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Turbulence in an autooscillating complex plasma
Mierk Schwabe, Sergey Zhdanov, and Christoph Räth

Abstract—We present an experiment on the development of
turbulence in a microparticle cloud in a low temperature plasma
laboratory on board the International Space Station. First, the
complex plasma cloud was stabilized with an alternating electric
field. Once the stabilization was switched off, a so-called heartbeat
instability developed in which the microparticles are oscillating
radially. We show that the kinetic energy spectra develop a double
cascade once the cloud becomes unstable. A double cascade
has been predicted by Kraichnan and Leith for forced twodimensional turbulence, but has only seldomly been observed
in experiments. We also show that the reduced rates of energy
and enstrophy transfer can be used to infer the excitation wave
number kexc , in good agreement with kexc obtained from the
energy spectrum.
Index Terms—Dusty plasma, complex plasma, turbulence,
instability, double cascade

I. I NTRODUCTION
URBULENCE is one of the well-known outstanding
issues of modern theoretical physics, despite being a
common and in many cases key phenomenon. Although turbulence is a well-studied subject, even the definition of what
constitutes a turbulent flow is not commonly agreed upon [1].
Turbulence is often defined by its main features, for instance,
fluid motion on many scales, and a large increase in flow
resistance compared to an imaginary laminar flow under the
same conditions [2]. Turbulence also occurs in systems not
typically expected to be turbulent, for instance viscoelastic
fluid flows with low Reynolds numbers [2]–[6].
In experiments on turbulence in conventional liquids, the
carriers of the interaction are not directly observable. Instead,
typically tracer particles are used – a method that might not
produce reliable results [7]. Commonly, energy spectra are
used to study turbulence. They normally follow a powerlaw dependence E ∝ k −n , where n is the spectral index
and k the wave number. In three dimensions, the energy
spectrum typically shows a E ∝ k −5/3 dependence [8].
In two dimensions, a double cascade can develop when the
turbulence is forced [9], [10], which means that the spectrum
splits into two regimes: At wave numbers that are smaller than
the excitation wavenumer k < kexc (larger spatial scales), the
”inverse cascade” develops with a spectral index of n = 5/3,
and at larger wave numbers k > kexc (smaller spatial scales),
the ”direct cascade” with n = 3 appears. Fig. 1 schematically
depicts this double cascade. The energy flux is mainly directed
towards lower wave numbers (larger spatial scale) in the
inverse cascade range, and the vorticity mainly flows to larger
wave numbers (smaller spatial scale) in the direct cascade.
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Fig. 1. The double cascade in forced two-dimensional turbulence.

The proportionality factors Ci and Cd connect the energy to
the wave number
2/3

E = Ci
E=

2/3
Cd

k −5/3

(1)

k −3 .

(2)

They are proportional to the rates of transfer of kinetic energy
resp. mean-square vorticity (enstrophy) in the inverse/direct
cascade ranges. We will refer to Ci/d as reduced rates of
transfer. The wave number where the inverse and the direct
range merge is exactly the wave number corresponding to the
scale of energy input into the system, kexc , see Fig. 1.
It is difficult to observe both ranges of the double cascade
simultaneously due to the large range of scales that needs
to be covered, and this has only seldomly been achieved in
experiments or simulations [11].
Here, we present an experiment performed in the PK3 Plus Laboratory on board the International Space Station
(ISS) [12]–[14] which allows directly investigating the role
of the fundamental particles as the carriers of the interaction
in turbulence [15]–[22]. We study microparticles immersed
in a low temperature plasma, a so-called complex plasma.
The microparticles acquire high negative charges and interact
with each other. Due to their relatively large size and slow
velocities, their dynamics can be observed in real time. This
makes possible an investigation on the most basic level – that
of the individual particles.
II. E XPERIMENTAL SETUP
The PK-3 Plus Laboratory was hosted on board the ISS
from 2005 – 2013 and operated for 21 missions with three or
four experimental runs of approximately 90 minutes in each
mission. Performing experiments under microgravity conditions is essential for studies of extended three-dimensional
microparticle clouds immersed in a low-temperature plasma.
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Fig. 2. Inverted experimental image with field of view 35 × 18 mm2 . The
black dots are images of microparticles. The central void is visible as particlefree region in the right of the image. Wave ridges (leftwards propagating)
called ”oscillons” [23] can be seen in the middle part of the microparticle
cloud to the left of the void.

In the experiment presented here [18], [22], [23], we analyzed data obtained with the quadrant view camera at a
resolution of approximately 50 µm/pixel and a frame rate of
50 frames per second (fps). This camera observes the left part
of the microparticle cloud up to the central region where a
microparticle-free void typically forms. The void formation
is caused by the interplay of the ion drag force pushing the
microparticles from the chamber center towards the chamber
edges, as well as the interparticle repulsion and the plasma
electric force acting in the direction opposite to that of the ion
drag force [24].
The experiment was performed in an argon plasma at a
pressure of 9 Pa. Melamine-formaldehyde (MF) microparticles
of 9.2 µm diameter and a mass density of 1510 kg m−3 were
inserted into the plasma. Figure 2 shows the inverse of a still
image obtained with the quadrant view camera. Every dot
represents a microparticle. Note the void in the right of the
image.
At the beginning of the experiment, the plasma was stabilized by applying a relatively slowly alternating electric field
in addition to the radio-frequency field sustaining the plasma.
The electric field alternated at frequencies between 42 and
51 Hz, which is too fast for the microparticles to follow, but
slow enough for plasma ions and electrons. The combined
effect of the electric field and that of the streaming plasma
ions was to close the central microparticle-free void, and to
prevent the onset of an instability. Once the stabilization was
turned off, the so-called heartbeat-instability developed – a
regular, heartbeat like expansion and contraction of the void.
The frequency of this pulsation in the experiment presented
here was fHB = 2.8 Hz. The heartbeat instability is thought to
be caused by the periodic formation of a sheath at the void
boundary [25].
To study turbulence, we use the heartbeat to ”stir” the
microparticles and to inject energy. The movement of the
void boundary leads to regular movement of the whole microparticle cloud, and to the formation of slowly drifting
wave ridges which we term ”oscillons”. The formation of the
oscillons is the result of a modulational instability [23]. The
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Fig. 3. Flow field of the microparticles produced with line integral convolution
[27], calculated by averaging over a time period of 5 s. Field of view:
33 × 18 mm2 . Note the vortices with various sizes, see [22].

oscillons are well visible as vertically extended denser regions
in Figure 2. On average, the microparticles move outwards in
the central part of the cloud, and inwards along the edges,
reminding of dipole-type large vortices that are often present
in weightless complex plasma clouds [26]. We believe that the
heartbeat channels the microparticle movement mainly in two
dimensions, i.e. radially and axially, but we cannot exclude
a flow in the third (azimuthal) direction, as we are unable to
trace particles moving that way.
Figure 3 shows the average flowfield. This image was
produced by calculating velocity maps, i.e. the average spatial
distributions of the horizontal (vx ) and vertical (vy ) velocities.
Then we used the method of line integral convolution [27]:
A random background pattern was distorted along the vectors
defined by the velocity maps. Apart from the general radial
movement, vortices on several scales are visible, as is expected
for turbulence.
III. A NALYSIS
We are interested in studying the evolution of the energy
spectra before, during and after the onset of the instability. In
order to obtain the energy spectra, we first measure particle
velocities. Next, we calculate velocity maps vx (x, y) and
vy (x, y) for every recorded frame by averaging velocities in a
sliding window encompassing a time period of 5 s and a radius
of 5 pixel. The size of the sliding window was determined as
optimal to still include dynamical effects while minimizing
the influence of missing data in the velocity maps [22], [28].
Next, we Fourier-transform the velocity maps:
vex (kx , ky ) = FFT(vx (x, y))

(3)

vey (kx , ky ) = FFT(vy (x, y)).

(4)

The map of the kinetic energy in k-space is then given by
E(kx , ky ) = vex 2 (kx , ky ) + vey 2 (kx , ky ).

(5)

In order to obtain the energy for a specific wave vector
modulus range |k| . . . |k| + |dk|, we calculate the average of
all energies E(kx ,ky ) with (kx ,ky ) values matching the given
|k|-range.
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k ≤ 4 mm−1 and 4 ≤ k ≤ 15 mm−1 in Fig. 4 results in n =
1.5 ± 0.5 and n = 3.1 ± 0.3 for the two ranges, respectively.
These values fit the predicted n = 5/3 and n = 3.0 within the
uncertainties.
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V. D ETERMINING THE EXCITATION WAVE NUMBER
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There are several methods to determine the excitation wave
number kexc . First of all, considering the fact that the energy
input stems from the heartbeat instability, we can estimate the
expected excitation wave number as
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Fig. 4. Comparison of spectra before (crosses) and after (circles) the onset
of the instability. The thick dashed lines show dependencies with spectral
indices n = 3 and n = 5/3 as guides to the eye. The vertical thin dashed
line indicates the excitation wave number kexc . Following [22].
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Fig. 5. Kinetic energy spectrum for fully developed turbulence. Ranges with
spectral indices n = 3 and n = 5/3 are marked as guides to the eye.
Following [18].

IV. E NERGY SPECTRA
Figures 4 and 5 show energy spectra obtained at three
points in time: 1) Before the onset of the instability (Fig. 4,
crosses), 2) within the first 50 s after the onset of the instability
(Fig. 4, circles), and 3) for fully developed turbulence (Fig. 5).
Before the onset of the instability, the energy spectrum is
best fitted with an exponential dependence. Exponential energy
spectra can occur in laminar flows and in flows with strong
dissipation [29], [30]. After the onset, the spectrum changes
dramatically at small wave numbers: The energy rises, as is
expected due to the energy input from the heartbeat. But,
interestingly, its characteristic changes to a power-law close
to E ∝ k −5/3 , as predicted for the inverse cascade range in
forced two-dimensional turbulence. At larger wave numbers,
when a power law is fitted, the dependence is close to the
E ∝ k −3 predicted for the direct cascade range. Note that
there is no significant difference between the spectra before
and after the instability onset for large wave numbers. Also in
the case of fully developed turbulence, the two ranges of the
spectrum are well visible, see Fig. 5, and [18] for details.
Fitting this double spectrum separately for the ranges 0.3 ≤

2πfHB
,
CDAW

(6)

where fHB = 2.8 Hz denotes the heartbeat frequency and
CDAW ≈ 6.5 mm/s is the microparticle speed of sound [23].
This results in an expected value of the excitation wave number
kexc ≈ 2.7 mm−1 .
Assuming that the observed double cascade is actually that
predicted by Kraichnan’s and Leith’s theory, we use the fact
that the excitation wave number is just that wave number
where the inverse and direct ranges of the spectrum meet.
Looking at Fig. 4 and 5, we determine kexc ≈ 3.3 mm−1 .
Under the same assumptions, we can alternatively employ
the fact that the energy values determined using equations
(1) and (2) are equal at k = kexc . Thus, we can obtain the
excitation wave number by measuring the reduced rates of
transfer in the two ranges, Ci and Cd . We select wave numbers
ki = 2 mm−1 and kd = 6 mm−1 as representative wave numbers
in the inverse respectively direct range, and determine the
reduced rates of transfer at these wave numbers by using
equations (1) and (2). The excitation wave number is then
obtained by equating (1) and (2)
2/3 −5/3
kexc

Ci
This results in
kexc =

−3
.
= Cd kexc
2/3

√
Cd /Ci = 3.9 ± 0.5 mm−1 ,

(7)

(8)

which agrees well with that determined from the point where
the two ranges meet, and is just slightly larger than that
calculated from the heartbeat frequency and microparticle
speed of sound.
VI. D ISCUSSION AND C ONCLUSION
It is curious that we observe a double cascade in the kinetic
energy spectrum that seemingly fits that predicted for forced
two-dimensional turbulence. Recall that the original work
by Kraichnan assumed an inviscid two-dimensional flow. In
our experiment, the microparticles experience friction from
the background gas and viscosity from the interaction with
neighboring microparticles. Also, we cannot exclude a particle
flow in the third dimension, especially at short scales, even
though it seems that the heartbeat instability channels the flow
radially. Nevertheless, the spectral indices that we obtain from
fitting the spectra agree well with those predicted by Kraichnan
and Leith, and the excitation wave number obtained under
the assumption that their theory is applicable is very close to
that obtained from the heartbeat frequency and microparticle
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velocity of sound. Clearly, further work to investigate this
coincidence is warranted. Thus, complex plasmas have the
potential to serve as an exciting new tool to study turbulence
with the unique capability to directly follow the motion of the
carriers of the interaction.
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