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Abstract

Complex (dusty) plasma research under microgravity conditions complements the research in the laboratory. Due to reduction of the main
force on microparticles in the lab — gravity — it is possible to form complex plasmas in the bulk region of plasmas in homogeneous large
3D systems and to investigate other phenomena than those accessible on Earth in detail. Therefore, PK-3 Plus was operated as a long-term
microgravity facility from 2006 to 2013 on the International Space Station ISS. It was perfectly suited for the formation of large stable liquid
and crystalline systems and provided interesting insights into processes like crystallisation and melting, laning and phase separation in binary
mixtures, electrorheological effects due to ac electric fields and projectile interaction with a strongly coupled complex plasma cloud.
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1. Introduction

Complex plasmas are plasmas containing small solid particles,
typically in the micrometer range, the so-called microparticles.
These are dusty plasmas which are specially prepared to study
fundamental processes in the strong coupling regime on the most
fundamental (kinetic) level, through the observation of individual
microparticles and their interactions. Many interesting phenom-
ena can be studied starting from small two-dimensional (2D) and
three-dimensional (3D) clusters1), to larger 2D and 3D systems
where collective effects play a dominant role2).

In laboratory conditions, the microparticles are heavily affected
by the force of gravity. Gravity leads to the sedimentation of the
particles and can be balanced either by a strong electric field in
the sheath of a discharge or through thermophoretic force due
to a constant temperature gradient over the microparticle cloud.
Additionally, there exist weaker forces like the neutral and ion
drag forces, which nevertheless can play a very important role in
the total force balance.

Under microgravity conditions, e.g. on the International Space
Station (ISS), gravity is negligible. Therefore, the particles are
pushed out of the strong electric field region close to the elec-
trodes due to their negative charge and can form large, more or
less, homogenous particle clouds in the bulk of the discharge. Un-
der these conditions, weaker forces like the ion drag force and the
interparticle interactions become important and often dominate
the motion and structure formation in complex plasma.
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Since 2001 complex plasma research under microgravity con-
ditions is continuously performed in a Russian-German coop-
eration onboard the ISS with the long-term laboratories PKE-
Nefedov and PK-3 Plus, operational from 2001 to 2005 and from
2006 to 2013, respectively. The first laboratory, PKE-Nefedov,
has already provided great insight into the behavior of complex
plasma under microgravity conditions 3–6). Fundamental investi-
gations, like the formation of a particle free void in the center of
the microparticle cloud induced by the ion drag force (underes-
timated by the state of the art theory, which has been improved
by the adaption to the new experimental results7)), or the first ob-
servation of bcc structures in plasma crystals 3) are only a few of
the interesting results obtained there. The follow-up laboratory,
PK-3 Plus, has been improved considerably compared to the first
one and has been equipped with new diagnostic tools 8). It has
provided the next important step in research of complex plasmas
under microgravity conditions. The obtained results are unique
and opened up a new interdisciplinary research directions, in par-
ticular, related to the field of soft condensed matter. The purpose
of this paper is to summarize some of the most important results
obtained using the PK-3 Plus laboratory onboard ISS.

2. Short description of PK-3 Plus laboratory

The PK-3 Plus laboratory was developed taking into account
the experience obtained during the operation of its precursor
PKE-Nefedov.
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Fig. 1 The sketches show the 2D (left) and 3D (right) view of
the PK-3 Plus plasma chamber.

Fig. 2 The particle detection system is shown in this figure by
means of the fields of views of the three different mag-
nifications and camera positions. The high-resolution
camera can be moved along the central axis.

The PK-3 Plus setup has a well-balanced symmetrically driven
rf-electrode system which provides a homogeneous distribution
of the plasma with identical sheaths near both electrodes. This
is necessary for a homogeneous distribution of the microparticles
under microgravity conditions. A cross-sectional and perspective
schematic of the microgravity setup, the PK-3 Plus chamber, is
shown in Fig. 1 8). The vacuum chamber consists of a glass cu-
vette of form of a cuboid with a quadratic cross section. Top and
bottom flanges are metal plates. They include the rf-electrodes,
electrical feedthroughs and the vacuum connections. The elec-
trodes are circular plates made from Aluminum with a diameter
of 6 cm. The distance between the electrodes is 3 cm. The elec-
trodes are surrounded by a 1.5 cm wide ground shield including
three microparticle dispensers on each side. The dispensers are
magnetically driven pistons with a storage volume at their ends.
The storage volumes are filled with microparticles and covered
with a sieve with an adapted mesh size. The microparticles are
dispersed through the sieve into the plasma chamber by electro-
magnetically driven strokes of the piston.

The optical particle detection system consists of laser diodes
with cylindrical optics to produce a laser sheet perpendicular to
the electrode surface. Three progressive scan CCD-cameras ob-

serve the reflected light at 90 degrees with three different magnifi-
cations and fields of view. An overview camera has a field of view
of 58.6×43.1 mm2. It shows the full field between the electrodes.
A second camera has a field of view of 35.7×26.0 mm2. It shows
the left part of the interelectrode system (about half of the full sys-
tem). A third camera with the highest resolution can be moved
along the central axis and has a field of view of 8.1×5.9 mm2.
The latter is used for high precision position measurements of
the microparticles. The fields of view of the three cameras are
shown Fig. 2. The cameras follow the PAL standard, have a res-
olution of 768×576 pixels and provide two composite interlaced
video channels with 25 Hz. The latter can be mixed off-line to
a 50 Hz progressive scan video. Interference filters matched to
the laser wavelength are used to filter out the plasma glow. The
cameras and lasers are mounted on a horizontal translation stage
allowing a depth scan through and, therefore, a 3D view of the
complex plasma.

3. Fluid–solid phase transitions in large 3D
complex plasmas

We performed experimental investigations of the fluid-solid
phase transitions in large 3D complex plasmas under micrograv-
ity conditions. These phase changes were driven by manipulating
the neutral gas pressure. Detailed analysis of complex plasma
structural properties allowed us to quantify the extent of ordering
and accurately determine the phase state of the system. Evalua-
tion of various freezing and melting indicators gave further con-
fidence regarding the phase states. It was observed that the sys-
tem of charged particles can exhibit melting upon increasing the
gas pressure, in contrast to the situation in ground-based exper-
iments where plasma crystals normally melt upon reducing the
pressure9). This illustrates important differences between generic
(e.g. similar to conventional substances) and plasma-specific
mechanisms of phase transitions in complex plasmas.

The experiments have been carried out in argon at a low rf-
power10). We used two different sorts of particles in the two
distinct experimental runs: SiO2 spheres with a diameter 1.55
µm and Melamine-Formaldehyde spheres with a diameter 2.55
µm. The experimental procedure, identical in these two runs,
was as follows: When the particles formed a stable cloud in the
bulk plasma, the solenoid valve to the vacuum pump was opened,
which resulted in a slow decrease of the gas pressure p. Then,
the valve was closed and the pressure slowly increased due to the
gas streaming in. During the pressure manipulation (' 6 minutes
in total), the structure of the particle cloud was observed. The
observations covered the pressure range from p' 15 Pa, down to
the lowest pressure of p ' 11 Pa and then up to p ' 21 Pa [see
Fig. 3(b)].

In order to get three-dimensional particle coordinates, 30 scans
were performed. Scanning was implemented by simultaneously
moving laser and cameras in the direction perpendicular to the
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Fig. 3 (a) Side view of the particle cloud (inverted colors)
taken with the overview camera (left) and the corre-
sponding FoV of the high resolution camera (right) [par-
ticles are color-coded to see solid-like (red) and liquid-
like (blue) domains]. Rectangle marks the part of the
cloud used for the detailed structural analysis (rectan-
gular box 7.0× 0.7× 4.5 mm3). (b) Thickness of the
particle cloud in the vertical direction vs. the scan num-
ber. Blue triangles (red circles) connected by lines cor-
respond to the system of small (large) particles. The
corresponding values of pressure are shown by a brown
solid curve (the dependence of pressure on the scan
number is almost identical in the two runs). (c) Mean
interparticle separation ∆ (in the part of the cloud cho-
sen for the analysis) vs. the scan number in the two
experimental runs. Blue (red) color corresponds to the
system of small (large) particles. Insets show the de-
pendence ∆(p) demonstrating some hysteresis, which is
more pronounced in the system of small particles.

field of view with the velocity 0.6 mm/s. Each scan takes ' 8
s, resulting in the scanning depth of ' 4.8 mm; the interval be-
tween consecutive scans is ' 4 s. The particle positions were
then identified by tomographic reconstruction of the 3D-pictures
taken with the high resolution camera observing a region 8× 6
mm2, slightly above the discharge center.

Let us first discuss the global reaction of the particle cloud
on the pressure manipulation. An example of the particle cloud

as seen by the overview and high resolution cameras is shown
in Fig. 3(a). Fig. 3(b) shows the cloud thickness in the verti-
cal direction as a function of the scan number (time) for both the
systems of small and large particles. It is observed that the po-
sition of the upper boundary is strongly correlated with pressure:
It moves downwards (upwards) with the decrease (increase) of
p. This has a clear physical explanation. Particles cannot pene-
trate in the region of strong electric field (sheath) established near
the upper electrode. The position of the upper cloud boundary
is thus set by the sheath edge. The sheath thickness is roughly
proportional to the electron Debye radius λDe which exhibits the
following approximate scaling λDe ∝ n−1/2

e ∝ p−1/2, where ne

is the electron density. This implies that upon a decrease in the
pressure, the particles are pushed farther from the electrode and
vice versa, in full agreement with the observations. Thus, the par-
ticle component becomes compressed by reducing the pressure
and expands when the pressure is increased. The resulting depen-
dence of the mean interparticle distance (in the part of the particle
cloud subject to detailed analysis) on the scan number/pressure is
shown in Fig. 3(c). The mean interparticle distance ∆ is clearly
correlated with pressure.

To characterize a structural state of the dusty plasma systems
observed we shall use as an example the Raveche-Mountain-
Streett criterion of freezing11), which is based on the proper-
ties of the radial distribution function g(r) in the fluid phase.
It states that near freezing, the ratio of the values of g(r) corre-
sponding to its first nonzero minimum and to the first maximum,
R = g(rmin)/g(rmax), is approximately constant, R ' 0.2. This
criterion describes fairly well freezing of the classical Lennard-
Jones fluid, but is not truly universal (i.e., the ratio R can some-
what vary for different systems). Fig. 4 shows the calculated val-
ues of the freezing indicator R for different scans. Applying the
threshold condition R' 0.2 would imply that the system of small
particles melts upon an increase in the neutral gas pressure (sec-
ond half of the observation sequence), while the system of large
particles remains in the solid state. This is consistent with the

Fig. 4 Freezing indicator R (the Raveche-Mountain-Streett ra-
tio) for complex plasmas composed of small (blue tri-
angles) and large (red circles) particles.
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(a)

(b)
Fig. 5 Penetration of 3.4 µm grains through the structure of

9 µm grains in Ar plasma: (a) at pressure 30 Pa, lane
formation is seen; (b) at pressure 10 Pa, under the action
of the low frequency field, no lane formation is seen.
Snapshots are obtained by the medium resolution cam-
era.

results of more detailed structural analysis12).
Concerning the structural properties of the observed clouds of

particles it should be noted that they are not very homogeneous.
For example, typical interparticle separations in peripheral re-
gions close to the cloud boundaries can exceed those in the cen-
tral part of the cloud by a factor of about 2. For this reason, a
relatively small central part of the cloud sketched in Fig. 3(a)
has been chosen for the detailed analysis of the structural prop-
erties. This part is sufficiently small (especially its vertical ex-
tent) so that the system inside is reasonably homogeneous. At the
same time, it contains enough particles (' 104) to yield reason-
able statistics. To determine the local structural properties of the
three-dimensional particle system we used the bond order param-
eter method 13,14), which has been widely used to characterize or-
der in simple fluids, solids, glasses, colloidal suspensions15), and,
more recently, 3D complex plasmas16). We were specifically in-
terested in identifying the face-centered cubic (fcc), hexagonal
close-packed (hcp), icosahedral (ico), and body-centered cubic
(bcc) lattice types. Clear crystalline structures which are domi-
nated by the hcp and fcc lattices were observed. Subsequent in-
crease in the pressure suppressed the particle ordering.

We observed that the solid phase is mostly composed of hcp-
and fcc-like particles with only a small portion of bcc-like clus-
ters. A decrease in pressure enhances ordering of the particles.
Maximum number of particles in the crystalline state clearly cor-
responds to the pressure range near the minimum.

4. Non-equilibrium phase transition (laning)

A remarkable example of a non-equilibrium phase transition

is the formation of “lanes” — a phenomenon occurring in na-
ture when two species of particles are driven against each other.
When the driving forces are strong enough, driven particles form
“stream lines” and move collectively in lanes. Typically, the lanes
exhibit a considerable anisotropic structural order accompanied
by an enhancement of their (unidirectional) mobility. The phe-
nomenon is most commonly known from pedestrian dynamics in
highly populated pedestrian zones17), but also occurs in different
systems of driven particles, such as colloidal dispersions18,19),
lattice gases20) and molecular ions21). In other words, this is a
generic process of considerable interest in different branches of
physics.

To study the formation of lanes in complex plasma, experi-
ments with an interpenetration of two clouds of different grain
sizes have been performed. In these experiments the structure
consisting of particles with 14.9, 9.19, or 6.8 µm in diameter
was produced initially. Then, smaller particles with the diame-
ter of 3.4 µm were injected from the left side. The position of the
3.4 µm grain injector is such that these particles are injected in the
plane illuminated by the laser sheet. The smaller particles pene-
trated through the stable structure of bigger particles towards the
chamber center. Lane formation was observed in the outer region
where the speed of the penetrating grains was high22). Fig. 5(a)
illustrates the formation of lanes. The picture is a superposition of
consecutive images: the small penetrating particles can be identi-
fied as long tracks, the big particles look like points. It is clearly
seen that the penetration of 3.4 µm particles appears in lanes and
big particles are arranged into lanes as well. Closer to the middle
of the structure the grains speed was reduced and they formed a
droplet (see the next section for details).

In the case of complex plasma experiments, it is possible to re-
solve single particle motion and investigate the dynamical regime
of laning. We performed experiments in which the big particle
cloud was in a string fluid state under the influence of the low fre-
quency electric field (see Section 6 below). This is demonstrated
in Fig. 5(b), which has also been obtained as a superposition of
consecutive images. It should be noted that lane formation was
not observed under these conditions. We suppose that the rea-
son of such behavior is related to the much stronger interaction
between big particles, but this requires additional studies23).

5. Fluid phase separation in binary complex
plasmas

The investigation of mixing and demixing of multicomponent
fluids, like ink in water or water and oil, is an interesting research
topic and, despite its long research history, remains of fundamen-
tal importance. Such phase separations can be found for exam-
ple in molecular fluids24) or colloidal suspensions 25). Complex
plasmas2,26) are in a way similar to colloidal suspensions. This
similarity is due to the fact that particles are embedded in a sur-
rounding medium, but the medium also makes the difference: For
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Fig. 6 Formation of a droplet in experiments with binary
complex plasmas (later stage of the experiment shown
in Fig. 5(a)).

Fig. 7 The transition from an isotropic fluid (left) to a string
fluid (right) observed in the PK-3 Plus laboratory on-
board the ISS. Particles of 6.8 µm, argon pressure is
10 Pa, interparticle distance is 370 µm. Strings are apart
from each other at 580 µm. Snapshots are obtained by
the high-resolution camera.

colloidal suspensions the medium is a fluid and the particle mo-
tion is overdamped; In contrast, in complex plasmas the medium
is a low density gas which is partly ionized, and the particle mo-
tion is virtually undamped on atomistic level. The latter is the
reason why complex plasmas represent an ideal system to inves-
tigate the phase separation in multicomponent mixtures.

The PK-3 Plus laboratory was perfectly suited to study the dy-
namics of 3D binary mixtures. The non-equilibrium phase transi-
tion observed during the laning experiment is a first step in demix-
ing. When the velocities of the streaming particles decrease (on
approaching the central region of the discharge), first banding (the
merging of lanes) occurs, then bands combine to finally form a
droplet of small particles in a homogeneous surrounding of big
particles (see Fig. 6)27). Although the interaction of the particles
is purely repulsive, such a transition is possible and depends on
the relative strength of the interactions 28) . Theoretically, this is
described by the Lorentz-Berthelot mixing rules 29) and the so-
called “interaction nonadditivity”. For point particles of type “1”
and “2” mixing/demixing is preferred when the 1–2 interaction
is less/more repulsive than the (geometric mean of) 1–1 and 2–2
interactions.

This fluid phase separation in binary complex plasmas is an-
other prominent example for an in detail dynamical investigation
of fluid phase transitions.

6. Discovery of the electrorheological effect in
complex plasmas

As has been known from the beginning of microgravity inves-
tigations, the void – the microparticle free region in the center
of the discharge – prevents the formation of a homogeneous and
isotropic complex plasma clouds. The origin of the void is the
ion drag force which often overcomes the electric force in some
vicinity of the discharge center and therefore pushes the particles
out of the central region. Under certain conditions, the void can be
closed. This is very important for many dedicated experiments.
With the PK-3 Plus setup three ways of void closure have been
detected: by adjusting lowest rf-power (like in the PKE-Nefedov
laboratory4)), by using a symmetrical gas flow, and by low fre-
quency electric excitation8). The latter can be used additionally
to initiate a phase transition from an isotropic fluid into a so-called
electrorheological string fluid.

The formation of such string fluids, or general electrorheolog-
ical plasmas, is possible due to the manipulation of the interac-
tion potential between the microparticles along the field line. It
can be changed from an isotropic screened Coulomb to an asym-
metric attractive potential through accelerating ions by an addi-
tional ac voltage applied to the electrodes at frequencies above
the dust plasma frequency. The ions then produce wake regions
above and below the particles along the electric field axis, while
the particles cannot respond. It has been shown30) that the ef-
fective interparticle interaction in this case is determined by the
time-averaged wake potential. The field-induced interactions in
dusty plasmas are identical to interactions in conventional elec-
trorheological fluids with dipoles d = 0.65Qλνion/νth, where Q
is the particle charge, λ is the ion screening length, vion is the ion
drift velocity and vth is the ion thermal velocity.

In experiments, the ac voltage at a frequency of 100 Hz was ap-
plied to the rf electrodes with the amplitude voltage between 26.6
and 65.6 V varied in steps of 2.2 V. At weak voltages charged par-
ticles formed a strongly coupled isotropic fluid phase. As the volt-
age was increased above a certain threshold, particles rearranged
themselves and became more and more ordered, until eventually
well-defined particle strings were formed along the direction of
the field. In these experiments we used microparticles of differ-
ent diameters (1.55, 6.8 and 14.9 µm) and Ar gas at pressures
between 8 and 15 Pa. The example of the transition to the elec-
trorheological plasma state is presented in Fig. 7. The transition
between the isotropic fluid phase and the electrorheological state
was fully reversible – decreasing the field brought the particles
back into their initial isotropic state. The trend to form strings
increased with a particle size, in agreement with theoretical esti-
mates. The molecular dynamic simulations performed with sim-
ilar parameters yielded remarkable agreement with the experi-
ments.
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Fig. 8 (a) Snapshot of the projectile moving through the cloud
of dust particles with a supersonic speed. (b) Enlarged
fragment of the snapshot. (c) The result of the Mach
cone visualization. The neon gas pressure is 20 Pa.

7. Mach cones in 3D complex plasma

The existence of Mach cones in complex plasmas was first
predicted in theory by Havnes et al.31,32) and later observed
in a 2D plasma crystal by Samsonov et al. 33,34) and Melzer et
al. 35). Mach cones were excited by the electrostatic force from
a charged particle moving spontaneously beneath a 2D lattice in
refs.33,34), and by the radiation force from a spot of focused laser
beam scanned across the 2D complex plasma35). In these ex-
periments, the observed Mach cones were composed of compres-
sional waves. Shortly afterwards, shear-wave Mach cones com-
posed of single cone, were observed in experiments by Nosenko
et al. 36,37) by using a laser beam. Inspired by the studies above,
various theoretical models 38–43) have been proposed to interpret
the observations.

The experimental observations of Mach cones in 3D complex
plasmas have been made with the help of the PK-3 Plus labora-
tory45–47). The excitation of the 3D Mach cone was produced
by a supersonic projectile moving in a strongly coupled cloud of
charged particles. The dust cloud was formed by the micropar-
ticles injected into the main plasma with dispensers. We present
here, as an example, the experiment performed with the main mi-
croparticle cloud composed of the monodisperse silica particles
with the diameter of 1.55 µm. Neon was used as a buffer gas at
pressures of 15 and 20 Pa. The observed projectiles were likely

larger particles (15 µm in diameter) also present in the cham-
ber46).

We observed two events of the projectile motion through the
dust cloud. Fig. 8 shows one of them. The projectile moved with
a supersonic velocity from the upper left to the lower right side of
the dust cloud (Fig. 8(a)).

The track of the moving projectile is surrounded by a dust-free
region (cavity), which emerges as a result of a strong Coulomb
repulsion between the negatively charged dust particles and the
projectile (Fig. 8(b)). The cavity is elongated, the position of a
projectile being eccentric. The perturbation has a typical form of
the Mach cone, and represents a contact discontinuity48).

The excitation of the Mach cone gives a possibility to measure
the speed of sound, which is an important quantity characterizing
the medium. The Mach angle, which is one-half of the opening
angle of the cone excited by an object that moves through a fluid
with a velocity υ greater than the speed of sound c. The Mach
angle θ is related to the Mach number M which gives the velocity
with respect to the speed of sound by the Mach cone relation

sinθ =
c
v
=

1
M

. (1)

In the experiment, the projectile velocity was determined by man-
ual measurement of the positions of the projectile track centers in
consequent frames (temporal resolution is 50 frames per second).
The velocity proved to increase from 4.6 to 5.8 cm/s as the pro-
jectile crossed the dust cloud. The processing of the experimental
results gives the speed of sound c = 0.96± 0.14 cm/s for neon
pressure of 15 Pa. The determined speed of sound turns out to be
more than one order of magnitude lower than that predicted by
the theory of the dust acoustic waves. Possible interpretation of
this result has been discussed in ref.47).

8. Conclusion

Experiments with three-dimensional complex plasmas per-
formed in the PK-3 Plus laboratory on the International Space
Station showed the variety and interdisciplinarity of the field.
They allowed research at the most fundamental – the kinetic–
level by observing individual particles in fluid-like and crystalline
systems. Exemplarily the formation and melting of plasma crys-
tals, laning in driven systems, phase separation in binary mix-
tures, electrorheological effects and, finally, the formation of
Mach cones due to the penetration of projectiles through a dense
complex plasma cloud were presented. Although the operation of
the PK-3 Plus laboratory stopped in 2013, the promising research
of large three-dimensional complex plasmas will be continued
with the next microgravity laboratory, PK-4. This was launched
in October 2014 and installed into the European Physiological
Module in the Columbus Module. It is operational now and avail-
able for the next generation of experiments with complex plasmas
under microgravity conditions onboard the ISS.
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