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Motivation: dusty plasma experiments – open territories
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Motivation: dusty plasma experiments – open territories

Since the early years of research on strongly coupled dusty plasmas, hydrodynamics (among 
other branches) has always appeared to be one of the topics that might be impacted by dusty 

plasma research, allowing rapid progress in the understanding of various phenomena.

Dusty plasma analogues: (a) 
nonlinear waves and (b), (c) 
shocks (Merlino et al., 2012), 
(d) dust grid pattern in external 
magnetic field (Thomas et al., 
2015), (e) 2D honeycomb 
monolayer (Max Planck 
Institute), f) electrorheological 
dusty plasma (PK-4 lab), (g) 
folding of filamentary structures 
(Hyde et al., 2013).
[https://sites.baylor.edu/eva_ko
stadinova/2019/05/]

https://aip.scitation.org/doi/abs/10.1063/1.3693972
https://www.cambridge.org/core/journals/journal-of-plasma-physics/article/magnetized-dusty-plasma-experiment-mdpx/705433918E9D5311A2F68406ACBE1F48
https://www.cambridge.org/core/journals/journal-of-plasma-physics/article/magnetized-dusty-plasma-experiment-mdpx/705433918E9D5311A2F68406ACBE1F48
https://phys.org/news/2015-11-crystalline.html
https://phys.org/news/2015-11-crystalline.html
http://eea.spaceflight.esa.int/portal/exp/?id=9452
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.87.053106


Motivation: dusty plasma experiments – particle transport

flows observed in complex plasmas !Morfill, Khrapak, et
al., 2004" and shown in Fig. 21. Different flow topologies
were observed, with the !average" flow lines either
straight !a" or curved with a radius of curvature of about
80–100! !b". The lower part of the microparticle cloud
is at rest. Observations suggest that the width and the
structure of the transition !mixing" layer strongly de-
pends on the geometry. For the planar flow the interface
is quite smooth, with the flow along a particular mono-
layer. The trajectories of individual flowing particles ex-
perience only weak deflections and the overall flow ap-
pears to be stable and laminar. In contrast, the curved
flow interface has a curious rough structure, the flow is
not laminar, a mixing layer is formed. It is also apparent
that the mixing layer becomes unstable at the individual
particle level. The microscopic behavior may be inter-
preted as the centrifugally driven Rayleigh-Taylor insta-
bility. Analyzing a whole sequence of such images, one
can quantify elementary !discrete" perturbations in two
ways: the fraction of interpenetrating !say, "!" particles
and the fraction of particles undergoing large-angle !say,
"30°" collisions in the surface layer. For instance, for
straight flow the quantities are !almost" 0% and #3%,
for the curved flow #3% and #30%. The latter can be
understood kinetically in terms of the higher collision
frequency with smaller impact parameter due to particle
inertia at a curved surface. This has also been confirmed
by numerical simulations conducted for similar geom-
etry and flow conditions as in experiments. The topology
of the mixing layer found in the simulations corresponds
closely to the measurements, which supports the kinetic
interpretation.

Following these considerations, on can argue that the
Kelvin-Helmholtz !KH" instability at the discreteness
limit also has a different appearance. In order to illus-
trate this point, we consider another example of the hy-
drodynamic behavior of liquid complex plasmas !Morfill,
Rubin-Zuzic, et al., 2004" shown in Fig. 22. Particles

were flowing around an “obstacle”—the void of size
#100!. One can see stable laminar shear flow around
the obstacle, the development of a downstream “wake”
exhibiting stable vortex flows, and a mixing layer be-
tween the flow and the wake. The enlargement of the
mixing layer $Fig. 22!b"% shows that the flow is quite un-
stable at the kinetic level, with instabilities becoming
rapidly nonlinear. The width of the mixing layer grows
monotonically with distance from the border where the
laminar flow becomes detached from the obstacle. The
growth length scale is of the order of a few !, i.e., much
smaller than the hydrodynamic scales n!dn /dx"−1 or
u!du /dx"−1, which would be expected macroscopically in

FIG. 21. !Color online" Two examples of highly resolved com-
plex plasma flows. !a" Shear flow over a flat-surface plasma
crystal and !b" flow over a curved-surface plasma crystal. Note
the small angle perturbations in the particle trajectories in !a",
and the considerably larger scattering in the curved flow in !b".
Particles are of 6.8 #m diameter, the flow velocity is #1 mm/s.
From Morfill, Khrapak, et al., 2004.

a)

b)

FIG. 22. Flow past an obstacle in fluid complex plasmas. !a"
Overall topology of the 3.7 #m particle flow, the system is ap-
proximately symmetric around the vertical axis !exposure time
1 s". The flow leads to a compressed laminar layer, which be-
comes detached at the outer perimeter of the wake. The steady
vortex flow patterns in the wake are illustrated. The boundary
between the laminar flow and wake becomes unstable; a mix-
ing layer is formed, which grows in width with distance down-
stream. !b" An example of the mixing layer !an enlargement of
the left side, exposure time 0.05 s". The points !lines" represent
traces of slow !fast" moving microparticles. The inset shows
trajectories of individual particles in the mixing layer. From
Morfill, Rubin-Zuzic, et al., 2004.
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Motivation: dusty plasma experiments – particle transport

served: The particles penetrate the interface easily as a
result of the driving field and form microscopic lanes.
The structure of these lanes is very similar to that seen
in numerical simulations !Chakrabarti et al., 2004" and
experiments !Leunissen et al., 2005" with driven colloidal
suspensions, as shown in Fig. 19. These results are ob-
tained in the regime when the classical RT threshold for
the unstable wavelength !calculated for given values of
the surface tension and driving force" is smaller than the
interparticle distance and hence a breakdown of hydro-
dynamics is expected. Therefore, the microscopic ap-
pearance of the RT instability might be completely dif-
ferent as the discreteness enters, and this conclusion is
rather intuitive: The surface tension is the only stabiliz-
ing mechanism of the instability, and once this mecha-
nism becomes negligible and hence allows growth at hy-
drodynamic scales smaller than the discreteness limit,
the hydrodynamics itself becomes meaningless. On the
other hand, the instability should develop in some form
anyway, and the only imaginable picture for that are the
interpenetrating strings, as observed in the simulations
as well as in experiments.

In addition to colloidal suspensions !Leunissen et al.,
2005" and pedestrian zones !Helbing et al., 2000" lane
formation can be easily triggered in complex plasmas
!Morfill et al., 2006; Sütterlin, 2009". As we already dis-
cussed, complex plasmas provide an important interme-
diate dynamical regime that is between classic un-
damped fluids and fully damped colloidal suspensions:
In complex plasmas, the internal dynamics associated
with the interparticle interaction is undamped whereas
the large-scale hydrodynamics can be strongly affected
by friction. Nevertheless, the mesoscopic appearance of
lane formation in colloids and in complex plasmas is
similar, which gives us grounds to believe that this phe-
nomenon constitutes an ultimate generic form of the RT
instability in any driven !strongly coupled" fluid.

Figure 20 shows an example of lane formation ob-
served in complex plasmas with particles of different
sizes !Sütterlin, 2009". The net force acting on particles

in a discharge plasma !a combination of the electric and
ion drag forces, see Sec. II.C" depends on the diameter
and plays the role of an effective gravity pointed to the
right !the force is relatively strong at the left edge and
almost vanishing at the right edge of the figure". Initially,
the large particles formed a background fluid in hydro-
static equilibrium. When a small fraction of individual
small particles entered the system from the left, their
sedimentation towards the right edge of the figure was
accompanied by a remarkable self-organization se-
quence: First, the particles form strings flowing along the
force field !a"; then, as the field decreases, strings orga-
nize themselves into larger mesoscopic streams !b"; and
at the later stage, when the field almost vanishes,
streams merge to form a spheroidal droplet with well-
defined surface !c", indicating the transition to the re-
gime when the effective surface tension should play the
primary role !Ivlev et al., 2009".

In order to investigate the RT instability in further
detail, we consider examples of highly resolved shear

FIG. 19. !Color" Lane formation in experiments with driven
colloidal suspensions. Steady-state self-organized flow of posi-
tively !green" and negatively !red" charged microparticles of
#1 !m diameter is created by an external electric field in the
vertical direction. Scale bar is 10 !m. From Leunissen et al.,
2005.

FIG. 20. !Color online" Lane formation in complex plasmas. A
short burst of small !3.4 !m" particles injected into a cloud of
large !9.2 !m" background particles are driven from left to
right. Stages shown for !a" initial lane formation, !b" merging
of lanes into larger streams, and !c" eventual droplet forma-
tion. Each panel is a superposition of two consecutive color-
coded images !1/50 s apart" entire sequence is about 2.5 s
long. From M. Rubin-Zuzic.
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Motivation: dusty plasma experiments – particle transport

Complete madness

M. Schwabe, M. Rubin-Zuzic, S. Zhdanov, A. V. Ivlev, H. M. Thomas, and G. E. Morfill, Phys. Rev. Lett. 102 (2009) 255005.



Motivation: dusty plasma experiments – particle confinement

! is usually well above the critical value of 4/3, the in-
stability should be observed, e.g., for the shear flow
shown in Fig. 22 !with "̇"102 s−1#, where the instability
condition is well satisfied.

F. Confined fluids

As fluid systems are engineered to smaller scales,
down to the atomic size, the special effects associated
with the confinement of fluids become increasingly im-
portant. The behavior of such systems is a fundamental
problem in technology !areas such as lubrication, adhe-
sion, nanofluidics, microchannel spectrometry, surface
functionalization, etc.#. The general consensus is that the
smaller the system, the more important the confinement
even for intrinsic properties !Hummer et al. 2001; de
Mello, 2006; Heller et al., 2006; Whitby and Quirke,
2007#. It is inevitable that there will be new physics as-
sociated with finite size effects, due to surface interac-
tions and reduced dimensionality. From the application
point of view, understanding the functionalization of
nanoflow surfaces to achieve the desired form of hydro-
phobic or hygroscopic behavior !for a given fluid# in the
absence or presence of external fields !which would give
rise to nano-electrorheology or electro-osmotic flows# is
clearly one of the aims—and no doubt there are many
others !Miller et al., 2001; Vaitheeswaran et al., 2004#.

There have now been many studies of confined flow
systems, e.g., nanoporous materials !ordered or disor-
dered#, thin fluid films, microchannels, etc. Amongst the
areas of interest are topics such as demixing !segrega-
tion# of biological fluid components, flows in nanocapil-
laries, the effects of confinement on the fluid structure
and on freezing and melting $for a recent review, see
Alba-Simionesco et al. !2006# and Whitby and Quirke
!2007#, and references therein%. The optimum way to
study the basic !generic# physics is to employ a system
where kinetic measurements are possible at all relevant
length and time scales. Currently the only systems ca-
pable of satisfying all these requirements are complex
plasmas. In Sec. III.G complex plasmas are shown to
have electrorheological properties under certain condi-
tions and that it is possible to “design” the binary inter-
action potential between the particles using external
fields !Ivlev et al., 2008; Kompaneets et al., 2009#. This
will provide great opportunities for future basic and ap-
plied research in a number of fields in condensed matter
physics and beyond, and in particular for confined
!nano#systems.

In this section we concentrate specifically on the first
studies involving liquid complex plasmas, their “kinetic
structure” in confined channel flows, and the depen-
dence on the confinement potential. All confined flow
experiments with complex plasmas have so far been con-
ducted on the ground, i.e., the microparticles are sus-
pended against gravity in the sheath region above the
lower electrode. Horizontal confinement is affected by
nonconducting glass walls !which then attain floating po-
tential#, by conducting segmented electrodes !that can
be actively powered and can be used to transport the

particles#, or by conducting metal channels placed on the
lower electrode.

Teng et al. !2003# reported on the microscopic obser-
vation of the confinement-induced layering in quasi-2D
complex plasma liquids. Two parallel vertical plates
were put on a horizontal rf electrode surface to laterally
confine particles and, hence, to form mesoscopic chan-
nels down to a few interparticle spacings in width. Mi-
croscopically, the particle mutual interaction tends to
generate ordered triangular lattice-type domains with
small amplitude position oscillations, which can be reor-
ganized through string-or vortex-type hopping activated
by thermal noise. However, the boundaries suppress the
nearby transverse hopping. Figure 23 shows some snap-
shots of particle configurations and the corresponding
transverse density distribution for different number of
layers, N. Basically, at larger N, the density profiles with
their decaying oscillation from both boundaries manifest
the confinement-induced !two to three# almost frozen
outer layers near each boundary, which sandwich the
more disordered isotropic liquid with a flat density pro-
file in the center region. The transition to the layered
structure up to the center at N#7 is evidenced by the
appearance of sharp peaks of the density profile. Similar
structure was observed in a series of experiments with
the so-called “dusty balls”—3D spheroidal clusters con-
sisting of a few thousand particles, which have a shell
structure !of three to four layers# near the surface and a

FIG. 23. Liquid complex plasmas in narrow channels. The
typical snapshots of the 7 $m particle configurations and the
transverse particle density distributions ny for different experi-
ments with decreasing number of layers N !width measured in
units of the interparticle spacing#, from 11 to 3. From Teng et
al., 2003.
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More recent experiments: PK-4 @ ISS



Microfluid research

However, the interdisciplinary breakthrough in this research branch is still waiting to 
come: the main difficulties are in the interpretation of the measured data, as it is 
problematic to distill the manifold of forces acting simultaneously on the dust 
particles.

[E.g., Lorentz force, gravity, radiation pressure, drag forces, thermophoretic force, …]

In recent years microfluidics became a hot topic; the flow in narrow channels is of 
interest for high-tech applications in the fields of biology, chemistry, physics and 
environmental science.  The flow in straight channels are usually assumed to be 
laminar and the dynamics is over-damped.  So far the behavior of tracer particles 
(regular or irregular in shape) were used to analyze flow properties.  Dusty plasmas 
provide new possibilities to understand microfluidic flows.



Microfluid research



Microfluid research

Lab-on-chip (LOC) Novel micro- and nano-technologies and fundamental principles
• Micro- and nano-fabrication (including 3D printing, thin films)
• Micro- and nano-fluidics (in continuous and segmented multiphase flow, droplet 

microfluidics, new liquids)
• Micro- and nano-systems (sensor, actuator, reaction)
• Micro- and nano-separation technologies (molecular and cellular sorting)
• Micro- and nano-total analysis system (µTAS, nTAS)
• Digital microfluidics
• Sample preparation
• Imaging and detection

Significant biological, chemical, medical, environmental and energy applications
• Nucleic acid biotechnology and analysis (DNA and RNA sequencing, genotyping, gene 

manipulation)
• Protein analysis (proteomics and metabolomics for targeted and global analysis)
• Medical diagnostics (for example point of care and molecular)
• Medical devices and treatments (including implantable and wireless)
• Drug development (screening and delivery)
• Cells, tissues, organs on chip and integrated tissue engineering
• 3D cell culture
• Single cell analysis
• Cell and organism motility and interactions
• Systems and synthetic biology and medicine
• Energy, biofuels, fuel extraction
• Environmental and food monitoring for health and security



Microfluid research

Narayanamurthy at.al., RSC Adv., 2020, 10, 11652, DOI: 10.1039/d0ra00263a

Lab-on-chip (LOC)

Transport of fluids can be 
active (e.g., by peristaltic pumping) 
or 
passive (enabling simple design)



The experiment: large area CCP

push laser
dust cloud

metal disk

particle flow

This experiment was carried out in the new “large 
area discharge cell” of the CASPER laboratory at 
Baylor University.
The experiment uses a 16-inch flat horizontal 
electrode powered with 13.56 MHz RF electrical 
signal.  The vacuum chamber and the upper 
horizontal mesh with adjustable height serve as 
grounded electrode for the argon gas discharge.

A single layer dusty plasma in the strongly coupled liquid phase 
was formed.  To induce particle flow through a narrow channel, 
two metal disks were placed symmetrically on the powered 
electrode and indirect laser manipulation was applied to prevent 
the introduction of another unknown force onto the particles 
transiting through the channel.



The experiment: formation of the microchannel

Depending on the discharge 
conditions, the flow pattern 
can be adjusted from single 
lane to multilane (up to 4) 
channel width.

The pushing laser is focused 
off-centered into the particle 
plane and is set to 5.5 W @ 
532 nm.



Superposition of 7 subsequent frames

Single lane channel:
 Argon pressure: 8.0 Pa
 RF power: 65 W
 frame rate: 60 fps

Double lane channel:
 Argon pressure: 9.3 Pa
 RF power: 65 W
 frame rate: 60 fps



Superposition of 7 subsequent frames

Triple lane channel:
 Argon pressure: 10.2 Pa
 RF power: 65 W
 frame rate: 60 fps

Quadruple lane channel:
 Argon pressure: 10.7 Pa
 RF power: 65 W
 frame rate: 60 fps



Time-averaged distributions: particle density

For every case, 8,000 video frames @ 60 fps with a resolution of 512 x 2048 pixels were 
recorded.  The spatial resolution was 62.8 pixel/mm.  Coarse and high-resolution distributions of 
particle densities, velocities and accelerations were determined.

The driving force is the difference in density (pressure) between the two sides.

[90x23]

[720x180]



Time-averaged distributions: velocity (1 lane)

velocity amplitude: peaks in the channel, 
directed motion 

x-velocity: zero in the bulk, 
increasing with 
approaching the channel, 
drops rapidly after impact 

y-velocity: alternating in the source, 
oscillating in the channel, bipolar after 
impact (disordered target) 



Time-averaged distributions: acceleration (1 lane)

acceleration amplitude: peaks in the 
bulk, thermal motion 

x-acceleration: positive 
deep in channel, reverses 
only at impact point

y-acceleration: oscillations around particle 
lanes



Time-averaged distributions: velocity (3 lanes)

velocity amplitude: peaks in the channel, 
directed motion 

x-velocity: zero in the bulk, 
increasing with 
approaching the channel, 
drops rapidly after impact 

y-velocity: alternating in the source and 
the target



Time-averaged distributions: velocity (3 lanes)

acceleration amplitude: peaks in the 
bulk, thermal motion 

x-acceleration: low 
modulation amplitude

y-acceleration: oscillations around particle 
lanes



Summary
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Using the “classical” plasma crystal experimental arrangement 
(low power, plane-parallel  RF discharge in some inert gas + monodisperse solid particles),
and forming a stable single layer ensemble the system can be well approximated by a one-

component plasma model.
Introducing indirect laser manipulation, the force balance remains simple (electrostatic + friction) 

and the microscopic insights can be useful to derive universal conclusions.


