averaged electron energy distribution function (EEDF) at the

plasma center is plotted in Fig. 6(b). The EEDF of the dust-

free plasma has a Maxwellian shape for low energies up to

about 11 eV and steeply declines at higher energies, espe-

cially at 60 Pa. This behavior is typical for argon plasmas

in the pressure regimes used here.35 An ideal Maxwellian

distribution would feature an almost linear decline in the

semi-log representation of Fig. 6(b).

In the dusty plasma case, a significant increase of the

electron energy is observed, while the general behavior is

similar to the dust-free plasma. For energies up to about

12 eV, the EEDF resembles a Maxwellian distribution, while

the high energy tail decreases faster than the ideal

Maxwellian. However, the disparity between the EEDF of

the simulation and a Maxwellian distribution is smaller for

the dusty plasma, meaning that the dusty plasma EEDF is

closer to a Maxwellian than a pure argon plasma.

The general effect of increased electron energy in the

dusty plasma compared to the pure argon plasma complies

with previous experimental and numerical investigations.12,13

C. Excitation rates and electric fields

The most insightful approach of comparing the simula-

tion results to the experimental data is the investigation

of the spatio-temporal argon excitation. This quantity can

easily be derived from the EEDF feðEÞ in the simulation,

which is available space- and time-resolved. For simplicity,

only the most intense transition observed in the experiment

at 750.4 nm (Ar(2p1)-Ar(1s2)) was calculated via v
/ nenAr

Ð
4pv2feðvÞrðvÞvdv with the cross section data rðvÞ

from Ref. 36. The resulting excitation patterns at 30 Pa are

presented in Figs. 7(a) and 7(b) for the dust-free plasma and

the dusty plasma, respectively.

For the pure argon plasma, the well-known excitation

pattern is retrieved (Fig. 4; Refs. 5, 21, and 22). Adding dust

particles to the plasma results in two different phenomena:

(i) The appearance of the excitation maximum transforms

from the tilted form in the dust-free case into a more sym-

metric, vertical shape in the dusty plasma. At the same time,

the area of high excitation expands more into the plasma

bulk region, while the overall excitation rate is in general

significantly increased when dust is present (note the differ-

ent colorbars). Compared to the experimental results in

Fig. 4, the trend of increasing excitation in the plasma bulk

is definitely found in experiment as well as simulation.

However, the increase of the excitation rate is nominally

larger in the simulation, but does not extend as much into the

plasma bulk as in the experiment. Furthermore, the transition

FIG. 5. Time-averaged charge density profiles for (a) p ¼ 30 Pa and (b)

p ¼ 60 Pa.

FIG. 6. (a) Time-averaged electron temperature profile. (b) Time-averaged

electron energy distribution function at the discharge center.
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from the tilted excitation maximum to a vertical shape is

observed both in the experiment and the simulation. The

smaller increase in the experiment may be caused by the

central dust-free void, which occupies a significant part of

the dust cloud along the line of sight but is not included in

the simulation.

(ii) At very high dust densities, a second maximum of

the excitation rate emerges directly in front of the collapsing

sheath. This effect can be attributed to a positive space

charge in that region. The ion density in this region is ele-

vated (even in comparison to the dust-free plasma) due to the

constant dust charge density serving as a pedestal for the ion

density profile. Although electrons are streaming towards the

electrode, the ion density is still much larger and therefore

cannot be compensated by the electrons. The occurrence of

this phenomenon is independent of the spatial dust distribu-

tion. Since it is not observed in the experimental data, it is

possibly an effect of the 1D character of the simulation.

Like in Fig. 4, the normalized excitation difference

between the dusty plasma and the dust-free plasma has been

calculated according to Eq. (2) and is presented in Fig. 7(c).

It confirms the general increase of argon excitation in the

dusty plasma (especially at times of sheath expansion), there-

fore showing a good agreement with the experimental results

(Fig. 4).

Another notable feature is the small area of negative

excitation difference, which appears around the sheath edge

directly after that sheath expanded. A similar effect was

observed in the experimental results (Fig. 4), where an area

of negative excitation difference is found in the sheath at the

time of sheath expansion. These phenomena might be corre-

lated and could possibly be attributed to a larger sheath

expansion due to a larger Debye length in the dusty plasma,

which is a result of the decreased electron density.

The main findings (shifting of the a excitation pattern

towards the plasma center and additional excitation pattern

FIG. 7. Phase-resolved simulation results for p ¼ 30 Pa. Excitation rates v (in a.u.) for the dust-free (a) and the dusty plasma (b). Note the different colorbars.

Normalized excitation difference ðvd � v0Þ=v0 (c). In the sheaths, noncredible results due to statistical insecurities were discarded. Electric field (in V/m) for

the dust-free (d) and dusty plasma (e).
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in the collapsing sheath) can be explained by analyzing the

spatio-temporal electric field, which is shown in Figs. 7(d)

and 7(e) for the dust-free and the dusty plasma, respectively.

For the pure argon plasma, the plasma bulk is essentially

field-free, while a strong, time-modulated electric field is

found in the sheaths.5,7

In the dusty plasma situations, the electric field reaches

out into the plasma bulk periodically. This effect is presum-

ably the consequence of the low plasma conductivity due to

electron depletion. To maintain the plasma current at a

decreasing conductivity, an increasing electric field is neces-

sary. This electric field in turn leads to electron acceleration

and therefore to increased argon excitation and ionization.

This mechanism is known as X heating mode and is gener-

ally found in situations of plasmas with low electron

conductivity.5–7

The electric field plots in Fig. 7 also shed light on the

variation of the shape of the excitation maxima, which

transforms from a tilted shape in the dust-free plasma to a

symmetric, vertical shape in the dusty plasma. There, the

electric field in the plasma bulk appears earlier than the cor-

responding excitation pattern. Therefore, the area of maxi-

mum excitation does not propagate from the sheath to the

bulk, as in the dust-free plasma, but rather starts expanding

from z � 10 mm (for the lower electrode).

Finally, the electric field plots show an inverse electric

field at the collapsing sheath, which is responsible for the

corresponding excitation peak in Fig. 7(b). The excitation

difference of this area in space-time is extremely high, since

no excitation is at hand in the dust-free case. The simulation

results at 60 Pa are presented in Fig. 8 and reproduce the gen-

eral findings from the situation at 30 Pa (Fig. 7). The dusty

plasma at 60 Pa features an even stronger increase of the

excitation rate when the sheath is expanding. Like in the

30 Pa situation, the excitation pattern has a vertical shape

in the dusty plasma compared to the tilted shape in the

FIG. 8. Phase-resolved simulation results for p ¼ 60 Pa. Excitation rates v (in a.u.) for the dust-free (a) and the dusty plasma (b). Note the different colorbars.

Normalized excitation difference ðvd � v0Þ=v0 (c). In the sheaths, noncredible results due to statistical insecurities were discarded. Electric field (in V/m) for

the dust-free (d) and dusty plasma (e). The axial profile of the electric field (f) corresponds to the vertical line in (a), (b), (d), (e).
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dust-free plasma. In addition, the second excitation maxi-

mum in the collapsing sheath is much more pronounced

at 60 Pa.

The electric field representations in Figs. 8(d) and 8(e)

reveal an even higher electric field reaching out into the

plasma. Furthermore, the inverse electric field opposite to

the expanding sheath is more pronounced at 60 Pa, explain-

ing the high excitation rate in that situation.

The presence of dust has therefore a stronger influence

on the plasma at 60 Pa compared to the case at 30 Pa. This

can be explained by the different ratios of electron density

and dust charge density (Fig. 5 and Table I). While both

situations contain the same overall dust charge density, the

electron density is still larger at 30 Pa, but smaller than the

dust charge density at 60 Pa. Therefore, a higher electron

energy is required in the situation of higher gas pressure. In

general, to X mode is expected to be more pronounced at

higher gas pressures, since the higher collisionality reduces

the electric conductivity.5,7

Further insight into the electric field properties is given

in Fig. 8(f), where the axial profile of the electric field corre-

sponding to the vertical lines in Figs. 8(d) and 8(e) is plotted.

In the dust-free plasma, the electric field is effectively zero

in the plasma bulk, while the absolute value shows a steep

increase towards the electrodes. The profile of the electric

field in the dusty plasma resembles the situation in Ref. 5,

which was produced with a PIC simulation as well as with

an analytical approach.

Both dominating peaks of the dusty plasma case feature

a field strength of about 3000 V/m, while in the plasma cen-

ter a lower value of about 400 V/m is found. The electric

field profile from 5 mm to 10 mm can be attributed to the

drift field, while the peak at 26 mm is a consequence of the

deformation of the electric potential due to uncompensated

positive space charge. This space charge arises due to the

elevated ion density at the edge of the dust cloud. Although

the electron density shows a small local peak in this area

(possibly corresponding to the peaked electron density in

Ref. 5), the ion density, being supported by the dust charge

density profile (which is stable over time), is still much

higher.

The resulting electric field accelerates the electrons

leading to significant electron heating and therefore argon

excitation in the simulation, which is not observed in the

experiments. It may be caused by the limitations of the 1D

model, e.g., the absence of radial particle flows. The PIC

simulation is further limited by the arbitrary geometrical

dust distribution, which does approximately resemble the

experimental situation, but is not computed self-consistently.

Nonetheless, the results of the PIC simulation explain

the experimental findings and agree with the model of

Schulze et al.5

VI. SUMMARY

In this work, experiments on the electron heating mecha-

nism in low-pressure ccrf argon plasmas containing spatially

extendend clouds of micron-sized dust particles are pre-

sented. With phase-resolved optical emission spectroscopy, it

was found that a strong argon excitation is visible in the

plasma bulk, possibly corresponding to the X mode. This

result is in agreement with recent investigations in dusty

hydrogen/silane plasmas, which have been carried out at sub-

stantially higher gas pressures than the experiments presented

here.6

PIC simulations of dusty argon plasmas reproduced the

experimentally observed trend of increased argon excitation

in situations of high dust densities. Compared to the experi-

ment, an even higher increase of the excitation rate was

found in the simulation. However, this effect extends not as

far into the plasma bulk as in the experiment. Further investi-

gations in the results of the numerical modeling identify

electric fields in the plasma bulk as well as a general increase

of the electron temperature as the reason for the additional

argon excitation.

Combining the experimental findings and the numerical

simulation results, it is likely that the X mode has been

observed in dusty low-pressure ccrf argon plasmas. This

extends the palette of previously reported observations of the

X mode.5–7
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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 10 Hz.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 3 W 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 1 W 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 nm 6 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 640� 480 pixels at 180 frames per sec-

ond. The field-of-view is 5� 5� 5 mm3 in size. This is suita-

ble for typical wavelengths of the DDWs of kDDW� 2 mm.

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 6 Hz, 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 � zðmmÞ þ 0:25 mm. 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 7� 7� 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 � v2
z

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 � mdv2

z

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 � fgðvz � 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� 10.5 mm/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 z1¼�1.5 to �1 mm, z2¼�1 to �0.5 mm,

and z3¼�0.5 to 0 mm. 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 þ20 mm/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 � 5:8 Hz 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 �18 mm/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=2Þmdv2
RMS;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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The coherence of self-excited three-dimensional dust density waves has been experimentally

investigated by comparing global and local wave properties. For that purpose, three-dimensional

dust clouds have been confined in a radio frequency plasma with thermophoretic levitation. Global

wave properties have been measured from the line-of-sight integrated dust density obtained from

homogenous light extinction measurements. Local wave properties have been obtained from thin,

two-dimensional illuminated laser slices of the cloud. By correlating the simultaneous global and

local wave properties, the spatial coherence of the waves has been determined. We find that linear

waves with small amplitudes tend to be fragmented, featuring an incoherent wave field. Strongly

non-linear waves with large amplitudes, however, feature a strong spatial coherence throughout the

dust cloud, indicating a high level of synchronization. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4882257]

I. INTRODUCTION

Dust density waves (DDW) often occur in complex plas-

mas, which contain (typically) micron-sized dust particles in

addition to electrons, ions, and neutrals. When the density of

the dust particles is high enough, dust density waves can

emerge spontaneously as a result of excitation by streaming

ions. The excitation mechanism and the growth of these self-

excited DDW have been studied extensively in radio fre-

quency (rf)1–5 and direct current (dc)3,6–8 discharges.

Besides their intriguing formation mechanism, DDW

feature a wide spectrum of interesting features: Self-

synchronization is often observed and leads to the existence

of spatial frequency clusters and defect structures,9–12 affect-

ing the coherence and the spatial structure of the wave field.

Furthermore, the wave activity indicates a complex interplay

with plasma properties such as the plasma glow.13,14

Investigations on the level of individual dust particles have

revealed interesting phenomena such as wave breaking,15

particle trapping,16,17 and wave-induced particle

agglomeration.18

Apart from their rich physics, DDW are attractive due to

their relatively easy experimental accessibility. Given a

proper illumination, the slow dynamic timescale of the dust

particles (typical frequency 10 Hz) allows a direct observa-

tion using (high speed) cameras. In many experiments, a thin

slice of the dust cloud is illuminated by a laser

sheet.2,4,5,7,9,13,15,17–20 While this approach offers the possi-

bility to investigate single particle dynamics in the planar

wave field, it is limited by its two-dimensional (2D) charac-

ter. The full three-dimensional (3D) trajectories of dust par-

ticles participating in a DDW can be measured using

stereoscopy,21,22 which is, however, limited to small subvo-

lumes of the dust cloud due to the high dust density.

Furthermore, particle image velocimetry (PIV) can be used

to acquire 3D information about collective wave behavior

rather than single particles. The two main implementations

of the PIV technique are stereoscopic PIV (Refs. 23 and 24)

and tomographic PIV.25,26 While both 3D stereoscopy and

3D PIV are powerful techniques for the investigations of

DDW in small dust clouds or small subvolumes of larger

ensembles, these approaches are not well suited for the mea-

surement of global properties of large, spatially extended,

3D dust clouds.

Here, we introduce a different experimental approach

which enriches the palette of established techniques. The

light extinction of the entire, homogenously illuminated dust

cloud is recorded, giving a direct measure for the line-of-

sight integrated dust density and thus directly the global

wave activity. Furthermore, the established 2D laser-sheet

illumination method to reveal local dynamics is performed

(quasi) simultaneously.

In this paper, we describe the technique of simultaneous

measurement of global and local wave properties and present

investigations on the spatial coherence of dust density waves.

Global and local measurements have been performed in dif-

ferent regimes of wave activity. We will show that the spatial

coherence strongly depends on the gas pressure, which is a

key parameter for properties like amplitudes, degree of non-

linearity, frequency, and wavelength.

II. EXPERIMENTAL SETUP

The dust cloud exhibiting DDWs is confined in a sym-

metric capacitively coupled argon rf plasma at 13.56 MHz

with a gas pressure range of typically 1–30 Pa and small

plasma peak-to-peak voltages of about 50 V (Fig. 1). The

electric field force confines the dust cloud in the plasma vol-

ume, while the ion drag force (resulting from ambipolar dif-

fusion of ions towards the walls/electrodes) pushes the dust

outwards, thereby creating the central void and driving the

DDW.2,27–29 In order to create a vertically extended dust

cloud, the gravitational force on the dust particles has to be

compensated. Therefore, a temperature gradient is applied

between the electrodes, resulting in a thermophoretic force

counterbalancing gravity.20,30,31 In this experiment with a

discharge gap of 3 cm, a temperature gradient of 32 K is

required to levitate the dust particles with a diameter of
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3.5 lm. Further details on the experiment can be found in

Ref. 32, where a very similar setup has been used.

The combination of two different optical diagnostics

allows us to investigate both local and global wave proper-

ties simultaneously. On the one hand, a Nd:YVO4 laser at

457 nm is used to illuminate a thin vertical (2D) slice in the

central area of the dust cloud. This method is a standard tech-

nique for the investigation of dust density waves in spatially

extended dust clouds and has been used to identify various

local wave phenomena such as frequency clustering,19

oblique wave propagation,29 and wave breaking.15

In order to measure the global wave activity of the whole

dust system, the dust cloud is trans-illuminated by an extended

LED panel, which emits homogenous, nearly collimated white

light. Opposite to the LED panel, a camera is placed which

records the light transmitted through the dust cloud with a tel-

ecentric lens with an opening aperture of 128 mm. The use of

a bilateral telecentric objective (Zeiss Visionmes 105/6)

ensures that only strictly parallel light rays are observed from

the entire plasma (and dust) volume. Assuming an optically

thin dust cloud (the interparticle distance is much larger than

the particle size), the light extinction is a direct measure for

the line of sight-integrated dust density.

Both images from the laser-illuminated slice and the

trans-illuminated volume are recorded alternatingly with the

same CCD camera at a framerate of 190 Hz and a resolution

of 640� 480 pixels. The LED panel and the laser are alter-

natingly triggered at 95 Hz. Hence, the camera (at 190 Hz)

observes both light sources frame by frame in an alternating

fashion, resulting in a quasi-simultaneous measurement of

both methods. Since the frequency of the DDW is much

smaller (�10 Hz), the wave dynamics can be sufficiently

resolved by the effective framerate of 95 Hz for each

diagnostic.

III. CHARACTERISATION OF DDW

Dust density waves in different regimes have been cre-

ated and observed under variation of the gas pressure.

Decreasing the gas pressure from a situation with a static

dust cloud, wave activity begins to emerge below a threshold

of roughly 20 Pa (depending on the dust density and plasma

power) in our experiment. In this state, DDW feature small

amplitudes and a relatively small degree of nonlinearity, as

indicated by a small modulation depth. While the wave field

appears in general to be smooth and ordered, topological

defects are observed occasionally. These defects mark the

locations where wave-fronts split and merge due to spatial

frequency gradients,9,11,19 see Sec. IV.

Further decreasing the gas pressure results in strongly

non-linear, apparently chaotic wave activity. In this regime,

the DDW have large amplitudes and wavelengths, while the

frequency is smaller compared to the situation at higher

pressures.9,19

In the following, two representative measurements of

the same dust cloud at a peak-to-peak voltage of 50 V will be

used to illustrate the different states described above. For

clarity, the regimes will be referred to as SAW (small ampli-

tude waves, at 10 Pa) and LAW (large amplitude waves, at

6 Pa). Exemplary video snapshots of both situations are

given in Fig. 2. The usual measurement of a thin central slice

of the dust cloud is shown in Fig. 2(a) for the SAW and

Fig. 2(c) for the LAW. While the dust cloud fills the whole

FIG. 1. Scheme of the experimental setup: The cylindrically shaped dust

cloud (gray) fills almost the entire plasma volume (pink), which is confined

between the electrodes. For clarity, only one half of each volume is shown.

The camera alternately observes the global dust density (extinction measure-

ment using the LED panel) and a laser-illuminated central slice.

FIG. 2. Inverted video images from the laser slice measurement of the SAW

(a) and LAW (c). Globally integrated dust density for the SAW (b) and

LAW (d). For (b) and (d), (I0 – I)/I0 is plotted (see text for details). In the

insets, the time series of the light intensity for an arbitrary pixel in the laser

slice measurements normalized to the respective mean value (i.e., the modu-

lation depth) is shown.
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plasma volume (except for the void), the region of wave ac-

tivity is confined to the central area below the void, where

the DDW propagate towards the lower electrode. Below the

main dust cloud of monodisperse particles, heavier agglom-

erates sediment at the bottom due to their larger mass.

Although these particles participate in the wave motion, they

are neglected for further analysis due to their unknown

properties.

The different characteristics of both regimes are directly

visible: In the case of the SAW small wavelengths

(k� 1.8 mm) and a relatively ordered wave structure is

observed. However, a topological defect is found in the cen-

ter of the wave field, where wave fronts split and merge.19

These defects occur sporadically with a mean frequency of

about once every 20 wave periods (in the plane illuminated

by the 2D laser sheet).

The LAW, in contrast, features a strongly non-linear

and chaotic wave activity with much larger wavelengths

(k� 5 mm), that spread almost over the entire vertical extent

of the respective part of the dust cloud. While the main wave

crest is always continuous and does not show defects, numer-

ous side branches are found especially in the (radially) outer

region of wave activity. The time-series of the light intensity

for an arbitrary pixel in the wave field normalized to the re-

spective mean value is given in the insets in Fig. 2. Again,

the difference between the two regimes is clearly visible:

The LAW features a higher modulation depth, a higher fre-

quency and a stronger non-linearity, as indicated by the

small crests and wide troughs.

To illustrate the time evolution of the wave patterns,

four consecutive video images of the laser slice measure-

ments from SAW and LAW are shown in Fig. 3. These

image details correspond to the central regions in Figs. 2(a)

and 2(c), where the main wave activity takes place. While

the video image for the SAW in Fig. 2(a) depicts a situation

with a defect, a different part of the time series has been cho-

sen here, where no defect is observed in the local measure-

ment. Instead, the wave fronts propagate parallel towards the

lower electrode and do not reveal any disturbances. Such a

defect-free wave propagation is found most of the time in the

laser slice measurements. In contrast, the video images of

the LAW in Fig. 3 confirm the strongly non-linear and cha-

otic wave activity in the LAW regime.

The corresponding global measurements for exactly the

same waves at the same point in time are shown in Fig. 2(b)

for the SAW and 2(d) for the LAW. The relative intensity

(I0 – I)/I0, providing a direct measure for the line-of-sight-

integrated dust density, is given in gray scale. Here, I0 is the

intensity without a dust cloud obtained from a reference

image and I is the intensity with a dust cloud. The general

shape of the dust cloud coincides with the respective local

measurement, indicating a relatively high degree of rota-

tional symmetry. Wave activity is visible in both global

measurements. For the SAW, the defect structure observed

in the local measurement [Fig. 2(a)] is not found in the

global measurement [Fig. 2(b)]. For the LAW, the wave

structure coincides between both measurements.

In order to calculate the wave amplitudes, the Hilbert

transform has been applied to the time series of each pixel.19

The mean value of the Hilbert amplitude of the DDW from

the laser slice measurements is normalized to the mean dust

density. The resulting amplitude maps are shown in Fig. 4

for the SAW and the LAW. These maps give further

FIG. 3. Consecutive (inverted) video images of the central region for the

SAW (left) and LAW (right) from the laser slice measurements.

FIG. 4. Wave amplitudes for the SAW (a) and LAW (b), normalized to the

mean dust density. The bottom area containing heavy particle agglomerates

is excluded from the calculation and shown in gray. Frequency spectrum of

a pixel in the central region for the SAW (c) and LAW (d).
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information about the regions of wave activity. For the

SAW, DDW propagate mainly in the roughly triangular cen-

tral area below the void, agreeing with the visual impression

of Fig. 2(a). In the LAW regime, the void edge performs

strong oscillations together with almost the complete lower

part of the dust cloud (below the void). Further, DDW propa-

gation is also found in the narrower upper part of the dust

cloud and even in the small extension on the very right edge

of the cloud. This behavior can be confirmed by directly

investigating the raw video data taken by the camera. In both

illustrations, the bottom area of the dust cloud containing the

heavy particle agglomerates has been excluded from the cal-

culation and is instead indicated as a gray area.

The frequency spectrum of a pixel in the central area of

the dust cloud has been calculated by Fourier transform and

is plotted in Figs. 4(c) and 4(d) for the SAW and the LAW,

respectively. While the dominant frequency in the SAW

state is about 16 Hz, the LAW regimes features a smaller fre-

quency of about 10 Hz. In both cases, the whole area of wave

activity features the same frequency. Furthermore, the domi-

nant frequency derived from local (laser slice) and global

(LED extinction) measurements agree, indicating that the

frequency is constant throughout the entire dust cloud. These

results agree with findings from Menzel et al., where dust

clouds under microgravity exhibited the same trend towards

larger amplitudes, larger wavelengths and smaller frequen-

cies when the gas pressure is reduced.10

IV. CORRELATION ANALYSIS

Now, the correlation of local and global measurements

for the two representative regimes will be investigated. In a

first step, space-time-diagrams are calculated by horizontally

averaging over the central region (6 mm wide) of the dust

cloud. The space-time-diagrams for the SAW are shown in

Figs. 5(a) for the local and 5(c) for the global measurement.

The waves propagate downwards from the void edge (at

z� 15 mm) towards the lower electrode. The region of heavy

particle agglomerates below z� 22 mm, which also partici-

pate in the wave motion, is not shown in the space-time-

diagram due to the uncertainties about the mass and shape of

those particles.

In the local measurement in Fig. 5(a), the black oval

marks the occurrence of a defect. Interestingly, this defect is

not observed in the global measurement (which was taken

simultaneously). It can therefore be assumed that defects are

local phenomena and do not extend over the full 3D size of

the cloud.

The space-time-diagrams of the LAW in Figs. 5(b) and

5(d) do not reveal any defects, agreeing with the raw video

data of the LAW measurement. Local and global measure-

ments can nonetheless be compared by investigating promi-

nent features. As an example, the spontaneously occurring

characteristic peaks at the void edge at t� 4.2 s (black circle)

and at t� 4.6 s (black oval) is found in both local and global

measurements.

In order to investigate the phase correlation between

local and global properties, the (normalized) dust density

time evolution at z¼ 18 mm is presented in Figs. 5(e) for the

SAW and 5(f) for the LAW. In the SAW regime, both meas-

urements are out of phase with a varying phase difference. In

the LAW state, in contrast, the local and global dust density

evolution is completely in phase, indicating a high correla-

tion between local and global properties, although the spatial

wave field makes a chaotic visual impression.

Now, cross-correlation analysis is employed to deter-

mine the phase-slip between local and global measurements

in both regimes. To this extent, the cross-correlation (at zero

time lag) between the complete time series (containing 1200

sequential images) of the wave amplitudes from local and

global measurements has been calculated for each pixel. The

resulting correlation maps are presented in Fig. 6, where

color-coded contours representing the cross-correlation are

superposed onto video images of the respective measure-

ments for clarity.

The main wave field of the dust cloud exhibiting SAW

[Fig. 6(a)] shows no correlation except for the edges of the

wave activity area. For the LAW case, however, the wave

field is found to be highly correlated throughout all parts of

the dust cloud that feature DDWs (except for the heavy parti-

cle agglomerates at the bottom). This fact indicates that in

the LAW situation the wave field is highly coherent through-

out the 3D extent of the whole dust cloud, while this is not

the case for the SAW. There, the wave field is fragmented

and therefore incoherent in the perpendicular plane.

This is a somewhat unexpected result, since the LAW is

highly non-linear and chaotic in its nature, while the SAW

shows a steady wave propagation with only some occasional

FIG. 5. Space-time-diagrams for the local measurement of SAW (a) and

LAW (b) in the top row and for the global measurement of SAW (c) and

LAW (d) in the middle row. The time evolution of the dust density at

z¼ 18 mm is plotted in (e) for the SAW and in (f) for the LAW.
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defects. In fact, the wave field of the SAW resembles the sit-

uation in Fig. 3 (which reveals no defects at all) most of the

time. As indicated by the correlation analysis, however, these

sporadically occurring defects are the key to the incoherent

wavefield of the SAW. In our experiments, defects were only

visible in the local measurements. Considering that the local

measurements just cover a thin slice of the dust cloud, one

has to assume that defects occur in all the other regions as

well. Hence, the absence of defects in the global measure-

ments can be explained by the fact that they appear only on a

local scale and average out by measuring the dust density

along the line of sight through the whole dust cloud. The spa-

tial frequency gradients, which lead to the existence of

defects, however do not average out since they extend over

larger domains. Therefore, the exemplary observation of the

central laser-illuminated slice is not necessarily representa-

tive for the global state of the wave field.

Furthermore, the high degree of synchronization of the

LAW in contrast to the poorly correlated SAW might be

caused by boundary effects. In the case of the LAW, only

two wavelengths fit into the vertical extent of the dust cloud.

It could therefore be conjectured that the vertical boundary

confinement provides constraints which impose a synchroni-

zation in the horizontal direction, leading to the highly

coherent wave field of the LAW.

Finally, one may consider that in the extinction meas-

urements the optical path length though the dust cloud

depends on the radial position. In order to estimate the

impact on the correlation images, the radial dust density pro-

files have been calculated for each time step via Abel inver-

sion. The correlation between the local measurements and

the radial density profiles from the extinction measurements

does not differ from the correlation maps in Fig. 6 (except

for insecurities due to the nature of the inverse Abel trans-

form and deviations from cylindrical symmetry) and there-

fore justifies the approach used in this work.

Besides the two measurements presented here, we have

carried out further experiments at different gas pressures.

These investigations support the results obtained from SAW

and LAW situations above. In particular, we found that since

the transition between SAW and LAW is continuous with

decreasing gas pressure, the global coherence of the wave

field also smoothly grows from SAW to LAW.

The phenomenon of synchronization of DDW has been

thoroughly studied by Menzel et al., who used an almost

identical plasma chamber for experiments under micrograv-

ity conditions.9,10,19 In their work, the laser sheet method

was employed to observe 2D slices of the dust cloud. In

Ref. 10, the laser slice was moved through the dust cloud

(scanning video microscopy), allowing the authors to recon-

struct the 3D wave field under the assumption of a coherent

wave field. In agreement with the results presented here,

Menzel et al. found that dust clouds confined at lower gas

pressures tend to feature a high spatial and temporal coher-

ence as well as a narrow, nearly monochromatic frequency

spectrum. At higher gas pressures, defects occurred, leading

to an incoherent wave structure and a broad frequency spec-

trum. Furthermore, the authors noted that an increasing mod-

ulation depth (i.e., wave amplitude) results in larger

frequency clusters up to just one global cluster, therefore

reducing the number of defects.

Hence, it can be noted that the microgravity experiments

of Menzel et al. qualitatively agree in terms of synchroniza-

tion and coherence of DDW with the laboratory experiments

presented in this paper. The reliability of the result is further

increased due to the fact that completely different experi-

mental techniques have been used in both situations.

V. SUMMARY

In this work, investigations on the spatial coherence of

self-excited dust density waves propagating in an argon rf

plasma are presented. In a distinguished experimental

approach, the line-of-sight-integrated dust density is

obtained from extinction measurements, representing the

global wave dynamics. The simultaneous observation of a

2D laser-illuminated slice of the dust cloud gives informa-

tion about local wave properties and allows us to compare

local and global dynamics.

Two representative situations are employed to illustrate

the different characteristics of small amplitude waves (at

higher gas pressure) and large amplitude waves (at lower gas

pressure). In general, SAW feature a relatively steady wave

activity with small wavelengths. In the LAW case, on the

contrary, the waves are strongly non-linear with large wave-

lengths and a chaotic behaviour on the microscopic scale.

Surprisingly, the LAW are found to be coherent

throughout the extent of the dust cloud despite their non-

linear and chaotic nature. In contrast, the SAW reveal an

incoherent wave field in the plane perpendicular to wave

propagation. The spontaneous occurrence of local wave

defects in the SAW case seems to cause a fragmentation of

the wave field in this transverse plane. The highly coherent

wave field in the LAW situation can therefore be explained

by the virtual absence of defects in this regime. Occasional

defects in LAW are found to be global features throughout

the dust cloud, in contrast to local defects in the SAW.

FIG. 6. Color-coded cross-correlation map for the SAW (a) and the LAW

(b) superposed onto exemplary (inverted) video snapshots of the respective

measurements.
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These results have implications on experiments on dust

density waves in 3D dust clouds, which are often based on

the observation 2D laser sheets. While this established

approach gives reliable information on the wave dynamics in

the illuminated slice, it does not necessarily represent the

properties of the whole dust cloud. In particular, investiga-

tions of global phenomena such as the influence of DDW on

the plasma glow or the plasma current have to consider the

possibility of incoherent wave fields.
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The dust density is a central parameter of a dusty plasma. Here, a tomography setup for the
determination of the three-dimensionally resolved density distribution of spatially extended dust
clouds is presented. The dust clouds consist of micron-sized particles confined in a radio frequency
argon plasma, where they fill almost the entire discharge volume. First, a line-of-sight integrated dust
density is obtained from extinction measurements, where the incident light from an LED panel is
scattered and absorbed by the dust. Performing these extinction measurements from many different
angles allows the reconstruction of the 3D dust density distribution, analogous to a computer tomog-
raphy in medical applications. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898181]

I. INTRODUCTION

Dust particles immersed in a laboratory plasma of elec-
trons, ions, and neutrals attain a highly negative electric
charge and are confined in the gaseous plasma environment.
Under appropriate conditions, strongly (or weakly) coupled
dust systems can be created in a wide range of sizes from fi-
nite Yukawa clusters containing less than, say, 103 particles1

up to large, spatially extended clouds with more than 104

particles2–4 or even more than 106 particles.5–8 In techno-
logical processing plasmas, dust particles may grow from
chemically reactive constituents of the plasma or sputtered
material. In fundamental investigations, often monodisperse
plastic particles are injected into the plasma.

The dust density is a crucial factor for the behavior
of these systems since it determines the coupling strength
between the particles. Furthermore, the dust density trig-
gers decisive phenomena in dusty plasmas, such as self-
excited dust density waves,9, 10 vortex structures,11–13 and
phase transitions.14

Besides the dust-dust interaction and dynamics, the dust
density is also of high importance for the behavior of the usual
plasma components (electrons and ions), since the presence
of dust particles in turn affects the plasma in which the dust is
confined. On the one hand, due to the highly negative elec-
tric dust charge, the dust charge density can be of the or-
der of the plasma density, leading to a significantly reduced
electron density compared to the ion density. This effect is
called electron depletion and is typically described by the
Havnes parameter.15, 16 On the other hand, the temperature of
the remaining free electrons is often found to be increased17, 18

compared to a dust-free plasma. At high dust densities, a
change of the discharge operation mode due to the dust
was observed in capacitively coupled radio frequency (ccrf)
plasmas.8, 19

In most experiments on dusty plasmas, the dust particles
are illuminated with lasers and the scattered light is observed
with cameras. While in small dust clusters (N < 100) all parti-
cles can be observed at once,20 this is not possible for spatially
extended dust clouds. Hence, a thin laser sheet is often used to
illuminate a slice of the dust cloud.2–7 The three-dimensional
(3D) dust density distribution can then be obtained by moving

the laser sheet through the dust cloud. This method is known
as scanning video microscopy (SVM) and is limited to situ-
ations with static dust clouds, since dust dynamics cannot be
resolved by the scanning process (unless the scanning is very
fast, as in Ref. 21, which only works in a limited volume).

Another approach towards measuring the dust density is
based on the light extinction of illuminated dust particles. In
Ref. 22, a multipass laser extinction measurement has been
used to determine the density of nanometer-sized dust clouds
growing in an reactive plasma. Analogous, the density of a
continuous flow of unconfined micrometer-sized dust parti-
cles falling through a double plasma has been obtained from
a laser extinction measurement in Ref. 16. In these experi-
ments, a spatially resolved measurement of the density was
not possible.

Here, we present a global diagnostic technique for the in-
vestigation of spatially extended dust clouds based on light
extinction due to scattering and absorption by the dust. By
observing the light extinction of the entire, trans-illuminated
dust cloud, a line-of-sight integrated measure for the dust den-
sity is obtained. For perfectly (cylindrically) symmetric dust
clouds, the radial dust density distribution can then be ob-
tained from such a single measurement via inverse Abel trans-
form. In the general case of non-symmetric dust clouds, the
extinction measurements have to be performed from different
angles, effectively representing a computer tomography (CT).
With this approach, the spatially resolved 3D dust density dis-
tribution for any arbitrarily shaped dust cloud can be obtained.

II. CONFINEMENT AND CHARACTERIZATION
OF DUST CLOUDS

A spatially extended cloud of melamine formaldehyde
particles with a diameter of 3.55 μm has been confined in
the plasma volume of a symmetric capacitively coupled ar-
gon discharge. The plasma is driven at 13.56 MHz at a gas
pressure of 18 Pa and a peak-to-peak voltage of 50 V. In
order to create a vertically extended dust cloud, the gravita-
tional force on the dust particles is compensated by the ther-
mophoretic force, which is controlled by heating and cooling
the electrodes.5, 7, 23 In this experiment, the circular electrodes
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FIG. 1. (a) Schematic drawing of the plasma chamber. (b) Top view sketch
of the experimental setup.

with a diameter of 8 cm and a distance of 3 cm were set to
4 ◦C (upper electrode) and 36 ◦C (lower electrode), respec-
tively. The dust particles are injected by an electromagneti-
cally driven dust dispenser, which is mounted on the upper
base plate of the vessel. A schematic drawing of the plasma
chamber is shown in Fig. 1(a).

The dust cloud fills nearly the entire discharge volume
and features a central void, which is characteristic for volume-
filling dust clouds in ccrf plasmas.5, 6, 24 Besides poloidally
rotating dust vortices in the outer regions of the dust cloud,
no dynamical phenomena are observed, making the dust sys-
tem quasi-static. While the vacuum chamber and the plasma
are nearly perfectly symmetric, dust clouds created with ther-
mophoretic levitation often feature minor inhomogeneities
and deviations from an ideal cylindrically symmetric shape.
This behavior can often be directly observed in laser slice
images7, 8 and can probably be attributed to unwanted temper-
ature gradients on the surface of the electrodes and between
electrodes and walls.

III. EXTINCTION MEASUREMENT

For the extinction measurement, the entire dust cloud and
plasma volume have been trans-illuminated by an extended
LED panel, which emits homogenous white light. Opposite
to the LED panel, a CCD camera with a resolution of 640
× 480 pixels is placed, which records the light transmitted
through the dust cloud. The camera is equipped with a bi-
lateral telecentric lens (Zeiss Visionmes 105/6) with an aper-
ture of 128 mm in order to ensure that only parallel light rays
from the entire discharge volume are observed. An optical fil-
ter is used to block the plasma light emission, which is also
influenced from the dust presence and would therefore disturb
the extinction measurements. In relation to a reference image
taken without the dust cloud, the light extinction due to scat-
tering and absorption at the dust particles is obtained. This
information provides a direct measure for the line-of-sight-
integrated dust density according to the extinction law

I = I0 exp (−ndσ l), (1)

where I and I0 are the recorded intensities with and without
dust, nd is the dust density, and l is the optical path length.

The extinction coefficient for a single dust grain σ de-
pends on the particle size, the (complex) refractive index, and
the wavelength of the incident light. The manufacturer of the
dust particles (microparticles GmbH) specifies the size distri-
bution as narrow as 3.55 ± 0.08 μm and a refractive index
of n = 1.68 (real part). The spectral dependence of σ is very
weak in the transmission range of the optical filter (440 nm to
560 nm). Hence, the extinction cross section σ = 2.2 × 10−11

m2 derived from Mie theory has an uncertainty of only a few
percent.26 Since the relative extinction is typically below 15%
of the incident intensity, the dust clouds can be considered op-
tically thin. Thus, multiple scattering events are neglected in
our analysis.

A typical result of an extinction measurement is shown
in Fig. 2(a), where (I0 − I)/I0 is shown in grayscale. As is
expected of a line-of-sight-integrated measurement, the center
region of the dust cloud features the highest extinction rate

FIG. 2. (a) Extinction measurement of the whole dust cloud (I0 − I)/I0 (given
in %). (b) Inverted video snapshot of a central laser-illuminated slice (light
intensity in arb. units).
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due to the longest optical path length. Below the main dust
cloud, heavier particle agglomerates are sedimenting. These
particles are neglected from our further analysis since their
size, mass, and hence their extinction coefficient, is unknown.

For comparison, a video snapshot of a central laser-
illuminated slice of the cloud is shown in Fig. 2(b). Again, the
population of agglomerates at the bottom is at hand. The cen-
tral void is clearly visible. It is interesting to note that the void
is completely free of particles in the laser slice image, while
it appears to be behind a gray haze in the extinction measure-
ment. This is of course due to the fact that the corresponding
lines of sight in the trans-illuminated image cross not only the
void but also the radially outer regions of the cloud, which
contain dust.

The self-excited vortex at the right edge of the dust sys-
tem in Fig. 2(b) is often seen in experiments on spatially ex-
tended dust clouds and may possibly derive from intrinsic
plasma forces13 or unwanted thermal gradients due to the tem-
pered electrodes.25

Performing both the extinction measurement and the
laser slice technique simultaneously, dynamical phenomena
such as dust density waves can be investigated with respect to
their global and local properties.27

IV. ABEL INVERSION

Under the assumption of a cylindrically symmetric dust
cloud, the radial dust density distribution can be calculated
from a single extinction measurement using Abel inversion.
While many numerical implementations of the inverse Abel
transform are available, the derivative-free, Fourier-analysis-
based method of Pretzler is used here.28 This approach
features intrinsic noise-filtering and is especially suited for
hollow profiles (i.e., the void), since the method calculates
the complete profile based on Fourier expansions in one piece
instead of iterating from the edges towards the center. A MAT-
LAB implementation of the algorithm used here is available
online.29

In Fig. 3(a), the measured extinction X = (I0 − I)/I0 is
shown for a typical dust cloud. Now, the inverse Abel trans-
formation is calculated for each horizontal line independently,
resulting in the radial dust density distribution shown in
Fig. 3(b). The radial dust density distributions have been cal-
culated independently from the left and right half of the mea-
surement and have then again been composed into a single
image.

Using the single-scattering extinction coefficient σ , a
physical representation of the density can be attributed (see
colorbar). In the upper part of the dust cloud, the Abel inver-
sion reveals a particular density distribution (highest density
at the edge of the cloud), which is not directly visible in the
bare extinction measurement. This finding agrees very well
with additional laser slice measurements, which also provide
a radial dust density profile.

The mismatch between the individually reconstructed left
and right halves in the center of the dust cloud is an artifact
possibly resulting from insecurities in the determination of
the radial center or slight misalignments of the camera. The
key point for the credibility of the Abel inversion is, however,
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FIG. 3. (a) Extinction measurement X = (I0 − I)/I0. (b) Radial dust density
profile obtained from Abel inversion. Note that the horizontal and vertical
axes have a different scaling for clarity.

the assumption of cylindrical symmetry. A close look at the
measured images from the global extinction as well as the
laser slices reveals some deviations from an ideal cylindrical
symmetry. If one wants to resolve the non-symmetric features
of the dust cloud, a real 3D diagnostic has to be performed.

V. COMPUTER TOMOGRAPHY

In medical applications, a CT measurement consists of
many x-ray scans from different rotational angles in order
to create a 3D visualization of the human organism. Analo-
gous, the extinction measurement on the dust cloud can be
performed from many different angles. We therefore adapt
the concept of computer tomography and apply it to 3D dust
clouds.

In order to achieve an optimal reconstruction result, it is
advantageous to scan the dust cloud from as many angles as
possible. Hence, the plasma chamber has to be completely
transparent in the regions between the electrodes. This is re-
alized by using a glass cylinder with an outer diameter of 170
mm and a glass width of 7 mm as the side wall of the vessel
(see Fig. 1(a)). The diagnostical unit (camera and LED panel)
is mounted on a rotating stage, as indicated in Fig. 1(b). For
reasons of cost efficiency, the rotating stage is self-built from
standard industrial parts: An aluminum plate, on which the
diagnostical units are attached, is mounted on an axial ball
bearing, which offers an inner diameter of 300 mm to accom-
modate for the plasma chamber. The whole stage is rotated by
a timing belt, which in turn is driven by a stepper motor. This
setup provides a sufficient angular resolution of about 0.1◦.

We found that steps of about 2◦ are required for a reli-
able scan of the dust cloud. Since it is sufficient to scan over
a range of 180◦, at least 90 images are recorded. It is often
advantageous to average multiple images at each position in
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order to improve the signal-to-noise ratio, which largely de-
termines the lower detection limit of the dust density. For the
experimental parameters given in Sec. III, dust densities of
down to about 5 × 109 m−3 can be detected, corresponding to
an extinction of about 1% of the incident light. Improving the
signal-to-noise ratio by averaging comes, however, at the cost
of a longer measurement time. Since stage movement and im-
age recording for one angular position can take up to 2 s, a
complete measurement of 90 different angles may take up to
3 min. Therefore, only static dust clouds without dust dynam-
ics and a good dust confinement can be investigated this way.
In principle, however, this time can be reduced to 10 s (at the
cost of a lower signal-to-noise ratio).

The tomography has to be repeated with the same settings
in a situation without a dust cloud in order to acquire the ref-
erence images I0, which will be accounted for by calculating
the relative light extinction Xi = (I0, i − Ii)/I0, i for each angu-
lar position i. Each horizontal row of the extinction images Xi
will be treated separately.

The data processing of the CT measurements is based
on the inverse Radon transform, for which various numeri-
cal implementations are available.30 We have used the inverse
Radon transform from MATLAB’s image processing tool-
box, which is based on the filtered back-projection method,
where the filter is applied in the frequency domain. First, a
sinogram is calculated for each vertical position in the dust
cloud by stacking the corresponding rows of all extinction
images Xi.

Two representative sinograms are shown in Figs. 4(a)
and 4(b), which in the coordinate system of the cloud in Fig.
(2) can be attributed to vertical positions of z ≈ 8 mm and
z ≈ 16 mm, respectively. While the sinogram in Fig. 4(a) is
taken from a region above the void, the sinogram in Fig. 4(b)
represents a situation at the lower void edge.

Now, the inverse Radon transform is applied to each sino-
gram. The results are converted into number densities by ac-
counting for the extinction cross section σ . The correspond-
ing dust density profiles for the sinograms in Fig. 4 are shown
in Fig. 5. In the region above the void (Fig. 5(a)), the dust
cloud has an approximately circular shape with a flat den-
sity profile, while a sharp density peak is found at the radial
edge of the cloud. In Fig. 5(b), in contrast, the horizontal slice
of the dust cloud is dominated by the central void. Here, the
dust density is highest around the void edge instead of the
outer edge. This behavior has been reported in different situ-
ations containing voids in dust clouds.5, 6, 24 The overall dust
density is however much lower than in the region above the
void.

By performing the inverse radon transform for each hor-
izontal slice, the 3D dust density distribution of the whole
dust cloud has been reconstructed. A typical result is shown
in Fig. 6, where the colored surfaces connect points of equal
dust density. For clarity, a part of the dust cloud is removed
from the image for this plot, emphasizing the internal struc-
ture at the slice plane. Furthermore, a 3D gaussian filter has
been used for blurring the data, resulting in smoother con-
tour surfaces. This visualization provides insight into various
characteristics of the dust cloud: While in the bottom part of
the cloud the dust concentrates in the radial center, a different
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FIG. 5. Results of the inverse Radon transform applied to the sinograms in
Fig. 4 for a situation (a) above the void and (b) at the lower void edge.

distribution is found in the upper part. There, the maximum
dust density is found close to the radial edge of the dust cloud,
resulting in the torus of highest dust density which can be seen
in Fig. 6. The divergent dust density distributions in different
parts of the dust cloud are probably caused by deviations of
the thermophoretic force due to nonuniform heating and cool-
ing of both electrodes, which is a technical limitation.

Finally, the CT results can be compared to the Abel in-
version approach, which relies on single measurements and
the assumption of cylindrical symmetry. In Fig. 7(a), the Abel
inversion result from Fig. 3(b) is reproduced. This image has
been calculated from a single extinction measurement taken
at an angle α0. The images in Figs. 7(b) and 7(c) represent
central slices of the 3D reconstructed volume data obtained
from the CT for the same viewing angle α0 and a perpendicu-
lar angle α90, respectively. It is interesting to note that several
features of the dust cloud coincide in the Abel inversion re-
sult for α0 in Fig. 7(a) and in the CT result for α0 in Fig. 7(b).
Some distinct structures in the upper part of the dust cloud
are marked by black arrows. Comparing this to the CT result
in the perpendicular plane at α90 in Fig. 7(c), these particu-
lar features cannot be found there. While the general shape of
the dust cloud is still similar (revealing that cylindrical sym-
metry holds in a rough approximation), many details of the
dust density distribution are quite different in this plane. We
can therefore conclude that in the general case of a not per-
fectly symmetric dust cloud it is necessary to perform a full
CT scan.
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FIG. 6. Visualization of the 3D dust density distribution by isosurfaces,
which connect points of equal dust density. (Multimedia View) [URL:
http://dx.doi.org/10.1063/1.4898181.1].
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FIG. 7. (a) Abel inversion result from a single extinction measurement at
the angle α0. (same image as in Fig. 3(b)). (b) Central slice of the computer
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With the full dust density distribution at hand, various
physical quantities of the dust cloud can be investigated. The
Havnes parameter, which describes the ratio of the dust charge
density to the (undisturbed) plasma density by P = Zdnd/ni, is
found to be close to 1, i.e., in the range 0.1 < P < 0.9. For
P > 0.1, already a significant percentage of the electrons are
bound to the dust particles, effectively depleting the density
of free electrons in the plasma. In the situations with P be-
ing close to 1, the plasma is severely influenced by the dust.
Hence, knowledge of the dust density is crucial for the char-
acterization of the dusty plasma.

Another interesting property is the dust pressure, which
is given as

Pd = ndTd

(
1 + Z2

dnd

ne + ni

)
(2)

by Fisher et al.31 The first term in brackets accounts for
the dust pressure originating from the dust temperature Td,
while the second term represents the electrostatic pressure,
which is clearly dominating the total dust pressure and con-
tains the square of the dust density. Using this approach, we
find a dust energy density on the order of about 1012 eV/m−3

assuming a dust temperature of Td = 0.03 eV, a dust charge
of Zd = 5000 e and a plasma density of ne = ni = 5
× 1014 m−3, which agrees well with other experimental
findings.31 Knowing the dust pressure, further investigations
are possible. For instance, starting from the hydrostatic equa-
tion for our static dust cloud F = −∇Pd/nd, the 3D force field
that leads to the observed dust density distribution may be
investigated.

VI. SUMMARY AND OUTLOOK

We have presented an experimental technique that allows
the measurement of the three-dimensional density distribution
in (static) dust clouds confined in a radio frequency plasma.
Based on the light extinction due to scattering and absorp-
tion on the dust particles, line-of-sight integrated values for
the dust density have been derived. Using a cost-efficient ro-
tating stage and relying on standard reconstruction algorithms
for computer tomography, the 3D density distribution of the
whole dust cloud is determined. For dust clouds with a high
degree of cylindrical symmetry, Abel inversion of single mea-
surement (just one viewing angle) is a reasonable alternative.
The CT approach, in contrast, works for any dust cloud with
an arbitrary shape and density distribution.

Since this technique is versatile and independent on the
system geometry, it might be useful for the investigations of
dusty plasmas in various situations. In particular, dust clouds
consisting of nanometer-sized dust particles growing in reac-
tive plasmas may be of special interest. These systems are dif-
ficult to investigate with laser light scattering due to the small
particle size. However, an additional diagnostic such as Mie
ellipsometry32 is required in clouds consisting of differently
sized dust particles in order to determine the extinction cross
section for a single particle.
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Oscillation Amplitudes in 3-D Dust Density Waves
in Dusty Plasmas Under Microgravity Conditions
Carsten Killer, Michael Himpel, André Melzer, Tim Bockwoldt, Kristoffer Ole Menzel, and Alexander Piel

Abstract— Large dust clouds in dusty plasmas exhibiting self-
excited dust density waves (DDWs) have been investigated in a
microgravity environment. With the help of the tracer particle
technique [1], 3-D trajectories of single dust particles within the
dust cloud have been measured using a stereoscopic camera setup.
With the availability of the full phase-space information, 3-D
wave properties can be accessed. In this paper, the spatial varia-
tion of the oscillation amplitude of single particles participating
in a DDW is presented. We find that the amplitude increases in
the direction of wave propagation and is nearly homogenous in
the plane perpendicular to that direction.

Index Terms— Dusty plasmas, plasma waves, stereo vision.

DUST density waves (DDWs) are one of the many
compelling phenomena in the field of dusty plasmas.

These waves are often self-excited by intrinsic plasma features
(streaming ions) and exhibit a wide range of phenomena, such
as self-synchronization, frequency clusters, defect structures,
and turbulence [2], [3]. Typical experiments on DDW are per-
formed with micrometer-sized dust particles, for which gravity
is a dominant force. To create a spatially extended, isotropic
dust cloud, the experiments presented here were performed
on parabolic flights, where in each parabola microgravity
conditions are available for 22 s.

A benefit of DDW (and dusty plasmas in general) is the
relatively easy experimental accessibility with video cameras.
The collective behavior of the wave can easily be observed on
a 2-D level by illuminating a narrow slice of the dust cloud
with a laser sheet. Retrieving 3-D information is, in contrast,
more difficult, since the particles have to be identified and
trajectories have to be reconstructed in a larger volume. In this
situation, it is, however, very difficult to obtain information on
single particle dynamics or the collective behavior due to the
high dust density. Using fluorescent tracer particles, though,
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the 3-D trajectories of single particles can be reconstructed [1].
This technique has been used here to track dust particles
participating in a self-excited DDW.

The entire dust cloud is confined in a capacitively cou-
pled radio frequency (RF) argon discharge, which is ignited
between two parallel circular electrodes (diameter 80 mm,
distance 30 mm). The dust particles are melamine formalde-
hyde spheres with a diameter of 6.8 µm. The gas pressure
12 Pa and the RF power of 2 W are chosen to create an
optimal degree of wave activity. In the experiments presented
here, the observation volume of about 1 cm3 was located in
the radial center above the central void (Fig. 1, inset). The
waves propagate therefore in the positive z-direction (upward),
since DDW generally propagate from the void toward the
electrodes/walls.

The trajectories are shown in Fig. 1 as gray lines that have
been reconstructed from a series of 1000 images recorded at
a framerate of 180 Hz, corresponding to a time series of
about 5.6 s. For clarity, only trajectories with a minimum
length of 80 frames are used for illustration (in this case:
273 trajectories). Via the Hilbert transform, oscillation prop-
erties, such as amplitude and frequency can be calculated
time-resolved for each trajectory [2]. The mean oscillation
frequency was found to be about 10 Hz independently of
the position in the observation volume, which agrees with
additional 2-D measurements of the collective wave behavior.
For the illustration in Fig. 1, the instantaneous oscillation
amplitude has been mapped on a 3-D grid for each timestep
of each trajectory using trilinear interpolation. The resulting
3-D distribution is then visualized using transparent contour
surfaces.

The illustration in Fig. 1 reveals a clear trend toward
increasing amplitudes in the direction of wave propagation.
The particles at the bottom are located close to the void
edge and show only a very small wave activity. With higher
z-values, the amplitude drastically increases up to about
0.5 mm at the upper edge of the observation volume, which
also represents the overall dust cloud boundary. This behavior
is pointed out by the three representative trajectories high-
lighted in red. The effect of spatial amplitude growth has
previously been reported for 2-D diagnostics [3], [4]. Our 3-D
analysis confirms these results and reveals that the amplitude
does not vary significantly in the plane perpendicular to the
wave propagation (here: in the xy plane). The deviations shown
in Fig. 1 can probably be attributed to the limited number of
trajectories and the length of the time series.

0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. 3-D dataset of particle trajectories in the DDW (gray lines). The oscillation amplitude in z-direction (wave propagation direction) is interpolated onto
a grid and is shown as color-coded contour surfaces. The right part of the volumetric array is cut out with bold gray contour lines indicating the plane of
intersection. Three representative trajectories are highlighted in red. In the inset an overview of the dust cloud is shown. The observation volume is marked
by a rectangle.
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Wave Crest Reconstruction of a Dust Density
Wave Using Single Particle Trajectories

Michael Himpel, Carsten Killer, Tim Bockwoldt, Kristoffer O. Menzel, Alexander Piel, and André Melzer

Abstract— Dusty plasmas can feature self-excited longitudinal
density waves. These dust density waves have been investigated
at the single particle level. From the full 3-D 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.

Index Terms— Dusty plasmas, plasma waves.

M ICROMETER sized particles injected into a plasma
form a dusty plasma. In our experiment, we observe

melamine–formaldehyde particles with a diameter of 6.8 µm
in a parallel-plate RF-discharge. These particles form complex
volume-filling structures that feature self-excited dust density
waves (DDWs) 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 s of microgravity that is sufficient to inject the particles
and measure properties of the dust cloud. To investigate
the full 3-D 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 ∼1% [5].

The 650 trajectories of fluorescent tracer particles with a
length of more than 50 frames with temporal resolution of
180 frames/s have been measured, reconstructed, and ana-
lyzed. As there are typically only 10–20 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 pseudostroboscopic approach was used. This stroboscopic
frequency was determined from a simultaneously imaged 2-D
slice of the dust cloud. With the known DDW frequency of
5.8 Hz, it was possible to retrieve the relative phase of all
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particle trajectories and to map them into a phase-resolved
oscillation period. As the frame range of the trajectory data
set is ∼1000-frames long and one wave period lasts only
∼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 upward from the
central particle free region (z ≈ −1.5 mm) to the dust
cloud boundary (z ≈ +1.5 mm). 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 DDW
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 veloc-
ity along the field of view. Otherwise, the ridge of peaks
would have to be curved and not straight. Second, 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 oscil-
lation 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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Abstract
An imaging Mie scattering technique has been developed to measure the spatially resolved size
distribution of dust particles in extended dust clouds. For large dust clouds of micrometre-sized
plastic particles confined in an radio frequency (rf) discharge, a segmentation of the dust cloud
into populations of different sizes is observed, even though the size differences are very small.
The dust size dispersion inside a population is much smaller than the difference between the
populations. Furthermore, the dust size is found to be constantly decreasing over time while
the particles are confined in an inert argon plasma. The processes responsible for the shrinking
of the dust in the plasma have been addressed by mass spectrometry, ex situ microscopy of the
dust size, dust resonance measurements, in situ determination of the dust surface temperature
and Fourier transform infrared absorption (FT-IR). It is concluded that both a reduction of dust
size and its mass density due to outgassing of water and other volatile constituents as well as
chemical etching by oxygen impurities are responsible for the observations.

Keywords: dusty plasma, Mie scattering, plasma diagnostics

(Some figures may appear in colour only in the online journal)

1. Introduction

In all dusty plasmas, the dust particle size is a crucial parameter,
since all forces acting on a dust particle depend on its size
(here denoted by the radius a). The gravitational force is
proportional to a3 and therefore only significant for particles
with a size of at least a few 100 nm. The electric field force is
proportional to the dust charge, which is generally assumed to
scale linearly with the radius a. Drag forces like the neutral
drag, ion drag, radiation pressure or the thermophoretic force
are proportional to a2 [1].

Low temperature plasmas containing dust particles
are widely studied for fundamental research as well as
technological applications [1, 2]. In many technological
processing plasmas, dust particles grow from sputtered
material or due to chemically reactive plasma constituents [3].
The formation of dust in these plasmas can severely influence
the plasma conditions and therefore disturbs the plasma
processing [4, 5]. In other situations, dust growth can be useful

and is employed e.g. to improve the efficiency of polymorphous
silicon solar cells [6].

In early experiments on the dust formation in plasmas,
the particles were detected and studied in situ by laser light
scattering, but a reliable conclusion about the particle size
was only possible by ex situ scanning electron microscopy
(SEM) [4] or transmission electron microscopy (TEM) [7]
measurements. Soon afterwards, Mie scattering ellipsometry
was used to measure the size of injected particles [8] as well
as growing particles in situ [9, 10]. Recently, Greiner et al
introduced an imaging Mie ellipsometry technique, which is
able to monitor the spatio-temporally resolved evolution of the
particle growth in argon–acetylene plasmas [11].

Apart from the applications in industrial processing
plasmas, dusty plasmas are also studied with respect to
fundamental science. In this field of research, dust particles
(usually melamine formaldehyde (MF) or other plastic
particles of a well-defined size in the µm-range) are injected
into chemically inert plasmas, where they acquire a highly
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negative electric charge of 103 e to 104 e. With an appropriate
confinement, strongly coupled Coulomb systems can be
formed, ranging from 2D layers [12, 13] over finite 3D clusters
[14] to spatially extended 3D clouds [15, 16]. There, one
exploits the advantage that the dust particles can be observed
individually and, that due to their slow timescales, can be
tracked in 3D throughout time, providing the full phase space
information.

The MF particles generally used in fundamental studies
offer a very narrow size dispersion and a highly spherical shape.
Only few works exist where the size of MF particles has been
investigated, since it is considered to be well-defined by the
manufacturer. However, Liu et al found the MF particles
to be slightly smaller than specified by the manufacturer
using TEM [17]. Swinkels et al employed Mie ellipsometry
to monitor the etching of MF particle clouds in oxygen
plasmas [18] and Stoffels et al investigated the etching of a
single MF particle in an oxygen plasma by angular resolved
Mie scattering [19]. Since most experiments on dusty plasmas
use argon or other noble gases, chemical etching of the dust is
not considered relevant. However, the outgassing of water,
leading to a reduction of the MF mass density, has been
observed by Carstensen et al by a precise measurement of
the dust resonance frequency over a long time [20]. There,
the authors conjectured that the outgassing might be caused
by an increased surface temperature of the dust particles in
the plasma (which was observed by other groups [21, 22]).
The assumption of a temperature-dependent outgassing is
endorsed by thermogravimetry [20] and quadrupole mass
filters measurements [23]. The dust size was, however,
assumed to be constant in all of these experiments.

In this work, we developed a spatially resolving Mie
imaging technique, which is based on the angle-resolved
measurement of the Mie scattering intensities. This method
allows a precise determination of the dust size distribution in
spatially extended dust clouds. In experiments featuring large,
thermophoretically levitated and seemingly homogeneous dust
clouds consisting of monodisperse MF particles, a somewhat
segmented structure of the dust cloud is visible (see e.g. our
previous work [24] and, presumably, experiments from other
groups with similar conditions [25]). Since this segmentation
might be caused by differently sized particles, this issue will
be addressed by Mie imaging in this work.

Our imaging Mie diagnostic is furthermore used to
monitor the time evolution of the dust size distribution. The
variation of the dust size with time is confirmed by ex situ
microscopy of plasma-exposed dust. Further indirect evidence
is found by measuring the dust plasma frequency over time and
the response of the dust to different (thermophoretic) force
fields.

In order to gain insight into the physical processes leading
to the changes in dust size and mass, mass spectrometry has
been used to identify possible signatures of dust outgassing
or etching. Furthermore, the surface temperature of the dust
particles has been measured using fluorescent dust particles
and the chemical structure of MF dust was evaluated using
Fourier transform infrared (FT-IR) absorption.

2. Experimental setup

Our main experiments have been performed in a capacitively
coupled radio frequency (ccrf) plasma that has a 360 ◦ optical
access. Some supporting experiments have been carried out in
a typical rf discharge chamber. In both cases, argon plasmas
are ignited at 13.56 MHz with a gas pressure on the order of
10 Pa (measured by a capacitance vacuum gauge) and low
plasma powers in the range of 1–10 W. The dust particles
are stored in dispensers under vacuum conditions (the base
pressure of the plasma chamber is approximately 0.1 Pa) prior
to the experiments.

2.1. Main experimental setup

A symmetric parallel plate setup with temperature-controlled
electrodes is used to confine spatially extended dust clouds
(details in [24]). The circular electrodes with a diameter of
8 cm are separated by a 3 cm discharge gap and are operated
in push–pull mode. A volume-filling dust cloud is produced
by using the thermophoretic force to compensate for gravity.
Therefore, a temperature gradient is created in the neutral gas
by heating the lower and cooling the upper electrode, resulting
in an upwards directed thermophoretic force.

In order to perform angle-resolved measurements of the
Mie scattering intensity, the plasma chamber is completely
transparent by using a glass cylinder as the outer wall. A CCD
camera is placed on a rotating stage (details in [26]), allowing
to observe the dust cloud from any angle with respect to a
stationary laser. The Mie scattering experiments described
in section 3, the thermophoretic force field measurements
(section 4.2) and the mass spectrometry (section 4.5) have been
carried out in this device. A sketch of the plasma chamber and
the rotating stage is shown in figure 1.

2.2. Supporting experiments

This setup consists of an asymmetric discharge with a powered
lower electrode (diameter of 170 mm), where the chamber
walls act as the grounded electrode [14, 27]. This plasma
chamber is used for the measurement of the resonance
frequency of small dust clusters over time using the phase
resolved resonance method of Carstensen et al [20], which
is described in section 4.3. Furthermore, the dust surface
temperature measurements have been carried out in this setup.
Also, particles have been collected from this device for ex situ
microscopy (section 4.4).

3. Angular resolved Mie scattering

For dust particles with a size of a few micrometres, the Mie
scattering signal has a characteristic angular dependence [28].
With our diagnostic we aim to combine imaging techniques
with the angle-resolved measurement of Mie scattering signals.
The angular Mie scattering signals from a single particle
have been used by Stoffels et al to measure the particle size
evolution of this single MF particle being etched in an oxygen
plasma [19]. In our setup with a completely transparent plasma
chamber, we are able to observe the dust cloud from a wide
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Figure 1. Sketch of the symmetric plasma setup. (a) Front view of
the plasma chamber. (b) Top view of the diagnostic setup for Mie
imaging.

angular space, as sketched in figure 1(b). To avoid too heavy
optical distortion for the imaging, however, our measurements
are limited to an angular range of 90◦, stretching roughly
from 45◦ to 135◦ with respect to the incident laser beam. For
our Mie scattering experiments, we use highly spherical MF
particles with a nominal radius of 1.775 µm and a refractive
index of n = 1.68 (real part), as given by the manufacturer
(Microparticles GmbH).

A thin slice of the dust cloud is illuminated by a vertical
laser sheet (about 1 mm thick). The laser light has a wavelength
of 532 nm and is linearly polarized in the horizontal plane.
Hence, only the parallel component of the Mie scattering signal
is measured. The scattered laser light is observed by a CCD
camera, which is equipped with a telecentric lens and an optical
filter to suppress the plasma light emission.

Two representative images of a typical dust cloud, taken
from two slightly different angles, are shown in figure 2 in
inverted greyscale. Besides the presence of the central void,
the dust cloud appears to be segmented into different parts,
which are separated by sharp intensity edges. Some segments
of the dust cloud are particularly bright at a scattering angle
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Figure 2. Images of a typical dust cloud recorded from (a) 84.7◦

and (b) 90.0◦ (with respect to the laser slice). The laser light
scattering intensity is shown in inverted greyscale. The vertical
stripes at the left edge of the images are laser reflections.

of 84.7 ◦ (figure 2(a)), while others show a higher intensity
at 90.0◦ (figure 2(b)). Observing the dust cloud from many
different angles, we find that each segment of the dust cloud
features a distinct dependence of the scattered intensity from
the observation angle. To illustrate this fact, four representative
parts of the dust cloud are further examined in figure 3. Each
of the four arbitrarily chosen points (whose locations are
indicated by small circles in figure 2(b)) resembles an area
averaged over 5 × 5 pixels in the original images in order to
enhance the data quality. In figure 3(a), the scattering intensity
for each point is shown as a function of the observation angle.
It is clearly visible that each graph has a distinct behaviour.

With all required parameters for Mie scattering at hand
(laser wavelength and polarization, dust refractive index), we
can deduce the particle size from the scattering signals in
figure 3(a). Since the dust particle radius is now the only
free parameter for the Mie scattering problem, it can be
determined by least-squares fitting the Mie theory signals to
the experimental results.

We found that fitting the intensity oscillations together
with the angular positions of the intensity peaks is much
more reliable than using the actual scattering amplitudes,
which are influenced by experimental uncertainties (e.g. small
fluctuations in the dust cloud, laser beam quality, CCD camera
sensitivity). Hence, a moving average filter is applied to the
angle-resolved scattering signals for each position, resulting in
intensity oscillations with a zero mean value. Now, the radius
is determined by fitting the Mie theory scattering signals (also
with moving average subtracted).

The results are shown in figures 3(b)–(e) for each of
the four selected positions separately. The Mie theory fits
agree very well with the course of the individual experimental
graphs. Surprisingly, the fitted radii differ by about 6%
with respect to each other, which is about three times larger
than the standard deviation of the particle size given by the
manufacturer. Furthermore, the particles are specified to have a
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Figure 3. (a) Angular resolved scattering intensity for the four
example points indicated in figure 2(b). In (b)–(e), each of the four
graphs is shown separately and accompanied by the respective fit of
the Mie scattering theory (with moving average subtracted).

mean radius of 1.775 µm and therefore seem to be considerably
smaller in our measurement.

Monitoring the dust size distribution over the course of
a few hours, a drastic further reduction of the particle size is
observed. In figure 4, the size distribution in the dust cloud
from figure 2 is shown for different times after the dust injection
at t0 (with figure 4(a) corresponding to the situation in figures 2
and 3). Besides the obvious reduction of the particle size, the
overall shape of the dust cloud is also changing. This effect
can be explained by the constant size (and mass) loss of the
dust particles. As a result of such a process, the force balance
between gravity (scaling with a3) and the thermophoretic force
(scaling with a2) is disturbed. For shrinking dust particles,
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Figure 4. Dust size distribution at different points in time with
respect to the dust injection at t0: (a) t0 + 18 min ; (b) t0 + 44 min, (c)
t0 + 75 min. In the upper part of the dust cloud, a unidentifiable
segment is getting bigger with time. This population seems to
contain differently sized particles and is masked in grey colour here.
(d) Dust size at the four locations indicated in part (c) as a function
of time.

the thermophoretic force wins over gravity, leading to the
accumulation of the dust in the upper part of the cloud.

Comparing the dust size in a specific area of the cloud over
time, one can try to calculate a size loss rate. This value will not
describe the actual loss rate of a single particle, but rather the
size evolution of the dust particles in that area (which will not
necessarily be the same particles over time, e.g. due to trans-
port). The dust size at four arbitrarily chosen points (indicated
in figure 4(c)) as a function of time is shown in figure 4(d). The
dust size decreases with a roughly constant rate at all four loca-
tions. From 10 measurements over the course of about 2 h (af-
ter more than 2 h, all the dust is compressed in a flat layer at the
upper sheath), we find an average size loss rate of 0.04 nm s−1.
This rate is almost as large as the etching rate for MF parti-
cles in oxygen plasmas, which was found to be in the range of
0.06–0.13 nm s−1 for plasma powers of a few watts [18, 19].
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Figure 5. (a) Mean dust size obtained under the microscope for
fresh, plasma-exposed and baked dust. Each data point is the result
of averaging over up to 20 individual dust particles, with the
standard deviation represented by the error bars. For clarity, sample
images of dust particles with a specified radius of a0 = 5.1 µm
under a microscope are shown for (b) fresh dust and (c)
plasma-exposed dust.

4. Additional diagnostics

The Mie imaging results in the previous section strongly
indicate that the dust particle size heavily decreases with time.
Possible reasons may include chemical etching, sputtering and
outgassing. In order to evaluate the importance of each of
these processes, additional experimental techniques have been
employed. As a general approach, we assume that the dust
radius a and the mass density ρ may both change over time.

For some experiments, the dust particles ware baked in an
oven at 120–130 ◦C prior to the experiments. This procedure
has been proposed due to evidence of the outgassing of water
from the MF particles in the plasma [20, 23]. With the baking
process, most of the water bound in the MF is supposed to
evaporate.

4.1. Ex situ microscopy

In order to verify the shrinking of dust particles in the
plasma with a very reliable technique, dust particles have been
examined with an optical video microscope before and after
plasma exposure. Furthermore, the influence of oven-baking
on the particle size is investigated. A typical image using a
magnification of 500 is shown in figures 5(b) and (c), where
fresh and plasma-exposed particles are shown. The dust size
is evaluated by fitting circles to the edge of the particles.

The resulting dust sizes are shown in figure 5(a), where
each data point represents an average of all dust particles
(typically 10–20) in the respective situation. The reference
at t = 0 corresponds to unused, fresh dust particles. The
oven-baked particles were exposed to a temperature of 120 ◦C
and are marked in red. These particles already show a slightly
decreased size after baking, which accumulates to a shrinking
of almost 6% after 4 h baking (with the size ratio of exposed
dust (radius a) and fresh dust (radius a0) determined as a/a0 =
0.945). This leads to the conjecture that the dust particles
contract due to the outgassing of volatile components such as
water and formaldehyde.

For the plasma-exposed dust, a more drastic change of the
dust size is observed, with ratios of a/a0 = 0.82 after 4 h and

a/a0 = 0.80 after 20 h. In these experiments, MF particles
with a specified radius of 5.1 µm have been confined in the
sheath of the asymmetric discharge (see section 2.2) at an argon
pressure of 20 Pa and a plasma power of 4 W. Surprisingly, the
difference between 4 and 20 h of plasma operation is quite
small, indicating a saturation of the process that leads to the
dust size reduction. However, the ratio a/a0 agrees well with
the values obtained from the Mie imaging technique in the
symmetric discharge.

4.2. Thermophoretic force fields

The dust size maps in figure 4 do not only reveal a decreasing
dust size but also a shifting overall shape of the dust cloud.
For a confined particle, the force balance results in a zero
net force. For dust particles in the plasma volume (where
the electric field is small), the vertical confinement is mainly
influenced by the interplay between the gravitational force
(pointing downwards) and the thermophoretic force (pointing
upwards). Since both forces scale differently (Fg ∼ a3ρ and
Fth ∼ a2), a reduction of particle size or mass density will
lead to the thermophoretic force gaining the upper hand over
gravity. Hence, the dust will move upwards until another force
compensates the excess of thermophoresis over gravity. This
other force may be due to the electrostatic pressure of the dust
cloud or, finally, the sheath electric field close to the upper
electrode.

Therefore, the dust cloud shifts upwards as a whole
(figure 4), and after a few hours of plasma exposure, the entire
dust cloud is compressed into a thin layer at the upper sheath
due to the drastic mass or size loss of the particles. Now, if the
plasma is turned off, the sheath electric field instantly vanishes
and the dust particles will be accelerated upwards due to the
thermophoretic force being stronger than gravity. Because of
friction of the dust with the neutral gas, the dust reaches a
terminal velocity almost instantly. The force balance for the
dust particles at the terminal velocity can be written as

Fg(a, ρ) + Fth(a) + Fn(a, v) = 0, (1)

where Fn is the neutral gas friction, which depends on Fn ∼
a2v (with the dust velocity v). For this experiment, the
temperature gradient in the neutral gas is set to a value where
freshly injected dust particles with the radius a0 and mass
density ρ0 are almost ideally well levitated after the plasma
is switched off, due to Fg(a0, ρ0) = −Fth(a0). Combining the
force balances for the plasma-exposed dust and the fresh dust,
we find

aρ

a0ρ0
= 1 +

C1

C2
v, (2)

where C1 and C2 correspond to the coefficients for the neutral
drag force and thermophoretic [29] force, respectively:

C1 = 32 p δ

3 vn
and C2 = −3.33 kb ∇T

σ
. (3)

Here, p, vn and ∇T are the pressure, thermal velocity and
temperature gradient of the neutral gas; 1 � δ � 1.44 is
a geometric scattering coefficient and σ is the gas kinetic
collision cross section.
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In experiments similar to the situations in section 3,
dust particles which have been exposed to the plasma for
2 h, attain terminal velocities of about 25 mm s−1 after the
plasma is switched off. Estimating C1/C2 ≈ 10 s mm−1

for our conditions, this velocity corresponds to a ratio of
(aρ)/(a0ρ0) ≈ 0.75. Even if a mass density loss due to
outgassing is accounted for (ρ/ρ0 ≈ 0.9), this technique
reveals a heavily decreasing dust size on the order of a/a0 ≈
0.8.

In a different experiment involving 5 h of plasma exposure,
an even more drastic effect was found. There, the particle
attained velocities of about 50 mm s−1, resulting in a ratio of
(aρ)/(a0ρ0) ≈ 0.5.

4.3. Phase resolved resonance

To illustrate this further, we investigated the force balance for
a small ensemble of dust particles located in the plasma sheath
of the supporting discharge. There, the particles are vertically
confined by the force balance between gravity and electric
field force due to the sheath electric fields (thermophoresis
is not used in this situation). If the electrode voltage is
sinusoidally modulated with a low frequency, the dust particles
behave as damped harmonic oscillators with an eigenfrequency
ω0, which is proportional to the dust’s charge-to-mass ratio√

qd/md [30].
Recently, Carstensen et al established a very precise

technique for the determination of relative changes in the
dust particles’ plasma frequency, called the phase resolved
resonance method [20]. There, the authors found that dust
plasma frequency of an MF particle confined in the sheath
of an argon rf plasma increased by 5–6% over the course of
a few hours. Since the dust plasma frequency scales with√

qd/md, they concluded that during the measurement time the
dust mass was reduced by 10–12%, assuming a constant size
and therefore constant charge qd. The most probable cause for
this behaviour was reasoned to be the outgassing of water from
the MF material. This assumption is supported by the temporal
evolution of the dust plasma frequency, featuring a steep
increase at the beginning, later turning into a slow saturation,
and ultimately resulting in a constant eigenfrequency after 10 h.

We adapted the phase resolved resonance method
from [20] and found an even stronger effect in our experiments,
which were performed in the asymmetric plasma chamber
described in section 2.2. The experimentally obtained dust
plasma frequencies are presented in figure 6 and reveal a linear
increase with time. After 5 h, a total increase of 37% is
observed, corresponding to a relative change in the charge-
to-mass ratio of

ω2

ω2
0

= q

m
/

q0

m0
= a

ρa3
/

a0

ρ0a
3
0

= a2
0ρ0

a2ρ
= 1.87.

Here, the relations q ∼ a and m ∼ ρa3 have been used. This
drastic result is probably not purely caused by a mass loss due
to outgassing, as it was proposed in [20].
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Figure 6. Time evolution of the dust plasma frequency, measured
with the phase resolved resonance method described in [20]. Over
the course of 5 h, the frequency increases by 37%.

4.4. Evidence of outgassing or chemical processes

The process of water gassing out from the MF material
strongly depends on the MF temperature [20, 23]. Often, the
temperature of the dust particles confined in the plasma is
assumed to be equal to the gas temperature, which is roughly
at room temperature. At this temperature, no significant
outgassing is expected. There are however a few works, where
the dust material temperature in the plasma has been measured
using fluorescent dye [21, 31] or phosphor particles [22].

Here, we employed the method described by Swinkels
et al [21], which uses MF dust with incorporated fluorescent
dye (Rhodamine B), whose emission spectrum is temperature-
dependent. First, two calibration measurements have
been performed, where the fluorescent dust particles were
suspended in water and glycerol, respectively. The jars
containing the suspensions were placed on a heatable magnetic
stirrer. The fluorescence has been excited by a green laser
(532 nm) and was observed with a compact spectrometer. An
optical bandpass filter suppressed the green laser light from the
spectrometer.

The emission curves have been measured and the full
widths at half maximum (FWHM) have been determined as
a function of the temperature, see figure 7. The FWHM is
a reliable quantity for the temperature measurement from the
emission spectra, since with increasing temperature the spectra
become flatter and broader, while the overall shape of the
emission curve does not change much (one sample spectrum is
shown in the inset of figure 7). From the calibration curves of
FWHM versus temperature, a linear dependence is found for
both solvents. The different slopes of the obtained calibration
curves can probably be attributed to absorption by the solvents.

Now, the emission curve of fluorescent dust particles
confined in the plasma sheath has been measured (using the
asymmetric chamber described in section 2.2). The same
laser is used for excitation and a background spectrum of the
plasma emission (without laser and fluorescence) is recorded.
From the emission of the particles in the plasma, again the
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Figure 7. FWHM of the fluorescence spectrum emitted by the
Rhodamine B-doped dust particles. In the inset, a typical emission
spectrum is shown.
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Figure 8. (a) FT-IR absorption spectra of untampered dust (20 ◦C)
and baked dust at two different temperatures. (b) Difference of the
transmission spectra with respect to the unheated dust.

FWHM is determined and found as 40.5 ± 0.15 nm. Using
the linear fits obtained from the calibration curves in figure 7,
a dust temperature of T = 119.8 ± 4.4 ◦C (calibration in
water) and T = 144.5 ± 9.7 ◦C (calibration in glycerol) is
found. These values agree very well with results reported
in [21, 31]. Reasons and possible mechanisms for the high
dust temperature (compared to the neutral gas and the heated
electrode, which are both below 40 ◦C) are discussed in [21].
In our situation, the energy influx due to the recombination
of argon ions on the dust surface is thought to be the most
important factor.

This elevated dust temperature will favor the outgassing
of water and possibly formaldehyde (as stated by the
manufacturer [32]). To verify the outgassing process,
FT-IR absorption measurements have been performed with
untampered dust as well as pre-baked dust, which has been
in an oven at elevated temperatures for 2 h. The absorption
spectra in figure 8(a) reveal only a minor change when the dust
was heated to 75 ◦C, but a stronger effect for the dust baked
at 120 ◦C. To emphasize the effect of baking, the difference
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Figure 9. (a) Time evolution of four representative mass numbers
measured with a quadrupole mass spectrometer. At t = 2 min, the
plasma is ignited. (b) Time derivative of representative mass signals,
emphasizing smaller changes. At t = 30 min and t = 60 min, dust
is injected into the plasma.

of the transmission spectra is shown in figure 8(b). The dip
between 3000 and 3500 cm−1 corresponds to the typical FT-IR
absorption wavenumbers of water, while the changes at lower
wavenumbers represent the chemical constituents of the MF
material [33]. The decrease of the water absorption at higher
temperature indicates that water has outgassed from the dust
due to the baking. Furthermore, the chemical structure seems
to be significantly altered by heating the dust to 120 ◦C.

4.5. Plasma mass spectrometry

The most probable causes for the decrease of dust size and
mass in the plasma are chemical etching and the outgassing
of volatile contents from the dust material. These processes
naturally evoke a transport of water or organic chemical
compounds from the dust material into the plasma. To analyse
the composition of the gas in our plasma chamber, a quadrupole
mass spectrometer for residual gas analysis has been used.
Besides the argon feed gas, some residual molecules and atoms
such as C, N, O, HO, H2O, N2, CO, O2, CO2 and others are
found in the (dusty) plasma.

For the evaluation of the influence of the dust presence on
the gas composition, the symmetric chamber (see section 2.1)
has been evacuated to the base pressure of about 0.1 Pa (using
a rotary pump). After reaching base pressure, the argon flow
is started and the plasma is switched on. Performing a time-
resolved measurement of these characteristic masses, already
a significant influence of the plasma operation on the gas
contents is found. Igniting a plasma (at otherwise constant
parameters) leads to a heavy increase of the H2 signal and,
to a smaller extent, to an increase of C and CO/N2 (both
m = 28), while the O2 signal decreases (due to dissociation
in the plasma), as is depicted in figure 9(a). Switching the
plasma off or reducing the plasma power leads to an opposite
behaviour of these mass signals (increase of O2, decrease of H2,
C and CO/N2). This is also the explanation for the behaviour
of the mass signals prior to plasma ignition in figure 9(a): the
plasma was switched off earlier, some minutes before t = 0.

Now, a large amount of MF dust particles is injected
into the plasma with an electromagnetic dust dispenser at
t = 30 min and t = 60 min. The injection results in an
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almost instantaneous increase of the signals for H2, C, H2O
and CO / N2, which is shown in figure 9(b). To emphasize
the relative changes, the time derivative of the mass signals is
plotted here. The narrow peaks of the time derivatives upon
dust injection indicate a jump of the overall concentration of
the respective mass numbers. This result further confirms that
outgassing and/or chemical reactions take place.

5. Discussion

The Mie imaging technique presented in this work together
with the additional diagnostics gives insight into the dust size
distribution and its temporal evolution. In this last section, we
will discuss these two main aspects.

5.1. Spatial dust size distribution

The de-mixing of differently sized particles in dusty plasmas
is known to take place in situations involving binary mixtures
with large size differences between the two species [34–
36]. Now, our Mie imaging method provides an excellent
resolution, which allows to discriminate size differences of a
few nm for micrometre-sized particles. The resulting dust size
maps in figure 4 reveal a de-mixing of slightly differently sized
particles, which results in a segmentation of the dust cloud. It
is interesting to note that the dust size maps indicate a rather
discrete dust size distribution instead of a smooth distribution,
which is naturally expected [17]. However, since our Mie
diagnostic reveals the dust sizes only in a thin 2D slice of the
entire cloud, other dust sizes might be found in other parts of
the cloud.

A general limitation concerning the spatial resolution of
the dust size maps is given by the fact that we do not observe
single dust particles but rather an ensemble of a few particles
corresponding to a pixel in the camera images. Therefore,
our Mie scattering technique is limited by the requirement
for homogeneous dust populations in the area of investigation
(typically 5 × 5 pixels, but the same applies for smaller
averaging areas). Hence, the angle-resolved scattering signals
from a heterogeneous part of the dust cloud, which contains
particles of different size, cannot be interpreted with regard to
Mie theory. Such parts of the dust cloud are shown in grey
colour in figure 4.

This limitation can however be used to estimate the
timescale required for the de-mixing, which was found to be
on the order of a few minutes for our supposedly monodisperse
particles featuring only small size differences (�a/a � 10%).
This can be inferred from a dust cloud, that has been confined in
the plasma for at least 30 min (similar to the ones in figure 4),
and subsequent injection fresh dust particles. Directly after
injection, the observed Mie signal cannot be interpreted by
dust particles of a unique size, indicating mixed populations.
In some situations, it took up to 30 min to observe clear,
unambiguous scattering signals. Hence, de-mixing might take
a long time compared to most other dust processes. It should
also be kept in mind that de-mixing in the plane perpendicular
to the laser illumination cannot be observed by our diagnostic.

Table 1. Size and mass density ratios obtained by different
experimental techniques.

Method Exposure Measured ratio Result

Mie scattering 1 h plasma a/a0 0.90
2 h plasma a/a0 0.81

Ex situ 4 h plasma a/a0 0.82
microscopy 20 h plasma a/a0 0.80

1 h oven a/a0 0.97
4 h oven a/a0 0.95

Phase resolved 2 h plasma (a2ρ)/(a2
0ρ0) 0.75

resonance 4 h plasma (a2ρ)/(a2
0ρ0) 0.59

Thermophoretic 2 h plasma (aρ)/(a0ρ0) 0.75–0.80
force field 5 h plasma (aρ)/(a0ρ0) 0.50–0.60

Finally, the validity of the absolute values for the dust
size determined by Mie imaging depends on the refractive
index of the dust. We have used n = 1.68, as specified by
the manufacturer [32]. However, the absolute size determined
from Mie scattering does not match the size specified by the
manufacturer, but is somewhat smaller (assuming a different
value for n naturally affects the determined particle size).
Nonetheless, the relative size differences shown in figure 4,
and therefore the de-mixing phenomenon, are independent of
the choice of the refractive index.

5.2. Temporal changes of dust size and mass

Besides the Mie imaging technique, various additional
experimental methods have been employed in this work to
investigate the temporal changes of dust particle sizes. To draw
a complete picture, the results of all experimental techniques
are listed in table 1. For comparison, the kind (plasma or oven)
and duration of the particle exposure is given in each situation.

The most unambiguous evidence of the dust particle size
loss in the plasma is given by the Mie scattering and the
ex situ microscopy, since these techniques directly measure
the (relative) particle size. Comparing the results from these
two techniques indicates that the size loss is mainly occurring
in the first hours of plasma exposure, since the final ratio of
a/a0 = 0.8 found by microscopy after 20 h is observed by
Mie imaging already after 2 h. The size reduction is therefore
supposedly a saturating process. Unfortunately, this cannot be
further investigated by the Mie imaging technique, since after
more than 2 h, the entire dust population is compressed in a
thin layer below the upper electrode (see section 4.2). In this
situation, no clear signal can be derived from Mie scattering
theory, probably due to the mixing of different dust sizes.
Furthermore, after a few hours in the symmetric discharge,
the increasingly smaller and lighter dust cannot confined any
more, and ultimately no dust is left in the plasma.

It might also be possible that the different experimental
conditions for Mie imaging and microscopy have influenced
the size loss rate: for the microscopy, MF particles with
a radius of a0 = 5.1 µm were confined in the sheath
of an asymmetric discharge, while the Mie scattering
experiments were performed with smaller (a0 = 1.775 µm),
thermophoretically levitated MF particles confined in the
plasma volume of a symmetric discharge. Finally, it could be
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conjectured that the refractive index of the MF particles is not
constant during plasma exposure. A change of the refractive
index due to chemical reactions might lead to inaccurately
determined dust sizes using Mie imaging.

While the dust size changes determined by Mie imaging
and microscopy are very reliable, the last two techniques in
table 1 provide more indirect, but still very profitable evidence.
Assuming a reduction of the mass density of ρ/ρ0 = 0.9 [20],
the phase resolved resonance experiments result in a/a0 ≈ 0.9
after 2 h and a/a0 ≈ 0.8 after 4 h. The results of the force
field experiments, again assuming ρ/ρ0 = 0.9, also yield
a/a0 ≈ 0.85 after 2 h, and a more drastic value of a/a0 ≈ 0.6
after 5 h of plasma exposure.

Comparing the different experimental approaches, the
investigations in the symmetric plasma chamber with the
volume-filling, thermophoretically levitated dust clouds tend
to result in a higher size loss rate than the experiments on
small dust ensembles in the asymmetric discharge. It could be
conjectured that this might be a self-enhancing effect. More
dust particles release more volatile gases by outgassing, which
can dissociate into oxygen radicals. The oxygen radicals can
then, in turn, chemically etch the dust and therefore further
reduce its size and mass.

This assumption on the mechanism behind the changing
dust size and mass is supported by the mass spectrometry
results (see section 4.5), where an instant increase of
characteristic mass signals is observed upon dust injection.
The initial outgassing, which is known to be temperature-
dependent [20, 23, 32], is to be expected from the fluorescence-
based temperature measurements, which revealed a dust
temperature of about 125 ◦C (see section 4.4). Furthermore,
baking of unused MF particles was found to lead to the
outgassing of water and other organic compounds. Plasma-
related mechanisms such as sputtering by argon ions can
probably be neglected in our experiments, since the dust
potential is not larger than 10 V (with respect to the plasma
potential), leading to a low energy of impinging argon ions.
A basic calculation for the sputter rate in a comparable argon
plasma is presented in [20], where the authors conclude that
the argon sputter rate is orders of magnitude too low to account
for the dust mass reduction. The same reasoning applies to our
experiments.

6. Summary

In this work, we have presented a Mie imaging technique which
provides the spatially resolved size distribution of dust particles
confined in an inert argon plasma. The high resolution of
the dust size determination is achieved by measuring the Mie
scattering signal angle-resolved over a wide angular range.
Our measurements of spatially extended dust systems reveal
a segmented structure of the dust clouds, where each segment
contains a homogeneous population of dust particles with a
distinct size. Since seemingly monodisperse particles are
injected into the plasma, a self-excited de-mixing phenomenon
is observed even if the size differences between the particles
are very small (�a/a � 10%).

Observing the particle size distribution over time reveals
a constantly decreasing dust size. This effect has been
confirmed by ex situ microscopy of dust particles collected
after plasma exposure. Further evidence of changes in the dust
size and mass has been obtained from thermophoretic force
field measurements and investigations of the dust particles’
resonance frequency.

The physical processes behind this phenomenon have
been evaluated by different approaches: mass spectrometry
of the plasma indicated that the injection and presence of
dust particles in the plasma increases the concentration of
impurities in the argon plasma (notably H2, C, H2O, CO/N2).
Furthermore, fluorescence-based temperature measurements
of the dust particles’ surface temperature in the plasma revealed
elevated values of more than 100 ◦C. Such a high temperature
was found to result in the outgassing of water and possibly
organic constituents of the dust material by FT-IR absorption
spectroscopy.

We therefore conclude that a combined action of
outgassing of volatile constituents from the dust material
and chemical etching due to impurities (possibly oxygen
radicals) reduces the dust size and mass during confinement
in the plasma. This result is of high importance for many
experiments with dusty plasmas, which often use particles
made of melamine formaldehyde or other plastics. We
recommend either to regularly replace the dust in experiments
or to account for the size and mass reduction in the data
analysis.
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The influence of dust particles, inserted in the rf plasma sheath of a capacitively coupled argon

plasma, on the bulk electron density is investigated. The line integrated electron density has been

measured using 160 GHz Gaussian beam microwave interferometry. A significant electron density

increase compared to the dust free plasma was observed for high number densities of larger dust

particles (d ¼ 12:3 lm). Furthermore, the rising electron density is combined with increasing

optical plasma emission. For smaller dust particles (d ¼ 3:6 lm), no clear effect, but a tendency to

a weak electron density reduction, was found. The results are compared to previous simulations of

the impact ionization and excitation in dusty plasmas. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937793]

I. INTRODUCTION

Dust particles embedded in gas discharge plasmas are

known to attain high negative electric charges, thus severely

affecting the quasineutrality condition.1–4 Naturally, the dust

particles represent an electron sink to the plasma and can

therefore influence the plasma properties. Hence, in regions

of high dust densities, the electron density may be signifi-

cantly reduced compared to the dust-free case.5–9

Most studies observed that the decreasing electron den-

sity is accompanied by an increasing electron temperature,

which is required to sustain the plasma via electron impact

ionization.10–17 Further consequences of the presence of dust

include a variation of the electric potential structure in the

plasma and an overall change in the (radio frequency) dis-

charge properties.11,15,16,18

In plasma regions outside the dust cloud, the situation is

not that clear. In the central void of a dust cloud consisting

of nanometer-sized particles growing in a reactive plasma,

an increased electron density has been observed.19,20 While

Schulze et al. also found an increased electron temperature

in the void using electrical probes,20 Samsonov and Goree,

on the contrary, reported a decreasing electron temperature

measured by the line ratio method based on optical emission

spectroscopy.19 However, the authors agree on the interpre-

tation that the higher ionization inside the void compensates

the electron loss to the dust.

A similar result was obtained by Land and Goedheer21

performing fluid simulations corresponding to microgravity

experiments on the International Space Station, where a

cloud of micron-sized particles is confined in a parallel plate

discharge.22 There, the authors also find an increase in both

the electron density and the electron temperature in the void

and argue that at high dust densities the void edge acts as an

absorbing “wall” for the electrons in the void and, thus, shift-

ing the entire ionization balance.21

In this article, we investigate the influence of dust

trapped in the sheath on the bulk electron density. We study

a situation where a large, thick cloud of micron-sized

particles is confined in the sheath of a capacitively coupled

plasma. Due to the high dust density, a considerable effect

on the plasma conditions in the sheath is known from previ-

ous experiments in a similar situation.14 Now, we directly

measured the line-integrated electron density in the plasma

above the sheath using 160 GHz Gaussian beam microwave

interferometry,23 which is especially suited for these meas-

urements since it is non-invasive and it requires no further

models or assumptions.

II. EXPERIMENTAL SETUP

The experiments were performed in a 13.56 MHz

capacitively coupled argon plasma at low pressures (1 Pa to

5 Pa) and low plasma power (<5 W). The powered electrode

has a diameter of 170 mm and can be adjusted in height. The

cylindrical vacuum chamber with an inner diameter of

200 mm acts as the grounded electrode and provides optical

access via side and top windows (see Fig. 1). A metal ring

with an inner diameter of 153 mm and a height of 2 mm is

placed on the electrode in order to provide the horizontal

FIG. 1. Side view scheme of the experimental setup. The laser is expanded

into a horizontal fan, illuminating the entire area above the electrode. The

details of the microwave beamline can be found in Ref. 23.
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confinement for the dust cloud, which consequently has a di-

ameter of about 140 mm.

The dust particles are illuminated by a horizontally

expanded laser beam (k¼ 532 nm) with a thickness of

0.5 mm. A camera equipped with an appropriate filter is

located above the top window and images the illuminated

dust particles. The laser is mounted on a vertically movable

stage since the position of the dust cloud depends on the

plasma parameters. This furthermore allows to scan the

entire dust cloud because the vertical extent of the cloud

(�5 mm) is much larger than the beam thickness.

The 160 GHz Gaussian beam microwave interferometer

measures the line integrated electron density, which is

directly proportional to the phase difference between the ref-

erence and the measurement beam.23 The path of the

Gaussian microwave beam is indicated in Fig. 1. The line

integrated electron density is converted to absolute units tak-

ing into account an effective microwave path length of 0.2 m

radially over the plasma bulk. The electron density resolu-

tion of this technique is about 5� 1013m�2, corresponding

to an absolute density resolution of 2:5� 1014m�3.

While the position of the microwave beam is fixed with

respect to the plasma chamber, the movable electrode makes

it possible to adjust the vertical distance of the microwave

beam from the electrode.

The measurements are accompanied by a compact spec-

trometer and a photo diode measuring the average light in-

tensity emitted from the plasma.

III. MEASUREMENT PROCEDURE

While typical microwave interferometry measurements

use pulsed plasma operation in order to improve data qual-

ity,23,24 this is not feasible in a dusty plasma since the dust

will be lost when the plasma is switched off. Hence, our

measurements were performed at steady plasma operation

for some 10 s at a data acquisition rate of 500 Hz, yielding

large datasets in order to improve the statistical quality of

our results.

A typical measurement sequence is shown in Fig. 2,

where the electron density measured by the microwave inter-

ferometer and the photo diode current are presented. The

ignition of the plasma at t¼ 14 s is obvious in both the elec-

tron density and the photo diode current. The dust injection

at t¼ 27 s results in a clearly visible increase in the photo

diode current due to the enhanced plasma light emission,

which is a well-known phenomenon.10,13,15,19,20,25 The inten-

sities of typical argon emission lines measured by the com-

pact spectrometer replicate this increase. The photo diode

information is furthermore used to distinguish between the

different steps of the measurement sequence during data

processing.

While being somewhat obscured by the noise level, the

electron density also increases as indicated by the horizontal

bars, which represent the mean electron density of the re-

spective situation. Due to the large number of data points

used for averaging, the standard error of the mean values is

just about 1� 1014m�3.

After the dust particles have been imaged, the plasma

was switched off and the microwave phase was again meas-

ured without plasma and in a dust-free plasma in order to

verify that the phase was stable and did not drift (e.g., due to

thermal effects) during the measurement.

As exemplarily shown in Fig. 2, a typical value of the

absolute line averaged electron density in our experiments is

ne ¼ 1� 1016m�3, which is about an order of magnitude

larger than experiments with probes in similar setups sug-

gest.26–28 The tendency towards such a discrepancy between

microwave interferometry and probe measurements has been

reported in previous investigations.24,29 While probes offer

local measurements of various plasma parameters, micro-

wave interferometry is especially suited for the measurement

of line-integrated electron densities since the technique is

non-invasive and requires no models or assumptions.

The number density of dust particles is evaluated as fol-

lows: While the horizontal laser fan performs a vertical scan

of the dust cloud, the camera continuously acquires images.

In each image, the number of dust particles is determined

using the moment method.30 Typically, some 104 particles

are visible in a single image, corresponding to an illuminated

cylindrical volume with a diameter of about 140 mm and a

height of 0.5 mm. This corresponds to a typical dust density

of a few times 109m�3. The final density values are obtained

as the mean from about 10 images in a scan range of 5 mm.

Since the experiments are performed at low gas pressure, the

dust exhibits strong dynamics (such as self-excited density

waves31), leading to a strong temporal modulation of the

FIG. 2. Typical measurement sequence showing (a) the electron density and

(b) the photo diode current. The plasma is ignited at t ¼ 14s and dust is

injected at t ¼ 27s, which is reflected by the increased plasma light emission

measure by the photo diode. The black bars indicate the mean value of each

part of each situation. Since data are acquired at a rate of 500 Hz, the stand-

ard error of the mean values is just about 1� 1014m�3.
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number of particles detected at a certain position. Hence, we

make use of the high camera frame rate and a further tempo-

ral average over multiple images to account for this issue.

Using the same processing algorithm with identical pa-

rameters for all measurements, the relative uncertainty of the

dust density determination is usually kept at an acceptable

level of about 20%. However, the absolute results of the dust

density may contain a somewhat larger systematic error due

to the choice of parameters for particle detection and further

uncertainties such as the determination of the laser sheet

thickness.

IV. RESULTS

Experiments with two kinds of dust particles made of

melamine formaldehyde (d ¼ 3:6 lm and d ¼ 12:3 lm) have

been performed at different combinations of the following

parameters: pressure, rf power, and distance of the micro-

wave beam axis above the powered electrode. An overview

of all experiments is given in Fig. 3, where the influence of

the dust on the plasma is visualized by presenting the differ-

ence of the electron density between the dusty plasma ne;d

and the dust-free plasma ne;0 as a function of the dust den-

sity. The dataset contains measurements at different plasma

powers (2 W–5 W) and at different distances of the micro-

wave beam from the electrode (25 mm and 35 mm). The

electron density change does not show a clear trend with

plasma power or beam distance. Hence, for clarity, only the

dust size and gas pressure are distinguished in this plot.

Starting with the smaller dust particles (d ¼ 3:6 lm,

shown in red), only a small effect of the dust presence on the

electron density is observed. While the experiments

performed at 3.3 Pa reveal no conclusive effect, the measure-

ments at 1.7 Pa suggest that a small electron depletion occurs

since the electron density in the dusty plasma is slightly

smaller than in the dust-free plasma. Considering that the

error bars are very small due to averaging over a large data-

set, the distribution of the data points in Fig. 3 may to a cer-

tain degree also be caused by subtle drifts of the microwave

phase.

A rough estimate of the charge balance confirms that the

expected electron depletion is rather small, since even at a

dust density of nd ¼ 1� 1010m�3, using the OML (orbital

motion limited) charge1 of Zd � 1� 104 e, the dust charge

density amounts to Zdnd ¼ 1� 1014m�3, which is much

smaller than ne ¼ 1� 1016m�3. Also, the microwave inter-

ferometer measurements were performed in the plasma bulk,

while the dust is located in the sheath.

Experiments with large dust particles (d ¼ 12:3 lm,

shown in blue in Fig. 3), in contrast, revealed a different

result: The electron density in the plasma bulk increases

when dust is injected into the plasma. This effect is found in-

dependently of the experimental parameters that have been

varied: pressure (indicated by symbols in Fig. 3) as well as

plasma power and distance from the electrode (not separately

marked). However, no clear dependence of the electron den-

sity difference from any of these parameters can be inferred,

which indicates that the observed increase in the electron

density is a quite robust phenomenon. The heavier influence

of the large dust particles on the plasma might be attributed

to the higher dust charge density: While the dust densities

are similar in experiments with small and large dust par-

ticles, the latter acquire a charge of Zd � 3� 104 e, which is

three times higher than Zd � 1� 104 e for the smaller

particles.

The measurements marked by asterisks in Fig. 3 have

not been accompanied by the usual dust diagnostics. Instead,

the camera was mounted in front of the plasma chamber to

record the spectrally integrated optical emission of the

plasma with and without dust. The horizontally averaged rel-

ative emission intensity is shown in Fig. 4 as a function of

the vertical distance from the electrode. The injection of

small dust particles [Fig. 4(a)] leads to a slightly increasing

glow (by a few percent) in the plasma and a small decrease

at the position of the dust, probably due to light extinction by

the dust. For the larger dust particles [Fig. 4(b)], a much

more drastic increase (up to almost 40%) of the plasma glow

in the entire chamber is observed. This confirms that the

larger dust particles have a stronger influence on the plasma.

The phenomenon of increasing optical plasma emission

due to the presence of dust is well-known.10,13,15,16,19,20,25 In

particular, in a previous experiment in a similar setup (but

with different plasma conditions: higher pressure and higher

plasma power), quantitatively comparable results have been

found, see Fig. 7 from Ref. 14 in comparison to Fig. 4 here.

The optical emission spectroscopy experiments in Ref. 14

have been accompanied by P3M simulations, which investi-

gated the influence of the dust on the rf dynamics in the

sheath. Based on the simulations, the authors explain the

increased glow of a plasma with large dust particles confined

in the sheath by the following mechanism: When the sheath

FIG. 3. Variation of the electron density due to the presence of dust

(Dne ¼ ne;d � ne;0) as a function of the dust density. The color indicates the

dust size, and the symbol indicates the gas pressure. For the measurements

annotated by asterisks, no information on the dust density was available

since the camera observed the plasma glow in these experiments (see Fig. 4).

For clarity, an intermediate arbitrary dust density has been assigned to these

measurements in this plot. Since all parameters were identical to the other

measurements, it is justified to assume that the dust density was in the usual

range of nd ¼ ð2� 6Þ � 109m�3.
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builds up during the rf cycle, accelerating the electrons

towards the plasma, the strongly negatively charged dust par-

ticles act as obstacles and obstruct the electron motion.

When an electron is finally released, the sheath potential has

become more negative in the meantime, leading to an even

stronger acceleration of the electron towards the plasma.

Due to this slingshot-like effect, a surplus of highly energetic

electrons is created, which enlarges the population of excited

argon atoms and therefore enhances the optical emission

intensity.

Applying this mechanism to the experiments presented

here, it can be attempted to explain the increased electron

density by the surplus of highly energetic electrons, leading

to a higher ionization rate due to electron impact ionization

of argon atoms.

Besides this microscopic explanation, another perspec-

tive on the phenomenon of a dust-induced increase of the

electron density is given by Land and Goedheer,21 who per-

formed fluid simulations to study the behavior of a plasma

when a 3D dust cloud occupies most of the plasma volume

(a situation that typically occurs under microgravity condi-

tions and involves the existence of a central dust-free

void22,32). While the expected electron depletion occurs in

the region occupied by dust, the authors found that both the

electron density and temperature are elevated in the void

compared to a dust-free plasma. This is attributed to the bal-

ance between surface and volume loss processes of electrons

to the dust and heat gradients which transport kinetic energy

from the electrons in the dust cloud towards the electrons in

the dust-free plasma.33 While these simulations were based

on a different experimental geometry (large dust cloud with

void in the plasma bulk vs. a pancake-like dust cloud in the

sheath, as in our experiments), the observed result is

comparable to the experiments presented here. Here, one

could argue that our situation resembles a very large void

(the plasma bulk), with dust only being present on one side

of the void (the lower sheath).

In our experiments, we have not observed any change of

the rf voltage by the dust, which would show a shift of the

global energy balance. However, already a subtle change in

the phase difference between the rf voltage and current

would achieve this.

V. SUMMARY

The line integrated electron density in the plasma bulk

of a capacitively coupled argon rf discharge has been meas-

ured using microwave interferometry. When a high number

of large dust particles is introduced into the plasma (and con-

fined in the sheath), a significant increase in the electron den-

sity in the plasma is observed. While this effect is

independent of the plasma parameters, it was not observed in

experiments with smaller dust particles. There, in contrast,

the electron density decreases (to a much smaller extent),

possibly due to electron depletion.

The observation of an increased electron density due to

the presence of dust can be explained by two different

approaches: On the scale of the rf sheath dynamics, the dust

particles hold back electrons during the sheath expansion

phase, releasing the electrons at greater negative potential

than usual.14 This slingshot-like effect leads to a surplus of

highly energetic electrons in the plasma, contributing to

additional ionization. In a different picture, an increased

electron density in dust-free regions of a dusty plasma can be

understood from a global energy balance.21
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The phase separation in binary mixtures of charged particles has been investigated in a dusty plasma
under microgravity on parabolic flights. A method based on the use of fluorescent dust particles was
developed that allows us to distinguish between particles of slightly different size. A clear trend towards
phase separation even for smallest size (charge) disparities is observed. The diffusion flux is directly
measured from the experiment and uphill diffusion coefficients have been determined.

DOI: 10.1103/PhysRevLett.116.115002

Phase separation in binary mixtures is a highly interest-
ing topic that has been intensely studied, e.g., for critical
binary liquids [1,2], colloidal systems [3–5], nanoporous
solids [6] as well as dusty plasmas [7–9]. Dusty (or
complex) plasmas are ideal systems to study phase sepa-
ration phenomena since they allow us to measure (thermo)-
dynamic processes on the individual particle level. In dusty
plasmas, micron-sized particles are embedded in a gaseous
plasma, resulting in weakly damped dynamics while the
dust particles strongly interact with each other due to their
high electric charge [10,11].
Phase separation in charged particle systems follows

from nonequilibrium thermodynamics. In terms of diffu-
sion, the process leading to phase separation is often
described as “uphill diffusion” [6,12], since the diffusive
flux increases the concentration gradients instead of, as is
the case in normal diffusion, reducing them [13]. Phase
separation of binary charged particle systems only occurs
for high charge disparitiesΔZ=Z̄ and strong asymmetries in
the cross-species interaction, described by deviations from
the Berthelot mixing rule [14,15] (here, ΔZ is the differ-
ence in charge of the two species and Z̄ is its mean value).
Since particles with small size disparity Δd=d̄ ¼ ΔZ=Z̄

(from the OML charging model the particle charge is
proportional to its size) cannot be distinguished by standard
video imaging diagnostics, experiments on binary dusty
plasmas were restricted to mixtures where one species is
several times larger than the other [7–9]. In these situations,
the mixtures clearly separate, often due to the size-
dependent forces related to the plasma (such as electric
field force, ion drag force). In a microgravity experiment
on the International Space Station, phase separation was
observed when a bunch of smaller particles passed through
a cloud of larger particles (Δd=d̄ ¼ 0.98 in this case)
towards their equilibrium position [9]. This process was
accompanied by lane formation [9,16,17] and surface
tensionlike effects, which were later attributed to spinodal
decomposition [15,18,19].

In contrast, segmentation of clouds of charged dust
particles has been observed in laboratory experiments by
Mie scattering [20], even though the size differences were
very small: the size disparity Δd=d̄ was of the order of only
1%. However, in these Mie scattering experiments the
dynamics of the phase separation is not accessible.
To clarify the origin of the phase separation in charged

particle ensembles with such small size disparities, a
technique is required that allows us to distinguish between
the two species on the individual particle level. This would
then allow us to measure diffusive processes at the micro-
scopic level of single particles. Since the force differences
are small for similarly sized species, these systems are
a promising testbed to study whether phase separation
occurs due to plasma-induced forces or thermodynamically
by spinodal decomposition.
In this Letter, we present experiments with binary

mixtures of two dust species that have small size disparities
of about Δd=d̄ ≈ 5%. The particle fluxes and concen-
tration gradients connected to diffusive processes are
directly obtained from video imaging, which provides
the positions of individual particles. The temporal reso-
lution of 10 ms allows us to study the diffusion dynamics
of phase separation. The experiments were performed on
parabolic flights which provide 22 s of microgravity for
each parabola. Weightlessness is advantageous since grav-
ity is a dominant force for dust particles and emphasizes
dust size differences since it scales with d3.
The experiments were run in capacitively coupled

parallel plate radio frequency argon discharges at gas
pressures of 20 to 30 Pa in the plasma chamber described
in Ref. [21]. To study phase separation of similar binary
mixtures, two different monodisperse dust species with a
small size disparity are chosen. While both species consist
of the same material (melamine formaldehyde) with iden-
tical mass density and surface properties, the particles of
one species are doped with fluorescent Rhodamine B dye.
The particles are injected into the plasma at the beginning
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of each phase of weightlessness, forming a 3D cloud with a
characteristic central void [22,23] due to the forces acting
in the plasma: The negatively charged dust particles
experience an inwards directed electric field force and
an outwards directed ion drag force.
A thin slice of the dust cloud is illuminated by a

vertically expanded laser sheet. Two CCD cameras with
an identical field of view observe the light emitted by the
dust particles with a frame rate of 96 Hz: One camera
records the scattered light from all particles (both species)
in the observation volume. The other camera is equipped
with an optical filter that suppresses the scattered laser
light but transmits the fluorescence emission from the dyed
particles. Hence, this camera exclusively observes the
fluorescent particles, allowing us to distinguish between
the different kinds of dust particles.
This measurement concept is illustrated by the camera

images presented in Fig. 1. In this experiment, first a cloud
of fluorescent particles with a diameter of df ¼ 4.0 μm has
been created. Then, a second species of standard (non-
fluorescent) particles with a diameter of dn ¼ 3.8 μm has
been injected into the plasma from outside the field of view
on the right-hand side at t ¼ t0 [see arrow in Fig. 1(b)]. The
light intensity of both cameras is shown in Figs. 1(a)–1(d),
where the left column represents the scattered light from all
particles and the right that of the fluorescent particles only.

One can see that the nonfluorescent particles enter the dust
cloud and displace the previously injected fluorescent
particles. Since the injection of the nonfluorescent particles
was under an angle with respect to the image plane the dust
system exhibited an asymmetric 3D flow.
In the image plane, a mixing of the two species is not

observed. The boundary between both populations appears
rough near the midplane of the cloud and becomes sharp
at the upper and lower edge. A closer look into Figs. 1(d)
and 1(f) reveals that the roughness is due to the formation
of lanes of fluorescent particles when the smaller, non-
fluorescent particles are moving towards the inner part of
the dust cloud where they would find their equilibrium
position. The formation of lanes was also observed in
phase separation experiments on binary dusty plasmas with
large size disparities [9], where it was later related to
spinodal decomposition dynamics [16]. In experiments
with a monodisperse dust cloud in a setup similar to ours,
however, lane formation due to the ion drag force was
reported [21]. Noting that in Fig. 1 the lanes exclusively
occur along the direction of the ion flow in the plasma, it
can be assumed that the lane formation is here caused by
the ion drag force, which appears to overcome the trend
towards phase separation.
In another experiment with larger dust particles featuring

an even smaller relative size disparity (df ¼ 6.8 and
dn ¼ 7.0 μm), similar behavior is observed. The two species
do not mix upon injection. Instead, the freshly injected parti-
cles displace and compress the already settled population.
In order to study the dynamics of phase separation,

we now consider experiments in which the different dust
species are already mixed in the dust reservoirs before the
experiment. The particles are injected together and quickly
start to separate (Fig. 2). For particles with a size around
7 μm, the phase separation takes place on the time scale
of 0.1 s to some seconds, allowing us to study this process
using video cameras. In this symmetric situation the
particle flow is in the image plane and particles can be
followed through the video sequence.
In the experiment shown here, two species (dn ¼ 6.5 and

df ¼ 6.8 μm) are jointly injected into the plasma at t ¼ t0.
Since these larger particles have a higher electric charge
and, therefore, a higher interparticle spacing, the positions
of individual dust particles can be detected in the camera
images [24]. The detected particle positions in both
cameras are shown in Figs. 2(a) and 2(b) for different
points in time. In Fig. 2(a), taken at t0 þ 3.5 s, the cloud has
just settled to its equilibrium position after dust injection.
Here, the fluorescent particles (shown as crosses) are
evenly distributed in the dust cloud, indicating a completely
mixed state. Within a few seconds the (larger) fluorescent
particles diffuse to the radially outer parts of the dust cloud.
At t0 þ 17.2 s, the fluorescent particles are almost entirely
concentrated in the outer boundary of the cloud, as shown
in Fig. 2(b).

FIG. 1. Sequence of pseudocolored images of the dust cloud at
(a) and (b) t ¼ t0 þ 1.6 and (c) and (d) t ¼ t0 þ 4.2 s. At t ¼ t0
nonfluorescent particles (dn ¼ 3.8 μm) were injected into a
previously created cloud of fluorescent particles (df ¼ 4.0 μm).
While one camera observes all particles (a) and (c), the other
camera exclusively records fluorescence emission from the larger
particles (b) and (d). (f) Magnified view of the fluorescent
particles in (d) showing the lane formation in ion flow direction.
A sketch of the experimental setup is given in (e).
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The distribution of the fluorescent particles is now
quantified by dividing the dust cloud into four concentric
stripes, which are indicated in Figs. 2(a) and 2(b). Then,
the absolute number of particles in both camera images
is evaluated for each of these four regions, yielding
the total amount of particles Na and the amount of
fluorescent particles Nf in each region. For further
analysis, we will use the relative density of fluorescent
particles n ¼ Nf=Na as the key parameter, which is
presented in Figs. 2(c) and 2(d). As expected, we find
a flat density profile at the beginning [Fig. 2(c)], while
later [Fig. 2(d)] the density profile features a strong
gradient between the outermost stripe A1 and the other
regions. The complete time evolution of these density

profiles is shown in Fig. 2(e), with a temporal resolution
of about 1 s between the profiles.
Based on these measurements, we can derive the

diffusion properties in Fick’s first law

J ¼ −D∇n; ð1Þ
where J is the diffusion flux and ∇n is the gradient of the
particle density. The diffusion flux J is measured as the
relative number of particles nmoving through the boundary
between two regions Ai and Aiþ1 per time step of 100
frames (about 1 s). The density gradient ∇n is measured
from the relative particle number in Ai and Aiþ1 per stripe
volume divided by the mean stripe distance L ≈ 1.5 mm.
For clarity, we will restrict the results shown here to
the stripes A1 and A2, which best represent the separation
process. In Fig. 2(f), the resulting diffusion flux is plotted
as a function of the density gradient. Usually, Fick’s law
describes common diffusive processes where a concen-
tration gradient results in a flux that tries to balance the
concentration difference. For phase separation processes,
the flux increases the concentration gradients, which is
often referred to as uphill diffusion [6,12]. Hence, the
diffusion coefficient D inferred from the slope of the linear
fit in Fig. 2(f) is negative [13]. Furthermore, the intercept
with the vertical axis is here not at zero as Fick’s law would
suggest.
In a further experiment under similar conditions to the

one in Fig. 2, the early stage of the diffusion process
directly after dust injection was studied. The corresponding
density profiles have been evaluated similar to Fig. 2 and
are presented in Fig. 3(a). Two different time scales have
been observed. In the upper part, the early dynamics after
dust injection at t ¼ t0 are shown where the time difference
between two profiles is 0.1 s. The data show that the most

FIG. 2. Two particle species (dn ¼ 6.5 and df ¼ 6.8 μm) are
jointly injected at t0. Particle positions for all particles (blue
circles) and fluorescent particles (red crosses) are shown for two
points in time in (a) and (b). The relative density of fluorescent
particles n ¼ Nf=Na is then calculated for each of the four
regions, resulting in the density profiles (c) and (d). The time
evolution of such density profiles is shown in (e). The color
coding indicates the direction of time, beginning with dark red
and moving towards yellow. (f) Measured dust flux versus
density gradient. A diffusion coefficient is determined from
the slope according to Fick’s law.

FIG. 3. (a) Density profiles of fluorescent particles, calculated
similarly as in Fig. 2, for the early phase after dust injection (top)
and for the long term evolution (bottom). The color gradient from
dark to bright indicates the course of time with a resolution of
0.1 (top) and 1 s (bottom). (b) Fick’s first law calculated from
the measured fluxes and the gradients of the density profiles in
(a) reveals a linear behavior for each time domain and yields the
respective diffusion coefficients.

PRL 116, 115002 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

18 MARCH 2016

115002-3

A10

133



drastic change of the density profile occurs in the first
200 ms. In the bottom part of Fig. 3(a), the long time
evolution is presented in steps of about 1 s. Again, both
sides of Fick’s law are calculated from the density profiles.
The results are shown in Fig. 3(b), where the blue diamonds
represent the early demixing dynamics in the upper part of
part (a), and the red dots represent the long term evolution
from the bottom part of (a). Both data sets can be well
described with a linear fit, which yields the respective
negative diffusion coefficients. In the early demixing
stages, the absolute value of the diffusion coefficent is
more than 10 times larger than in the long term evolution,
indicating an anomalous diffusion process [25].
For comparison, self-diffusion coefficients have been

obtained from the mean square displacement using the
relation Ds ¼ hΔx2i=4t. For this analysis, a third camera
observed the scattered light of all particles in the same dust
cloud in a different (smaller) field of view. The high spatial
and temporal resolution of this additional camera enables
us to track single particles over time to capture the thermal
motion of the dust. From this measurement, we found a
kinetic dust temperature of about 0.8 eV. The Coulomb
coupling parameter, which is defined as the ratio of
Coulomb energy and the dust thermal energy is found as
Γ ≈ 200, which is close to the liquid-solid transition of a
Yukawa system [26]. The derived (self-)diffusion coeffi-
cient Ds is about 5 × 10−10 m2=s, which agrees with other
dusty plasma experiments [27] and theoretical models that
account for both the neutral gas friction and the viscosity-
like dust-dust interaction [28]. Hence, in comparison to
the phase separation results, the thermal self-diffusion
coefficient is about 3 orders of magnitude smaller than
the absolute value of the uphill diffusion coefficient.
A standard mechanism that may drive phase separation

is spinodal decomposition, which is observed in force-free,
isotropic binary systems where the curvature of the free-
energy curve is negative. Accounting for deviations from
the Berthelot mixing rule in dusty plasmas, Ivlev et al. [15]
showed that spinodal decomposition may occur in dusty
plasmas and they have calculated the spinodal line. Applying
our experimental parameters to this model, spinodal decom-
position between two dust species is expected only for a
relative size disparity ofΔd=d̄ > 0.25, which is much larger
than the size disparities in our experiments (Δd=d̄ < 0.05).
Hence, this mechanism is probably not (entirely) responsible
for our observations.
According to the Einstein-Smoluchowski relation the

diffusion coefficient D ¼ μkBT is connected with the
mobility μ, which in turn can be obtained from the drift
velocity vd due to an external force F via vd ¼ μF. From
tracking the particles in Fig. 2 during the phase separation
process a mean particle drift velocity of about vd ¼
1 mm=s was determined. To assess the plasma forces,
2D fluid Siglo simulations [29] have been performed,
which provide the plasma parameters. From these, the

electric field force and the ion drag force and, hence, the
total force on a dust particles F as a function of the dust
size is derived. While typical absolute values of the forces
acting on dust particles are of the order of F ∼ 10−13 N, the
difference of the force on the particles in the binary mixture
(6.5 and 6.8 μm) is just ΔF ≲ 1 × 10−15 N. This finally
results in a diffusion coefficient of D ¼ 1 × 10−7 m2=s,
which is comparable to the experimentally determined
values; see Figs. 2(f) and 3(b). Hence, the very subtle
size dependence of the plasma forces might explain the
observed phase separation.
This is supported by additional experiments that

involved ternary mixtures of three similarly sized dust
species. In a number of such experiments, we found that the
phase separation between the species with smaller size
disparity happens on a much slower time scale, so that the
typical 22 s of microgravity per parabola are not sufficient
to study the separation. In the hypergravity (≈2g) phase
after each parabola, however, we observed a clear separa-
tion of the three species in the remains of the dust cloud. In
this situation, the dust is compressed in the lower sheath
due to the strong gravitational force. There, the strong
force difference on the three species leads to a fast phase
separation. This behavior reminds us of experiments on
binary colloid-polymer mixtures, where the phase separa-
tion took 30 times longer in microgravity than under
gravity conditions [4].
Concluding, we have presented a novel experimental

method to investigate binary dusty plasmas with small size
disparity in the two dust species. In our microgravity
experiments, phase separation has been observed for binary
dust systems with size disparities as low as 3%. During the
separation process, we were able to measure particle fluxes,
density gradients, and drift velocities on the individual
particle level. Corresponding uphill diffusion coefficients
have been obtained, which are much larger than the thermal
self-diffusion coefficients in these systems. These large
diffusion coefficients have been related to the size-dependent
plasma forces.
This experimental technique opens up new possibilities

to study phase separation in strongly coupled Coulomb
systems on the kinetic level of individual particles and
offers new insight on phase separation in binary systems
with small charge disparities.
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