Strongly coupled dusty plasmas: finite and extended systems
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Abstract. Systems of confined microspheres in a gaseous plasma environment are studied. These systems of trapped “dust”
particles can form extended structures where the size of the system is much larger than interparticle distance. With specially
tailored confinement potentials also finite arrangements of microspheres can be formed. In these systems the structure and
dynamics dramatically depend on the exact particle number. Here, three-dimensional finite systems of microspheres, so-called
Yukawa balls, are investigated and their structural properties are discussed with respect to the realized configurations of ground
and metastable states.
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INTRODUCTION

Microscopic particles (“dust”) immersed in a gaseous plasma environment are found in a wide variety of systems.
Dusty plasmas are ubiquitous in astrophysical situations, like planetary rings, comets, interstellar clouds [1]. Dust in
plasmas plays also a crucial role in industrial processes such as thin film deposition or plasma etching [2]. There,
typically, the removal of the dust particles from the process chamber is a critical issue. Finally, dusty plasmas provide
an ideal tool to study fundamental properties of condensed matter, like crystallization properties, plasma-induced
forces or particle dynamics [3]. In dusty plasmas a number of novel dust and plasma phenomena are observable [4].

The dust particles in the plasma attain high negative charges due to the continuous inflow of electron and ions.
Typical charges are of the order of 10000 elementary charges for a 10 micron dust particle. Ordered states of trapped
charged particles are formed when the coupling parameter I' = Z2%e? /ATIELKT exceeds a critical value, I" ;, ~ 180 for
infinite systems. Here, Z is the charge number of the particles and b the interparticle spacing. The coupling parameter
is the electrostatic energy of neighboring particles in units of the thermal energy kT. Due to their high charge the
dust particles can crystallize into ordered arrangements even at room temperature forming so-called plasma crystals
[5, 6, 7].

The spatial and time scales of the particle motion allow easy observation by video microscopy. Weak frictional
damping ensures that the dynamics and kinetics of individual particles become observable. Thus, dusty plasmas enable
the investigation of crystal structure, solid and liquid plasmas, phase transitions, waves and many more phenomena on
the kinetic particle level.

EXTENDED AND FINITE SYSTEMS

In the plasma, the particles are subject to a number of forces. For the micrometer sized particles typically used in
studies on fundamental properties of dusty plasmas gravity and electric field forces are dominant. Another relevant
force in the plasma bulk is the ion drag force which is a force in the direction of the ion flow due to Coulomb and direct
collisions between streaming ions and the dust. Finally, also the thermophoresis due to temperature gradients in the
neutral gas background that drives the particles towards colder regions is often applied in dusty plasmas. By tailoring
all these forces, finite and extended dust structures can be generated.

Extended flat (2D) dust crystals are formed in the space charge sheath above the flat electrode of parallel plate RF
discharges [8, 6, 7, 9]. In these discharges, usually the sheath electric field is strong enough to balance the weight
of the particles. Since the mean electric field in the sheath generally increases towards the electrode a force balance
is achieved at a unique vertical position in the sheath. Due to the strong vertical forces the dust is confined to a flat
structure.
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FIGURE 1. Scheme of the confinement of Yukawa balls [36]. a) A glass cube is placed on the lower electrode of an rf discharge.
The lower electrode is heated to compensate gravity. The combined action of gravity, electric forces and thermal gradients provide
an isotropic confinement for the microspheres. b) The microspheres are illuminated by an expanded laser beam and the particle
motion is recorded by three orthogonal high-speed cameras.

These 2D systems preferably arrange in a hexagonal structure [6, 8, 7, 9, 10] which is the ground state configuration
of 2D crystals. In multilayer systems also other crystal structures like fcc or bce have been identified [8, 11, 12].
Moreover, vertically aligned structures due to the directed ion streaming motion in the sheath are frequently observed
[10, 13]. Phase transitions [14, 15] and various types of waves have been studied, see e.g. [4] and references therein.

Consequently, extended three-dimensional (3D) dust structures are found when dusty plasmas are investigated under
microgravity conditions aboard parabolic flights [16, 17, 18, 19] or on the International Space Station [20, 21, 22, 23,
24]. There, the particles are confined to the plasma bulk by the much weaker ambipolar electric field. However, the
central plasma region is found to be dust-free. The dust is expelled from this so-called “void” and a sharp boundary
between the void and the dust cloud is formed (see e.g. [16]). The void boundary is generally considered to be due to
the force balance of the inward electric field force and the outward ion drag force [25, 26, 27, 28]. In the 3D dust cloud,
for example, the structure [29], charging processes [30, 31] and self-excited waves have been investigated [22, 18].

Finite dust systems (dust clusters) are obtained when only a small number of particles are trapped in bounded
confinement potentials. Clusters have been generated in two dimensions (2D) e.g. by Refs. [32, 33, 34, 35]. There, as
an example, a shallow circular parabolic depression has been manufactured into the electrode. This depression distorts
the equipotential lines in the sheath and provides a radial (horizontal) confinement of the dust. These 2D finite systems
have been studied e.g. with respect to their structure, rotational stability and normal modes [32, 33, 34, 35].

Similarly, linear (1D) systems have been generated by placing a narrow rectangular barrier on the electrode [37, 38]
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FIGURE 2. Snap shots of a Yukawa ball with about N = 60 particles. From the images of the front, side and top view camera the
3D particle positions are calculated.



or by a groove in the electrode, see e.g. [39, 40]. Wave propagation, structural transitions and the phonon spectrum
have been studied in these systems.

Recently, ball-shaped 3D clusters (so-called Yukawa balls) have been successfully generated in the laboratory
[36, 41]. These Yukawa balls are not hampered by a dust-free void in their center. Rather they form a compact convex
structure with concentric “onion” shells [36]. These very interesting systems will be described in more detail below.

EXPERIMENT

The experiments on Yukawa balls have been conducted in a parallel plate capacitively coupled rf-discharge at
13.56 MHz in argon at a gas pressure of p = 90 Pa and a discharge power of P = 7.5 W. Monodisperse plastic
microspheres of 3.46 um diameter are dropped into the discharge.

A complex interplay of forces is used to confine the dust particles in a Yukawa ball [42]. The horizontal confinement
is achieved by a cubic glass tube placed on the lower electrode (see Fig. 1a). The electric forces due to the dielectric
glass walls provide a radial inward force on the dust. Vertically, gravity is compensated by the combined action of an
upward thermophoretic force and a weaker electric field force. The thermophoretic force is generated by heating the
lower electrode to temperatures of about 50-70°C. The vertical electric field is due to the sheath formation above the
lower electrode. The combined horizontal and vertical forces form a 3D isotropic harmonic potential well for the dust
particles [42]. In this trap, the microspheres form Yukawa balls with nested concentric spherical shells.

To record images of the Yukawa balls, a novel stereoscopic camera setup is used that consists of three synchronized
cameras with pairwise perpendicular orientation (see Fig. 1b). The cameras have megapixel resolution and allow a
frame rate up to 500 frames per second. The dynamical processes in Yukawa balls are very slow so that a frame rate of
up to 10 frames per second was sufficient. The whole particle cloud is illuminated by an expanded circular laser beam
(600 mW at 532 nm). With this setup the 3D positions of all particles in a Yukawa ball can be measured simultaneously
with high spatial and temporal resolution [43, 44]. Presently, Yukawa balls with up to N = 100 microspheres can be
analyzed. In previous experiments, a scanning technique has been used where successive slices of the Yukawa ball have
been recorded and analyzed. This scanning technique is non-simultaneous, but it allows to measure the configuration
of crystalline Yukawa balls where the particle motion is slow.

Figure 2 shows snap shots of the Yukawa ball recorded by the front, side and top view camera. In a first step the
particle positions in each of the camera images are determined. Combining the information from the three orthogonal
cameras the 3D particle positions are calculated.

STRUCTURE AND OCCUPATION NUMBERS

Examples of Yukawa balls are shown in Fig. 3. There, Yukawa balls with N = 31, 52 and 91 particles are shown. It is
seen, that the Yukawa balls indeed arrange in concentric shells (see also [36]). The N = 31 cluster shown here has a
configuration (5,26) where 5 particles are on the inner shell and 26 on the outer. The N = 52 cluster has three shells
with a configuration (1,12,39). Finally, the N = 91 cluster has a three-shell configuration with (4,27,60).

It is interesting to compare the observed structures with simulations [45, 46, 47, 48]. From the structure, especially
from the occupation number of the different shells, the interaction strength can be deduced [48].

Yukawa balls are usually modeled from the energy of the system

7%e? N exp(—r;;/Ap)

4n£0i>] Fij

. 2
E= Emoooi;rI + 1)

Here, m = 3.28 x 101 kg is the mass of the dust particles and wy, is the resonance frequency of the confinement
potential for the dust. Further, r; = [F;| is the radial position of the ith particle and r;; = [F; — ;| is distance between
particles i and j. The first term on the RHS describes the potential energy of the confinement. The confinement is
modeled to be isotropic as suggested by the experiments. The second term is the mutual electrostatic energy due to the
(shielded) Yukawa interaction. The shielding strength k = b/A is usually given as the ratio of interparticle distance b
and shielding length A.

Figure 4 shows the occupation number Ng of shell number s for the ground state configuration of a Yukawa ball with
N particles. The occupation number is shown here as a function of N%/3 (which scales as the surface area) for different
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FIGURE 3. Bond model of the structure of 3 observed Yukawa balls with N = 31, 52 and 91. Note the concentric shell structure

screening strengths. The two cases of pure Coulomb (k = 0) and Yukawa interaction with k = 0.64 are presented,
here.

First, systematic deviations between pure Coulomb and Yukawa interaction are seen for large N. For Yukawa
interaction, the occupation number of the outer shell is reduced compared to pure Coulomb interaction whereas
the inner shells show a denser population. The reason for this is that, for pure Coulomb interaction, the force on a
charge inside a homogeneously charged sphere vanishes. For the short-range Yukawa interaction this does not hold
any more. Instead a force towards the center remains. This means, that for inner shells the inward remaining force
from outer shells has to be balanced by a higher charge density (i.e. occupation number) on the inner shells [49, 50].
The experimental data points of the occupation numbers clearly support a Yukawa interaction with k = 0.64. It should
be noted that small clusters with N < 100 have been observed with the stereoscopic system described above. Larger
systems have been recorded by the scanning technique.

As can be seen from Fig. 4 the deviation between pure Coulomb and Yukawa interaction is most obvious for large
particle numbers. For small particle numbers no such deviation is seen for the range of screening strengths of interest,
here. However, there is no obvious reason why the principle, that short range interaction leads to overpopulation of
inner shells, should not apply in small systems.

METASTABLE CONFIGURATIONS

This ambiguity can be resolved by investigating the configurations of ground and metastable states of small clusters. It
is well known that for many particle numbers metastable configurations exist with energies moderately higher than the
ground state [46]. To access these different metastable states in our experiments, we have repeatedly produced clusters
of fixed particle number.

To produce these different metastable configurations, the following procedure was applied. After having trapped
a cluster, a well adjusted variation of rf power allows to interrupt the particle confinement for a few seconds which
destroys the Yukawa ball. However, before the particles leave the discharge, we reestablished the trapping regime and
the particles form a new stable cluster. This experimental artifice enables us to fill the trap several times with the same
particles at the same plasma properties, but without any memory of the previous configuration.

The results of the repeated trapping experiment for a N = 31 cluster are shown in Fig. 5. A number of 37 realizations
of the cluster have been generated at exactly the same plasma and confinement conditions. All clusters are found to
consist of two shells, see Fig. 3 for comparison. However, the shell population differs among these clusters. Clusters
with N, = 4, 5 and 6 particles on the inner shell are observed. The particle arrangement on the inner shell is given in
Fig. 5. The observed structures are in perfect agreement with those expected from geometric considerations, namely
a tetrahedron for N; = 4, a double tetrahedron for N; = 5, and a bipyramid for N, = 6. As shown by the Voronoi cells
in Fig. 5, the particles on the outer shell arrange in an organized pattern of hexagons and pentagons as required for
a hexagonal lattice bent onto a sphere. Hence, well defined crystalline clusters of different (metastable) states (4,27),
(5,26) and (6,25) have been reliably produced in the experiment.
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FIGURE 4. Occupation number N of shell number sas a function of N2/3_ The dashed line indicates pure Coulomb interaction
(k = 0), the solid line is for shielded Yukawa interaction with kK = 0.64. The symbols denote occupation numbers from experimental
Yukawa balls. The data for N < 100 (N2/3 < 20) are obtained from stereoscopic techniques [43, 44], for N > 100 from non-
simultaneous scanning techniques [36].

Interestingly, the different configurations have decisively different probability of realization. The configuration
(5,26) occurred in 23 out of 37 cases (62 %), the configuration (4,27) in 13 cases, and the configuration (6,25) was seen
only once. Note that the metastable configuration (5,26) appears much more frequently than the ground state (4,27). It
should be noted, that the configuration (4,27) is the ground state for k < 1.5.

To clarify the experimental observations, we have performed MD simulations of the N = 31 cluster. For the
simulation, the parameters obtained from previous investigations have been used [51]: The dust charge is Z = 2000 as
required from the the crystalline state of the cluster. This is in agreement with previous investigations [48, 42]. The
resonance frequency of the 3D isotropic parabolic trapping potential is found from previous experiments [42] to be
ay, =395~ L. The cluster is taken to be at room temperature T = 300 K.

From a variation of the screening length A in the simulation, we can study the influence of short-range forces on
the probability to form certain configurations. A number of 200 runs for each setting of the screening length has been
used to derive the probability of appearance of the different configurations. The simulation is started from random
particle positions to mimic the experimental loss and recovery of the confinement.

The probability to find a certain metastable configuration in the simulation is shown in Fig. 6. The configuration
(3,28), which has not been observed in the experiment, is found to have a non-vanishing probability only for
Ap > 1000 um. In contrast, the experimentally observed configuration (6,25) only appears for Ay < 600 pum. Near
Ap =400 um (k = 1.1) the simulated probabilities are in a range close to the observed probability distribution. This
value of the screening length is also derived from plasma simulations under similar conditions [42].

It is interesting to note that, as in the experiment, in the simulation the metastable state (5,26) is observed substan-
tially more frequently than the ground state (4,27). The energy of the metastable configurations (5,26) and (6,25) is
about 24 meV and 49 meV higher than the ground state, respectively. Thus, it is reasonable for dust clusters at room
temperature that the metastable states are populated to a substantial degree.

Concluding, the above findings mean that with reduced screening length an increased probability exists to find
clusters with higher population on the inner shell. Thus, on average a higher density on the inner shells is also found



FIGURE 5. Structure of metastable configurations of the N = 31 cluster. In the upper row, average structure of the inner shell
is shown. The particle arrangement is given for the observed clusters with configurations (4,27), (5,26) and (6,25). In the lower
row the Voronoi analysis (dark gray: pentagons, medium gray: hexagons, light gray: defect) of the corresponding outer shell is
presented. All plots show experimental results.

for small clusters, which is in line with the results for the larger clusters.

SUMMARY

Dusty plasmas are very well suited for the investigation of crystallized extended and finite dust arrangements. The
dynamical processes appear on a time scale slow enough to be recorded by video microscopy. The dust systems can
be studied on the kinetic level of individual particles.

Here, special attention has been paid to the formation of 3D finite spherical systems. With our stereoscopic imaging
setup clusters with up to 100 particles have been analyzed.

These Yukawa balls show a concentric shell structure. For large clusters, the occupation numbers of the different
cluster shells show a clear overpopulation of inner shells on the expense of outer shells compared to the case of
pure Coulomb interaction. This is a direct consequence of the short-range Yukawa interaction. For smaller clusters,
generally the ground state configuration for Coulomb and shielded Yukawa interaction agree for the range of screening
strengths typically found in dusty plasmas.

However, our simulations show that the probability to observe a certain (metastable) configuration strongly depends
on the interaction range: configurations with larger particle number on the inner shell are preferred for smaller shielding
lengths Ap. This is clearly seen in the experiment for the specific case of a N = 31 Yukawa ball where the metastable
configuration (5,26) is found much more frequently than the ground state (4,27). Thus, the observed distribution of the
configurations clearly implies a screened particle interaction with, on average, higher population of the inner shells
and lower population on the outer. Hence, the dominance of short-range interaction has a significant influence on the
structure even for few-particle systems. Essentially, our results show that the probability of various configurations of
small clusters is directly related to the interparticle interaction.

Besides their key role in understanding the structural properties of small clusters they are of enormous importance in
melting processes, because transitions among metastable states mark the onset of melting. Since smaller systems melt
at lower temperatures than larger systems [52] small Yukawa balls promise to serve as ideal systems to gain insight
into the microscopic processes of phase transitions in finite strongly coupled systems.
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FIGURE 6. Probability of realization of configurations with N, = 3, 4, 5 and 6 particles on the inner shell for a N = 31 cluster as
a function of screening length A.
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