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A rotating dusty plasma apparatus was constructed to provide the possibility of experimental emulation

of extremely high magnetic fields by means of the Coriolis force, observable in a corotating measurement

frame. We present collective excitation spectra for different rotation rates with a magnetic induction

equivalent of up to 3200 T. We identify the onset of magnetoplasmon-equivalent mode dispersion in the

rotating macroscopic two-dimensional single-layer dusty plasma. The experimental results are supported

by molecular dynamics simulations of 2D magnetized Yukawa systems.
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In the last decades, dusty plasmas have been success-
fully applied to study collective and transport phenomena
in strongly coupled (solid and liquid) many-body systems.
This is of prime interest to many fields where strong
correlations are crucial, including dense astrophysical sys-
tems [1], warm dense matter, trapped ions [2], ultracold
neutral plasmas [3], and atomic gases (see, e.g., Ref. [4]).
In many of these systems magnetic fields are present (e.g.,
stellar plasmas) or they might be used to control the
collective properties. While the interaction of magnetic
fields with single particles is well understood, the mutual
effect of strong correlations and magnetization remains
open, and dusty plasmas are an ideal candidate to study
this fundamental question.

The presence of a strong external magnetic field is
expected to introduce qualitatively new features to dusty
plasmas as all charge-dependent forces that act upon the
dust grains can potentially be modified [5]. Recent numeri-
cal simulations of a strongly correlated one-component
plasma model system have already made predictions
regarding the collective mode structure [6–9], domain
coarsening [10], and anomalous transport properties [11].
The direct experimental realization, although rapidly pro-
gressing, is facing serious fundamental challenges.
Already in early dusty plasma experiments utilizing exter-
nal magnetic fields, it was realized that the observed
rotation of the dust cloud is mediated by the azimuthal
component of the ion drag force and not by a direct effect
of the magnetic field on the charged dust particles [12,13].
It is naturally the particles’ charge-to-mass ratio Q=m that
determines the effect of external electromagnetic fields on
their trajectories. Atomic plasma particles (electrons and
ions) have several orders of magnitude higher Q=m values
than charged dust, and thus are much more sensitive to the
magnetic field. In laboratory dusty plasmas, already the

Earth’s weak magnetic field is sufficient to slightly bend
electron and ion trajectories, which drive a slow but defi-
nite rigid-body-like rotation of the dust particle ensembles
in experiments [14]. High magnetic fields have more dra-
matic effects (like filamentation) on the gas discharge
plasma, as shown in Refs. [13,15] for a typical capacitively
coupled radio frequency experimental setup, most fre-
quently used in this type of studies. A systematic study
aiming to find the operational conditions where the back-
ground plasma remains homogeneous was performed by
Konopka [16]. In the light of these results, we can conclude
that magnetizing the dust cloud without destroying the
discharge homogeneity is extremely challenging, espe-
cially for the observation of propagating waves, as those
can only be measured in a low friction (low pressure)
environment, where the filamentation of the discharge is
observed to be the most pronounced.
An alternative method to investigate magnetic field

effects was suggested in Refs. [17,18], based on the equiva-

lence of the magnetic Lorentz force Qð ~v� ~BÞ and the

Coriolis inertial force 2mð ~v� ~�Þ acting on moving
objects when they are viewed in a reference frame rotating
with frequency � (also called Larmor theorem). The dust
particle ensemble can be forced to rotate via the drag by the
background gas, driven by a rotating electrode [14].
Subtracting the rigid-body rotation from the trajectories
of the particles makes it possible to observe the effect of
the Coriolis and the centrifugal component of the inertial
force, where the latter simply softens the horizontal con-
finement. In Ref. [17], experimental proof of this concept
was presented by investigating the normal mode fluctua-
tion frequency spectrum of a two-dimensional (2D ¼
single layer) four-particle cluster. In such a configuration,
some of the frequencies are degenerate without magnetic
field (rotation), which split into separate frequencies at
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finite magnetic fields (rotations). Due to the very different
time scales characterizing the discharge plasma and the
dust dynamics, we can safely neglect the effect of a few
revolutions per second (rps) rotation on the background
plasma, as well as on the dust charging. The magnetic-
rotating analogy is limited to vertical magnetic fields
(perpendicular to the dust particle layer in laboratory
experiments), but can reach equivalent magnetic induction
strengths far beyond the limits of present superconducting
magnets. We expect, that rotating dusty plasmas are a
valuable alternative approach to overcome the fundamental
difficulties of creating magnetized dusty plasmas, but only
as long as the dynamics of the dust particles is concerned.
Processes involving the atomic plasma constituents (e.g.,
dust charging, wakefield formation, Coulomb shielding,
plasma filamentation, etc.) are not accessible with this
approach.

In this Letter we present our experimental results on
wave dispersion in 2D rotating dusty plasmas, with an
equivalent magnetic induction of up to 3200 T, that are
expected to be relevant for a broad class of strongly corre-
lated magnetized macroscopic systems. The experiments
were performed in our dust plasma setup already intro-
duced in Ref. [19]. The lower electrode has been modified
according to Fig. 1, showing the schematic sketch of
our ‘‘RotoDust’’ setup. The lower, powered electrode is
mounted on a ceramic (insulating) ball bearing and fea-
tures an outer glass cylinder with inner diameter of 170 mm
and height of 80 mm to provide uniform gas rotation and
to enhance the horizontal confinement of the dust cloud. At
high rotation rates, above 1 rps, the centrifugal force
becomes dominant; thus, an additional small glass cylinder
with inner diameter of 36 mm is placed in the center of the
electrode to further enhance the electrostatic confinement.
In light of this, two experimental campaigns have been
performed for rotation rates 0–1.5 rps (without the small
glass cylinder) and for 3–4 rps (with the small glass
cylinder).

In our approach the particle trajectories have to be traced
in a corotating frame. To realize this, we have designed an
optical setup that is able to rotate the image in synchrony
with the dust cloud. Our imaging system utilizes three
photographic lenses and a Dove prism mounted on a
rotatable support, as show schematically in Fig. 2. The
video sequences were recorded with a Prosilica GX1050

camera with 100 fps at 1024� 1024 pixel resolution or
200 fps at 512� 512 pixel resolution for typically 5 min.
In the first experiment we have prepared a single layer dust

cloud consisting of approximately N ¼ 1000 melamine-
formaldehyde particles with a diameter of 4:38 �m and
mass m ¼ 6:64� 10�14 kg, in a 1.0 Pa, 10 W argon rf
(13.56 MHz) plasma. To obtain information on the collective
excitations we use the method based on the Fourier transform
of the microscopic current fluctuations, as in molecular dy-
namics (MD) simulations [20]. For example, the longitudinal
current �ðk; tÞ ¼ P

jvjxðtÞ exp½ikxjðtÞ� (utilizing the mea-

sured particle positions xj and velocities vj) yields the

longitudinal current fluctuations Lðk;!Þ as

Lðk;!Þ ¼ 1

2�N
lim

�T!1
1

�T
j�ðk;!Þj2; (1)

where �T is the length of the data recording period and
�ðk; !Þ ¼ F ½�ðk; tÞ� is the Fourier transform of �ðk; tÞ.
Here,we assume that ~k is directed along the x axis (the system
is isotropic) and accordingly omit the vector notation of the
wave number.
Figure 3 shows the longitudinal and transverse current

fluctuation spectra of the system without rotation. This
measurement serves as the basis to determine the dust
particle charge and screening length assuming a Yukawa
(screened Coulomb) interaction between the particles. The
wave number is presented in a dimensionless form, nor-
malized with the Wigner-Seitz radius a ¼ 1=

ffiffiffiffiffiffiffi
�n

p
, with n

being the particle number density.
The ratio of the measured longitudinal and the trans-

verse sound speeds (slopes at k ! 0) is 3.7, which corre-
sponds to a hexagonal Yukawa lattice with a screening
parameter � ¼ a=�D ¼ 0:7 [21]. For such a lattice the
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FIG. 1. Schematics of the ‘‘RotoDust’’ electrode configuration.
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FIG. 2. Schematics of the image rotating optical configuration.

FIG. 3 (color online). Longitudinal (a) and transverse
(b) current fluctuation spectra of the single layer dust cloud
without rotation (� ¼ 0). Color scale is linear; values are in
arbitrary units and are dropped.
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ratio of the nominal plasma frequency !p ¼
Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n=ð2"0maÞp

and the plateau frequency of the dispersion
is 0.78. Matching this with our experiments resulted in the
following system parameters: average dust particle charge
Q1 � 6600e, Debye screening length �D;1 � 0:35 mm. It

is reasonable to expect that these parameters do not change
when turning on the rotation of the electrode.

The spectra obtained for a moderate rotation of 1.45 rps
(� ¼ 9:1 rad=s; see Fig. 4) already show the onset of the
magnetoplasmon mode in the longitudinal spectra, where
the dispersion at k ¼ 0 of the originally acoustic mode
develops a frequency gap with a magnitude of ! ¼ 2� ¼
18:2 rad=s. The plateau frequency of the longitudinal dis-
persion is reduced from 100 to 85 rad=s, which, due to the
reduction of the density, is an effect of the centrifugal
force. Broadening of the high intensity features in the
spectra indicates that—compared to the nonrotating
case—the system is closer to the liquid state and has a
lower Coulomb coupling, as predicted in Ref. [17]. Besides
these physical effects, some artifacts from the small imper-
fections of the experimental setup (mostly the misalign-
ment of the optical and rotational axis) show up as
multiples of the rotation frequency.

By inserting the small glass cylinder onto the rotating
electrode, wewere able to increase the rotation speed while
keeping the particles in the center, forming a single layer
configuration. The diameter of the inner glass cylinder
naturally restricts the size of the dust cloud. Due to the
significantly enhanced electrostatic confinement, a large
cloud that forms a stable single layer under fast rotation
becomes unstable and collapses to a 3D system (sometimes
called a ‘‘Yukawa ball’’) when stopping the rotation. In this
case, to determine the system parameters (dust charge and
screening length), we had to use an alternative method to
that based on the sound speeds. Here, we inserted two dust
particles into the discharge plasma (0.9 Pa argon at 8 W rf
power) and traced their motion without rotating the elec-
trode. The frequency spectra of the center-of-mass position
and the interparticle distance showed two distinct peaks.
We assume a harmonic confinement (trap) potential in
form of VtrðrÞ ¼ 1

2m!2
trr

2 and a Yukawa interaction

between the particles with potential energy VYðrÞ ¼
Q2 expð�r=�DÞ=ð4�"0rÞ. Using the measured average
interparticle distance r0 ¼ 0:55 mm and oscillation fre-
quencies, the system parameters can be calculated based
on the harmonic approximation by solving Eqs. (2) and (3)
of Ref. [22]:

Q2

4�"0
¼ 1

2
m!2

tr

r30�D

r0 þ �D

er0=�D;

!2
ip ¼ 3!2

tr

r20 þ 3r0�D þ 3�2
D

�Dðr0 þ �DÞ ;

(2)

where!tr ¼ 20:1 rad=s and!ip ¼ 44:8 rad=s are the mea-

sured frequencies of the center-of-mass and interparticle
distance oscillations, respectively. The solution of Eq. (2)
results in the system parameters of the second experimen-
tal campaign: Q2 ¼ 6300e and �D;2 ¼ 0:205 mm. Error

propagation analysis shows that �10% uncertainty in the
determination of the frequencies results in�� 17% varia-
tion in Q and �D.
Collective mode fluctuation spectra were measured on

ensembles of 200–300 particles. The rotation rate was
individually adjusted to prepare stable, homogeneous
(with variation within�10% of the average density) single
layer configurations. The systems did not show clear lattice
ordering, but particle neighborhoods were stable over sev-
eral periods of revolution. Based on the observed particle
densities, using the previously determined charge and
screening data, the parameters characterizing the investi-
gated systems are collected in Table I.
In addition to the experiments, we have performed two-

dimensional molecular dynamics simulations with periodic
boundary conditions for N ¼ 16 320 particles, which
encompass a measurement time of!pt ¼ 105. These simu-

lations incorporate a magnetic field of arbitrary strength
exactly through the use of a suitable integration scheme [23]
and are carried out in the microcanonical ensemble, with-
out friction. The simulations were performed on a strongly
coupled liquid system with a Coulomb coupling parameter
� ¼ Q2=ð4�"0akBTÞ ¼ 120. The computed data are used

FIG. 4 (color online). Longitudinal (a) and transverse
(b) current fluctuation spectra of the single layer dust cloud
with a moderate rotation of � ¼ 9:1 rad=s.

TABLE I. System parameters of the experiments. a–Wigner-
Seitz radius, �–rotation frequency, �–Yukawa parameter, !p–

nominal plasma frequency, �–magnetization parameter (ratio of
the cyclotron and plasma frequencies), Beq–equivalent magnetic

induction.

Quantity Expt. a Expt. b Expt. c

a [�m] 326� 30 298� 10 398� 10
� [rad=s] 23:3� 0:1 22:8� 0:1 25:0� 0:1
� ¼ a=�D;2 1:59� 0:1 1:45� 0:05 1:94� 0:1
!p [rad=s] 89:2� 3 102:1� 4 66:1� 2
� ¼ 2�=!p 0:52� 0:05 0:45� 0:05 0:76� 0:08
Beq ¼ 2m�=Q [T] 3065� 150 3000� 150 3290� 160
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to calculate the longitudinal current fluctuations according
to Eq. (1).

Figure 5 shows the longitudinal current fluctuation spec-
tra for the three sets of measurements and numerical
simulations of the corresponding magnetized systems.
The experimental power spectra show very well developed
magnetoplasmon character, with gap frequencies exactly
matching the predicted value of 2�. The gap frequency in
the simulations is given by the cyclotron frequency. At low
wave numbers, the excitation frequency in both the experi-
ment and the simulation increases with the wave number
until it reaches a maximum around ka � 1:5 . . . 2, depend-
ing on the parameters. At the same time, the damping of the
waves increases. This behavior is in agreement with pre-
vious simulations and a theoretical analysis [7] based on
the quasi-localized-charge approximation [24].

A more detailed comparison of experimental and com-
puted wave dispersions is presented in Fig. 6. The best
agreement is observed for � ¼ 0:52 [see Fig. 6(a)], where
even the position of the maximum is well reproduced by

the simulation. In Fig. 6(b) [� ¼ 0:47], the agreement is
excellent in the long-wavelength limit up to ka � 1:5. For
smaller wavelengths the experiment shows a slightly
stronger decrease of the frequency than the simulation.
The agreement at the highest magnetization of � ¼ 0:76
[see Fig. 6(c)] is still good, but the experimental spectra
exhibit a higher phase velocity for small k, and the fre-
quencies are consistently slightly higher than in the simu-
lation. Considering the experimental uncertainties for the
parameters entering the simulation, the agreement between
the experiment and the simulation is excellent.
In summary, we have constructed a new experimental

setup able to realize and observe rotating dusty plasmas in
the corotating frame. The RotoDust setup is able to create
effective magnetizations in a strongly coupled dusty
plasma that are impossible to approach with superconduct-
ing magnets. At the highest rotation speed, we have
achieved effective magnetic fields of 3200 T. Converted
into dimensionless parameters the effective magnetization
� reaches 0.76, which is typical for many strongly
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FIG. 6 (color online). Experimental (symbols) and computed
(lines) longitudinal wave dispersion. Labeling follows that of
Table I and Fig. 5.

FIG. 5 (color online). Experimental and computed longitudinal
current fluctuation spectra of the single layer dust with rotation
frequencies (a) �a ¼ 23:3 rad=s, (b) �b ¼ 22:8 rad=s,
(c) �c ¼ 25 rad=s, and magnetizations (d) �a ¼ 0:52,
(e) �b ¼ 0:45, (f) �c ¼ 0:76, as listed in Table I. !c ¼ �!p is

the cyclotron frequency.
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magnetized and strongly correlated plasmas in compact
astrophysical objects [17].

The analysis of the wave spectra as observed in the
rotating frame clearly shows the equivalence of the rotating
dust cloud and a magnetized plasma. The k ! 0 gap
frequency is found at twice the rotation frequency, which
corresponds to the cyclotron frequency in a magnetized
system. The excellent agreement with wave spectra from
molecular dynamics simulations indicates the first experi-
mental observation of the magnetoplasmon in a strongly
correlated plasma. Moreover, the simulations confirm that
the setup can be used for quantitative studies of extended,
macroscopic strongly coupled magnetized plasmas. While
we have focused on the fundamental current spectra,
several other plasma properties, including diffusion [11]
or viscosity, are affected by a strong magnetic field, and are
now accessible experimentally. The RotoDust setup opens
the way for these investigations in the near future.
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