
Chapter 2
Introduction to Streaming Complex Plasmas
A: Attraction of Like-Charged Particles

André Schella, André Melzer, Patrick Ludwig, Hauke Thomsen
and Michael Bonitz

Abstract Like-charged particles usually interact via a repulsive force. However, in
streaming dusty plasmas one can observe that two negatively charged dust particles
may attract each other. This is explained by accumulation of positive ions below the
dust particles (with respect to the streaming direction). In this chapter, we describe
the dependence of this ion focus and the resulting wakes on discharge rf-power,
pressure and thermophoretic force, as the three key parameters, that can be varied in
dusty plasma experiments. Moreover, we discuss the impact of this attractive force
on the collective properties of many dust particles, in particular, on the structure and
on the dynamics of spherically confined clusters.

2.1 Introduction

Trapped charged particle systems are ideally suited model systems to study strongly
coupled matter, see Refs. [1–4] and references therein. When the particle number is
low, less than N < 1000 say, the system is said to be finite. These systems usually
require an external confinement potential to be stable. In such systems the properties
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may strongly varywith the particle number and depend on the symmetry (for example
in the case of “magic” configurations). Similar effects are known from other fields
such as nuclei or clusters. Dusty plasmas provide a unique way to analyze and control
these effects. Since the dust particles in a plasma usually interact via a screened
potential, where the screening parameter depends on the plasma environment, dusty
plasmas bridge the gap between systems with long-range Coulomb interaction (such
as trapped ions) and systems with a hard-core potential (such as granular matter,
nuclear matter or neutral Fermi gases).

A common characterization of the coupling strength in dusty plasmas is the dimen-
sionless Coulomb coupling parameter. This parameter is defined as the ratio of the
typical interaction energy of neighboring particles characterized by the distance bWS
and the typical kinetic, thermal energy,

Γ = Q2
d

4πε0bWS

1

kBT
. (2.1)

Here, Qd is the dust charge, ε0 the vacuum dielectric permittivity, bWS the Wigner-
Seitz-distance and kBT the thermal energy. When the coupling parameter exceeds
unity, the system is said to be strongly coupled.With increasingΓ , correlation effects
and long-range order develop, eventually leading to liquid and solid behavior. For
an infinite three-dimensional (3D) system the phase transition from a liquid into a
solid state occurs when this parameter exceeds a value of about 172…175 [5–7].
Although Γ is usually defined for infinite systems, the coupling parameter can still
be used to characterize the coupling strength of finite 3D dust clouds [8–10]. In this
case, however, the melting point may strongly vary with the particle number N , and
phase transition-like behavior typically extends over a finite transition interval [11,
12].

In situations where wakefield effects are negligible, dust particles in harmonic
confinement potential are found to arrange themselves to clusters with nested spher-
ical shells [9]. Due to Yukawa-type inter-particle forces, these crystals are called
“Yukawa balls” [13–16]. A very successful model to describe Yukawa balls turned
out to be the one-component plasma model (Yukawa OCP) which assumes that ion-
flow effects can be neglected (which is the case if the 3D dust cloud is in the plasma
bulk). The Hamiltonian for the ground state (i.e. in the limit of zero kinetic energy)
of an ensemble of N identical dust grains with a time independent charge1 Qd and
mass md is then given by [17, 18]

E =
N∑

i=1

md

2
ω2
0ri

2 +
N∑

i> j

Q2
d

4πε0

e−ri j /λD

ri j
, (2.2)

1 While the light plasma particles have a universal charge (electrons qe, ions qi), the grain charge Qd
is subject to dynamical plasma processes andmay fluctuate (this will not be taken into account in this
chapter). Therefore, in order to denote this difference, we use small and capital letters, respectively.
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where ri = |ri | denotes the distance of dust particle i from the trap center and
ri j = |r j − ri | denotes the pair distance of two particles i and j . The trap frequency
enters via ω0. The first term in (2.2) describes the external harmonic trap which is,
for simplicity, assumed to be isotropic. The second term represents the Yukawa-type
interaction potential ΦY of the dust particles. Shielding by the light plasma species
is taken into account by the Debye length

λD =
(

q2
e n̄e

ε0kBTe
+ q2

i n̄i

ε0kBTi

)−1/2

, (2.3)

where qe,i, n̄e,i, and Te,i denote charge, density, and temperature of electrons and
ions, respectively.

Despite its simplicity, model (2.2) serves as a good starting point to analyze finite
dust clouds as long as wakefield effects play a minor role [19–21]. It can be used to
study the structural properties [13, 16, 22–27] aswell as collective dynamical features
and excitation behavior, see Refs. [28–36]. Dust clouds confined in anisotropic traps
were studied as well [20, 37–40]. (For a more detailed discussion of the structural
properties and the melting behavior of dust crystals, we refer the reader to the chapter
“Phase Transitions in Dusty Plasmas”).

While the Yukawa OCP model (2.2) is adequate for spherical dust crystals (e.g.
the plama bulk), an ion streaming motion leads to a different type of ordering–the
formation of flow-aligned strings[41–43]. This is attributed to attractive interactions
[44–53] between the dust grains caused by the ion focussing below the upper grain,
as described below.

In this chapter, we specially address experiments with spherically confined dust
clusters with particle numbers between N = 2 and N ≈ 50. Of particular interest
is the transition between a spherical plasma crystal with a nested shell structure
(an “artificial atom”) and flow-aligned strings when the ion flow speed is increased.
The goal is to gain insight into the influence of the relevant plasma parameters on
the inter-particle forces, the structure of the dust clouds and their dynamics. An
in-depth theoretical analysis and the computation of the ion-wake field can be found
in the Chap.3.

2.2 Ion Focus and Wakefield

In the very first dusty plasma experiments, particles were embedded in the sheath
of the discharge. There, they formed extended crystalline structures which are known
as plasma crystals [54–56]. In the horizontal plain, the particles formed a hexagonal
lattice, see Refs. [54–56] and Fig. 2.1a. It was early realized that in the vertical
direction, instead of a close-packed crystal structure, the particles often aligned in
vertical strings, cf. Fig. 2.1b and Refs. [41, 42, 57, 58]. Such a structure was one of
the first hints towards ion focusing effects. Similar observations were made for finite
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Fig. 2.1 a Top view of a plasma crystal in a rf-discharge and b side view of the same crystal.
Horizontally, the particles arrange in hexagonal patterns,whereas the particles are aligned vertically.
c and d Top and side view of a finite 3D dust cloud at low pressure (Reprinted with permission from
[19]. Copyright [2010], AIP Publishing LLC.). Here, the particles are aligned in vertical chains due
to wakefield effects

3D dust clouds at low pressure, where it was revealed that the particles tend to form
aligned particle chains in vertical direction as depicted in Fig. 2.1d [19].

2.2.1 Phenomenological Description of the Ion Focus

In this section, we present a phenomenological explanation for the formation of the
ion wakefields and the connected attractive forces. Wakefield and ion focus are often
used synonymously because they describe the same physical process where the first
refers more to a wave-like picture and the second to a more particle-like picture.

A sketch of the ion focusing effect is shown in Fig. 2.2. Since the very first obser-
vations, many different approaches faced the question towards the nature of the ion
wakefield attraction. In the wave-like approach, the dust particle is considered to
excite ion acoustic waves that superimpose to form regions of increased positive
potential. For this purpose, the dielectric response function of the ions in the vicinity
of the dust particle is computed [44, 45, 59, 60]. The solution for the total (dynami-
cally screened) potential of the dust particle is an oscillatory wake potential, the ion
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Fig. 2.2 Sketch of the wakefield mechanism; a The ions are accelerated by strong electric fields in
the sheath region. When streaming towards the lower electrode, they are deflected by the large grain
charge that has a focusing effect giving rise to a positive space charge below the grain. b Reduced
model of the ion focus: the space charge is replaced by a positive point charge rigidly attached to
the upper dust particle. While the like-charged grains repel each other with an isotropic force Fr ,
grains downstream are attracted to the positive space charge by Fa . Consequently, the ion focus
leads to an effective non-reciprocal grain attraction and causes a vertical grain alignment.

wakefield. The model is capable of explaining the formation of aligned particles as
well as instabilities, even in the presence of collisions [48, 61–63].

The particle-basedmodels startwith amicroscopic description of the ions [46, 64].
Often, the ion trajectories are solvedbymeans ofMonte-Carlo [46] or Particle-In-Cell
simulations [65, 66] allowing also to study nonlinear effects [67, 68]. These models
also find an enhanced ion density region, the ion focus, downstream to an upper
grain leading to attractive forces on the lower particles. To explain the mechanism,
we restrict ourselves to the particle-based picture. A description in form of the linear
dielectric plasma response is given in the Chap.3 by Ludwig et al.

In the sheath of the discharge, positive ions are streaming towards the electrode.
When passing by a dust particle, they are attracted by the potential of the highly
negatively charged dust grain, see Fig. 2.2a. The fast ions are deflected and focused
below this grain creating there a positive space charge region, the ion focus [46].
A second particle placed downstream experiences the presence of this ion focus
of the upper grain, see Fig. 2.2b. This leads to a superposition of the repulsive
dust–dust and the attractive dust–ion interaction that can cause an alignment of the
particles. In contrast, the upper particle only feels a repulsive force from the lower
particle. Hence, the interaction is non-reciprocal. The non-reciprocal nature of the
ion focus was proven in many experiments [19, 49–52]. Moreover, the alignment
of the particles can become unstable below a critical neutral gas pressure [46]. As
a result, the particles are heated by this ion-focus induced instability, that can even
cause phase transitions from ordered, solid-like arrangements to liquid and gas-like
situations [10, 41, 69–74].

Models suggest that there are two key parameters that strongly influence the
amplitude, shape and range of the wakefield potential, namely the ion streaming
velocity and the neutral gas pressure. The ion streaming velocity ui can be described

http://dx.doi.org/10.1007/978-3-319-05437-7_3
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in terms of the Mach number M = ui/cs, with cs = (kBTe/mi)
1/2 being the sound

(Bohm) speed [75]. From experiments deep in the sheath of the discharge, where
the ion flow is supposed to be supersonic, i. e. M ≥ 1, the particles inside a dust
crystal are found to be on aligned particle chains [42]. However, recent investigations
have demonstrated that particle chains even form at moderate ion flow velocities
M < 1 in 3D dust clouds [20, 76, 77], as well as in microgravity situations [78].
The second key parameter that affects the wake structure is the ion-neutral collision
frequency νi which is closely related to the neutral gas pressure. At low neutral gas
pressure, streaming ions can move freely along their path without (or with only a
few) collisions. Here, the wakefield effects are more pronounced, as confirmed by
many experiments [19, 20, 42, 58, 71]. At higher damping rates, simulations suggest
that the effect of the ion focus becomes weaker [63, 68].

2.2.2 Biasing Wakes in the Experiment

The experiments to study wakefield effects in dusty plasmas are manifold, see
Refs. [19, 20, 42, 49, 50, 71, 77, 79–82], just to name a few. Often, one has the pos-
sibility to influence the dust–dust-interaction and the dust-confinement by varying
several parameters that also affect the ion wakefield:

• By changing the neutral gas pressure p, one can change the friction force that acts
on the dust particles and the ion-neutral collision rate of the streaming ions. A
high pressure seems to reduce the ion focusing effect. Additionally, changing the
pressure leads to changes in the local plasma environment of the dust grains.

• By adjusting the temperature of the lower electrode, one can induce an upward
themorphoretic force that can be used to change the vertical position of the dust
cluster in the plasma. This changes the local dust charge and the streaming velocity
of the ions.

• By varying the rf-power, one changes the energy input into the discharge. This
affects the densities of the plasma species and their temperatures which, in turn,
has an intricate effect onto the dust charge, the confinement and the local Mach
number.

• By external laser fields, one can feed energy to the dust system but leave the plasma
unaffected.Moreover, driving dust clouds to fluid states bymeans of lasers hinders
the establishment of particle alignment [10].

• By strong magnetic fields, the ions can be magnetized. This influences the wake-
field attraction as well [82].

In contrast to the simulations, the Mach number is not directly controllable in the
experiments. Therefore, in the experiments presented in the following, the first three
parameters—(i) neutral gas pressure, (ii) thermophoresis and (iii) rf-power—are
modified in order to studywake-affected 3D dust clusters. The parameters are closely
related to Mach number M , ion-neutral collision frequency νi and relative tempera-
ture Te/Ti, which serve as an input for the simulations [63]. Thus, the great benefit
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results from the possibility to compare the experimental findings with simulations
presented in the Chap.3.

2.3 Wakefield Effects in Dusty Plasma Experiments

In dusty plasma experiments, typically, micron-sized dust particles are immersed
into a discharge plasma where they attain a high negative charge due to the steady
flux of electrons and ions onto each particle’s surface. Moreover, due to their high
mass compared to ions and electrons, the charge to mass ratio becomes sufficiently
low to trace the individual particles by means of high-speed video cameras on the
kinetic level, see Refs. [2, 4, 83] and references therein.

2.3.1 Experimental Setup

A typical experimental setup is shown in Fig. 2.3a. Since the dust particles are all
negatively charged, their mutual repulsion (even in the presence of wake effects
there is repulsion between the particles that are not flow-aligned ) has to be balanced
by an external confinement. Trapping the dust particles inside a cubic glass box
(cuvette), as shown in Fig. 2.3b, provides the great benefit to achieve harmonic
confinement by a superposition of several forces acting on the individual grains [3,
9, 10, 14, 16, 19, 20, 24, 34, 39, 77, 84–87]. Radial confinement is established
by the electric field, due to the dielectric glass walls. To compensate for gravity, the
sheath electric field force together with a thermophoretic force from a heated lower
electrode levitates the particle cloud upwards. In that manner all these forces provide
a harmonic confinement where the particles form Yukawa balls, see Fig. 2.3c and
Ref. [9].

Despite the harmonic confinement, the particle arrangemnet is influenced by ion
wakefields. As described above, experiments upon Yukawa balls at high pressure
reported a well established shell structure [9, 14, 16, 24]. At sufficiently low neutral
gas pressure, wakefield effects due to the streaming ions become important [19, 20].

For all experiments presented in this chapter, melamine formaldehyde particles
with a diameter of 4.86µm (corresponding to a dust mass of md = 9.1 · 10−14 kg)
were trapped in a cubic glass box of 2.5cmwall length. The argon plasma is operated
in a capacitively coupled radio-frequency (rf) discharge at rf-powers in the range
1–4W and a neutral gas pressure of 4–10Pa. Due to the low pressure used here, the
establishment of wakefields can be expected in the experiments.

The dust particles are observed by imaging the scattered laser light from the grains
via three orthogonal high speed cameras. These share at least one common axis and
thus easily allow us to reconstruct the 3D positions. Here, particle clouds with up to
hundred particles can be observed. The cameras are typically operated at frames rates
up to 500 frames per second. To identify the particle positions in each image, standard

http://dx.doi.org/10.1007/978-3-319-05437-7_3
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Fig. 2.3 a Experimental setup used to investigate and to manipulate 3D dust clusters. b View into
the plasma chamber; c Photograph of a Yukawa ball (Käding 2008); dReconstructed 3D trajectories
of a laser heated cluster consisting of N = 48 particles

particle identification techniques are used [88]. Afterwards, the individual particles
are digitally tracked and their 3D dynamics can be retrieved, see Fig. 2.3d and
Refs. [10, 16]. Hence, the full 3D particle dynamics are available at the kinetic level.

An overview about the different approaches to image and reconstruct three-
dimensional dust clouds has been given in Ref. [3]. Established methods include
scanning video microscopy [9, 89, 90], stereoscopic imaging [16, 91], digital
in-line-holography [92], the color-gradient method [28, 93] and, more recently, the
single exposure technique [94].

All dust systems in the experiments presented herewere investigatedwith a stereo-
scopic imaging system pictured in Fig. 2.3a that allows us to track all particles in 3D
[10, 16].

An additional surplus of our setup is the possibility to manipulate dust clusters
by focused laser beams. Laser heating has become the most common method to
manipulate dust ensembles [10, 95–101]. Among others, it allows us to experimen-
tally study dust–dust-interactions [49], phase transitions [10, 97, 102] and to excite
waves in dusty plasmas [103–105].

The laser beams leave the plasma itself unaffected. The dust particles respond to
the momentum transferred by the radiation pressure of the beam [95, 106]. Random
laser excitation of the dust particles mimics a heating process leading to increased
kinetic temperatures of the dust particles [99, 100]. Thus, controlling the laser inten-
sity allows us to change the dust temperature and, with it, vary the coupling parameter
Γ ∝ 1/T very precisely without varying other plasma properties. With the setup
shown here, it is possible to cover a wide range of coupling strengths, see Fig. 2.4.
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Fig. 2.4 Coupling parameter as a function of the applied laser power (large dots). The inset shows
typical particle trajectories for two characteristic values of Γ . The dashed line is a guide to the eye

2.3.2 Structure of Ion-Focus Affected 3D Dust Clusters

The influence of the ion focus is omnipresent in low pressure dusty plasma experi-
ments [19, 20, 58, 71, 77, 79]. As a first insight into the complex wakefield mech-
anisms, we start with a brief phenomenological introduction into the structure of
wake-affected 3D dust clusters. In order to study the fundamental particle–particle
interaction, it is sufficient to start with a simple system of a single elongated 1D
dust string.

Figure 2.5a shows a “dust molecule” formed by two particles inside the cubic
glass box. The particles were confined at 6Pa and 1.6W rf-power. Evidently, the
like-charged particles are vertically aligned. This situation is found to be very stable
(see below). Further, a low rf-power is favorable to confine single dust strings [39].
Figure 2.5b shows a camera image of a vertical dust string made of five particles.
The particles are aligned along the ion streaming direction. The dust chain was
confined at 0.8W rf-power at a pressure of 10Pa. In Fig. 2.5c, the reconstructed
3D trajectories of the particles are depicted. At these experimental conditions, the
particles within the cluster are nearly at rest. In general, single aligned particle chains,
as shown in Fig. 2.5a–c, can even be formed for like-charged particles that obey
purely repulsive interactions if the vertical confinement is much weaker than the
horizontal confinement. As a representative example of a larger dust cloud, a cluster
of N = 30 particles with a trend to form aligned particle chains is shown in Fig. 2.5d.
The highlighted particles are aligned along the ion streaming direction. This cluster
structure hints towards the presence of the ion focus, because the particles in the
glass box are in a nonequilibrium environment.

The competition between repulsive dust–dust interaction and attractivewakefield–
dust interaction leads to a rich variety in structure and shape of the dust clouds.
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Fig. 2.6 a Cluster height inside the glass box as a function of the applied rf-power for a neutral
gas pressure of 6Pa. b–f Processed camera images of a N = 16 cluster for different rf-powers. The
shape changes from droplet-like to spheroidal with increasing rf-power

Therefore, it is tempting to get a deeper insight about cluster structure at different
experimental conditions.

Figure 2.6a shows the distance of the center of mass of the dust cluster from
the lower electrode as a function of the applied rf-power. The neutral gas pressure
was kept constant at 6Pa. At fixed thermophoretic levitation force, increasing the
discharge power leads to a lowering of the cluster position inside the glass box. An
increase of the discharge power causes an increased density of electrons and ions.
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This, in turn, leads to a smaller Debye length and hence to a smaller sheath width
and to the observed sinking of the dust clusters.

In Fig. 2.6b–f snapshots of a dust cluster formed by N = 16 particles for different
rf-powers are depicted. For a low discharge power of 1.1W, Fig. 2.6b, the cluster is
strongly elongated along the ion streaming direction. The uppermost particles form
a single chain and the cluster looks like a droplet. By increasing the discharge power
to 1.5 and 2.0W, Fig. 2.6c–d, the inter-particle distance reduces, but the droplet-like
shape remains. A further increase of the discharge power to 3.0 and 4.0W leads to a
transitions from the droplet-like shape to a more spheroidal shape of the dust cloud
[20], see Fig. 2.6e–f.

The ions are streaming towards the lower electrode. As discussed before, below
the upper particles, the streaming ions are being focused producing a positive space
charge regionwhen themean free path length for ion-neutral collisions becomes large
[75]. This positive charge leads to an attractive force on the downstream particles and
favors vertical particle alignment. The strength of thewakefield attraction depends on
theMach number M of the streaming ions. By varying the height of the cluster inside
the glass box, not only this local Mach number is changed. Furthermore, the dust
charge crucially depends on the local plasma parameters, which change dramatically
with the vertical position of the cluster [14]. Reliable calculations of the dust charge
in flowing plasmas are only starting [63, 65, 66, 107], therefore, it is still a challeng-
ing task to simulate the dust charge in a flowing environment self-consistently. From
the experiment point of view, understanding the complex physical mechanisms for
the cluster structure under the influence of wakefields is still an open issue. Thus,
the cluster structure can serve as a hint at wakefield effects in the experiment. How-
ever, further detailed investigations of the particle dynamics are required.

2.3.3 Dynamics of Ion-Focus Affected 3D Dust Clusters

2.3.3.1 Attraction of Two Like-Charged Particles

Two-particle dust systems are the simplest accessible system to study the interaction
between like-charged particles. They have become a very attractive playground for
experimentalists to study interactions and correlations [79, 108, 109] as well as wake
effects [19, 49, 50, 80–82, 110].

Figure 2.7a, b shows still camera images of two dust particles inside a confining
glass box are shown that form a “dust molecule” under different experimental con-
ditions. The particles are trapped without additional thermophoretic levitation at a
neutral gas pressure of 6Pa. Thus, their equilibrium position is located where the
sheath electric field force compensates gravity. In Fig. 2.7a, the particles are aligned
horizontally. This is due to the high rf-power of 4.5Wwhich leads to a strong vertical
confinement.

It is well known that reducing the discharge power weakens the vertical confine-
ment to the dust particles in a glass box, see Refs. [20, 39] and the previous section.
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Fig. 2.7 Still video images of two dust grains confined at 6Pa and 4.5W (a) and 1.6W (b). c–f
Fluctuations of the trajectories over a time span of one second. g–h Power spectra of the transverse
movement of particles 1 and 2

Here, by reducing the discharge power to 1.6W, the dust particles tend to align under
each other along the ion streaming direction in Fig. 2.7b. This is due to the previously
discussed ion focusing effect.

Figure 2.7c–f shows the horizontal (perpendicular to the ion flow) and vertical
fluctuations of the particles’ movement over a time interval of one second. In the
case of the horizontally aligned particles, Fig. 2.7c, d, the particles’ motion is not
correlated, neither in horizontal nor in vertical direction. This changes drastically
for the vertically aligned particles. In Fig. 2.7e, the correlated oscillatory motion is
clearly visible. Moreover, the downstream particle lags behind the upper one but
with a slightly larger amplitude. This means that the lower particle tries to follow
the upper particle’s motion. The oscillation period can be found as 	t = 0.16 s.
Consequently, the frequency of this oscillation is f = 1/	t = 1/0.16 s = 6.25Hz.
Interestingly, the fluctuations along the z-direction in Fig. 2.7f do not show well
established oscillations. Thus, restoring forces due to the ion focus seem to bemainly
in the horizontal direction [67, 111].

Figures 2.7g, h show the power spectra of the transverse motion computed using
trajectories along a time span ofmore than tenminutes. In the case of the horizontally
aligned dust particles, both particles show two peaks in the spectra. The peak at 5.5Hz
can be identified with a center of mass oscillation in the confining potential, while the
peak at 12Hz is associated with the so called “breathing mode”-type oscillation, a
radial expansion and compression of the dust system [109]. Both modes are sketched
in the inset of Fig. 2.7g.
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The corresponding power spectra for the particle system under the influence of
an ion wakefield is shown in Fig. 2.7h. Here, only one peak in the power spectra is
found. Interestingly, the peak for the upper particle is found at 6Hz, whereas the peak
of the downstream particle is found at a slightly higher frequency of 6.2Hz. That
already shows the sensitivity of dust particles to the local plasma environment. The
two-particle system can serve as plasma probe, for instance to measure the sheath
electric field or the dust charge [81, 112, 113].

A clear oscillatory movement and the phase delay between upper and lower parti-
cle are a direct indication of the ion focus. The downstreamparticle feels the attraction
by this positive ion focus. In contrast, the upper particle feels the repulsive force of
the downstream particle [46]. The observed aligned situation is preferred, because
the lower particle follows the upper one. The source of the oscillation is not the con-
fining potential, but the wakefield attraction. The particles experience friction due to
the neutral gas. The oscillations are nonetheless persistent against this friction. Thus,
to perform an oscillatory movement, the particles must gain their energy from the
ion focus.

We can conclude that a two-particle systems can be used to experimentally study
wake effects with high accuracy. The particles are sensitive to even little changes in
the local plasma parameters. Thus, they may also serve as a valuable reference for
wakefield simulations.

2.3.3.2 Wake-Affected Cluster Dynamics

For the sake of a broader picture, in the following, the dynamics of larger 3D dust
clusters will be investigated. In order to emphasize the role of the ion wake for the
cluster dynamics, experiments with a cluster consisting of N = 11 particles at a
pressure of 4.3Pa are presented, see Fig. 2.8a–c. (In Fig. 2.8c, the cluster consists
of N = 12 particles due to an accidentally trapped additional particle, letting our
conclusions unaffected). The discharge power was varied from 0.8W to 2.4W in
order to increase the energy of the dust subsystem. The shape of the cluster changes
from elongated and droplet-like, in (a), to an almost perfect sphere, in (c), which
is due to the different confinement conditions, as was discussed in Sect. 2.3.2. The
particles of the cluster perform oscillatory motions for all three discharge powers.
At low power, Fig. 2.8a, the three uppermost particles perform a movement that
resembles a wiggling fish tail.

To investigate the collective behavior in more detail, in the following, the oscilla-
tions of the three uppermost particles will be analyzed further. Figure 2.8d–f shows
a time series of the transverse fluctuations (with ρ = (x2 + y2)1/2) of the three
uppermost particles over a time span of one second. Oscillatory movement is found
for all the cases. For a large inter-particle spacing and a low discharge power (0.8W),
Fig. 2.8a, the fluctuations seem to be somewhat oscillatory. At intermediate discharge
powers of 1.4W, Fig. 2.8e, the oscillations become well pronounced: The amplitude
grows for particles placed downstream, and one finds a constant phase delay from top
to bottom. Following the discussion in Sect. 2.3.3.1, these findings can be attributed
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Fig. 2.8 a–c Trajectories of a N = 11 (12) cluster over a time span of 7 s for different discharge
rf-powers. d–f Transverse fluctuations of the three uppermost particles 1–3 corresponding to (a)–(c)

to the same type of oscillation as for the two-particle system. At a high discharge
power of 4.0W, the cluster is clearly molten. The amplitude of the oscillations had
grown further. Nonetheless, it seems that the motion of the particles 1–3 is not as
correlated as in the previous case. A reason can be that at these high discharge powers
the fluid-like particle motion hinders the establishment of coherent oscillations.

Finally, we draw the attention to the dynamics of entire dust clusters. An estab-
lished technique to retrieve the dynamical properties of a finite system is the normal
mode analysis (NMA) [18, 32, 34, 37, 114–116]. Here, it is assumed that the dust
particles perform small oscillations around their equilibrium positions. This justifies
an expansion of the system’s Hamiltonian, see (2.2) up to the second order, to obtain
the so-called dynamical matrix

H = ∂2E

∂rα,i , ∂rβ, j
, (2.4)

with α, β = x, y, z and i and j denoting the different particles. The solution of the
corresponding eigenvalue problem of the dynamical matrix defines the 3N eigenfre-
quencies, as well as the corresponding eigenvectors ei,l of the system that define the
mode pattern of eigenmode l. The mode-resolved power spectral density (PSD), i. e.
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the energy density per frequency interval of the lth eigenmode is calculated via [18]

Sl(ω) = 2

T

∣∣∣∣∣

∫ T

0
dt

(
N∑

i=1

vi (t)ei,l

)
eiωt

∣∣∣∣∣

2

. (2.5)

In otherwords, the velocity of the i-th particlevi (t) ismappedonto the l-th eigenmode
and transformed into Fourier space. The PSD S(ω), reflecting the energy density in
the frequency domain, can be obtained by summation over the mode number l, i. e.
S(ω) = ∑

l Sl(ω).
A NMA from the trajectories of a cluster consisting of N = 12 particles was

performed. The cluster was trapped at a rf-power of 3.6W and a pressure of 5.7Pa.
From the trajectories, Fig. 2.9, it can be seen that the cluster is spherical in shape
and that the cluster particles only perform small oscillations around their equilibrium
positions. Thus, (2.4) is a suitable approximation. In Fig. 2.9b, the mode-resolved
power spectral density is shown. The mode spectra recovers the features of a weakly
damped Yukawa system [32, 116], where the normal mode frequencies rise steadily
with increasing mode number. Moreover, the mode spectrum has additional features:
One finds a high amount of energy stored in a narrow frequency interval at approx-
imately 9.2Hz in most of the modes. The dominant contribution in the PSD comes
exactly from this frequency domain. This phenomenon was noticed previously for
flat dust clouds under the influence of an ion focus [71]. In those dust clouds, unsta-
ble oscillations at a fixed frequency were attributed to the ion-focus instability [46].
The ion-focus instability manifests itself in a distinct frequency, the oscillation is
not an eigenmode of the equilibrium system of (2.2). Hence, the oscillation can be
seen in almost all of the equilibrium modes. One might be up to include wakefield
effects in the energy equation (2.2) to account for these modes. However, due to the
asymmetry in the forces between upper and lower particle, this cannot be done in a
simple manner and is a topic of ongoing investigations.
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Thus, within the NMA, wakefield effects due to the streaming ions arise as a
collective phenomenon that involves all dust particles of the 3D dust cluster. In
larger systems, aligned particle arrangements can become unstable below a critical
neutral gas pressure if the energy gain due to the ion focus is not balanced by the
energy loss via friction [46, 70]. The inherently unstable situation is the cause of
phase transitions in dust clouds when the neutral gas pressure is varied [58, 71].

2.4 Summary and Outlook

Dust clusters in streaming plasmas exhibit configurations that differ qualitatively
from spherical Yukawa balls that are observed in the plasma bulk where streaming
effects are negligible. In particular, the chain formation in low-pressure dusty plasma
experiments points to the presence of an ion focus in the wakefield below the indi-
vidual dust grains. This positive space charge can give rise to a net attractive force
between two negatively charged dust grains. These forces cause an alignment and
lead to the formation of vertical particle strings.

More precisely, when two particles are vertically aligned, the lower particle
directly follows the upper particle’s motion, via the attractive ion-mediated force.
In contrast, the oscillatory motion of two horizontally aligned particles is essen-
tially uncorrelated. By varying the parameters of the discharge, namely rf-power and
pressure, the structure of the dust cluster changes dramatically from a spheroidal
to chain-like form with (unstable) particle oscillations. This complexity reflects the
complex nature of the dust-plasma interaction in a flowing environment.

Due to its non-reciprocal nature, the ion wake force is capable of feeding energy
into the dust system. Below a critical neutral gas pressure, the energy gain due
to the streaming ions cannot be dissipated by friction and, thus, leads to the ion-
focus instability. This instability manifests itself in unstable oscillations at a certain
frequency in the power spectral density. To conclude, the actual particle interaction
force depends on the pressure, the rf-power and on the thermophoresis which controls
the vertical position of the cluster and, therefore, on the local Mach number. Thus,
the experimental findings are a challenging input for theory and simulations.
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