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We report on the first three-dimensional (3D) complex plasma structure analysis for an experiment that

was performed in an elongated discharge tube in the absence of striations. The low frequency discharge

was established with 1 kHz alternating dc current through a cylindrical glass tube filled with neon at 30 Pa.

The injected particle cloud consisted of monodisperse microparticles. A scanning laser sheet and a camera

were used to determine the particle position in 3D. The observed cylindrical-shaped particle cloud showed

an ordered structure with a distinct outer particle shell. The observations are in agreement with performed

molecular dynamics simulations.
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Since the discovery of plasma crystals, many experi-
ments have been performed to quantify the crystalline state
of complex plasmas by means of analyzing the scattered
laser light of the microparticles that were introduced in the
plasma environment. Most of these experiments were re-
lated to two-dimensional (2D) systems (e.g., [1–5]). Only a
few experiments were focused on the analysis of 3D struc-
tures [6–14]. Extensive analysis on the crystallization
phase transition by means of structural properties of a
substantial particle cloud has been performed for 2D—
[3] as well as 3D [12]—particle systems in radio-frequency
discharges (the analysis of the 3D particle system was
based on a 2D cross section analysis). A full 3D recon-
struction has so far been reported only for systems smaller
than a few hundred particles [10,15]. For dc discharges,
crystalline systems have been investigated only in stria-
tions [8] or in double dc-plasma environments [16].
However, a full 3D structure analysis of these systems
has not been performed.

Here we present for the first time a full 3D reconstruc-
tion of a microparticle cloud in a low frequency discharge
plasma. In contrast to typical complex plasma experiments
in dc discharge tubes [8], the particles in the experiment
described here were not levitated in striations, where strong
variations in the electric field lead to inhomogeneities in
particle clouds even on small scales. Instead, the particles
were confined in a horizontally mounted discharge tube,
levitated by the radial electric field of the plasma sheath
that was aligned with the tube walls. The discharge con-
ditions were selected in a way that no striations were
present in the positive column. In this way, large homoge-
neous particle clouds could be established.

The experiment setup was similar to the dc discharge
experiment facility ‘‘PK-4’’ [17] that is being developed
for complex plasma microgravity experiments aboard the
International Space Station. The heart of the setup was
given by a ‘‘U’’-shaped discharge glass tube as sketched in
Fig. 1. The discharge tube was filled with Ne at a pressure
of 30 Pa using a flow controller for gas inlet on one side of

the tube and a vacuum pump on the other side. For stability
reasons, the gas inlet as well as the pump could be dis-
connected by valves so that experiments without gas flow
but with stable discharge conditions could be performed.
The stability period was about 10 minutes with closed
valves. After this time, gas refreshment was necessary to
avoid plasma parameter drift.
To ignite a plasma, a voltage of about 1000 V was

applied along the discharge tube between the driven elec-
trodes. This corresponded in our case to a dc current of
1 mA through the plasma. Under these circumstances, a
longitudinal electric field is present in the discharge ac-
companied by a substantial directed ion flow. Since
charged microparticles react to the electric fields as well
as the ion flow, no steady-state conditions for micropar-
ticles introduced in the discharge can be reached in such a
case. To compensate the effects of the longitudinal electric
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FIG. 1 (color online). Experimental setup. The tube had an
inner diameter of 30 mm and a length of 750 mm with electrodes
on both ends. The part of the discharge tube that was aligned
perpendicular to the gravity vector had a length of about 350 mm
with flat windows at the sides for optical illumination and
observation purposes. To assure clean gas conditions, the dis-
charge tube was always evacuated for several hours before each
experiment, reaching base pressures below 10�3 Pa.
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fields on particles in the plasma, the polarity of the voltage
between the electrodes was switched with a frequency of
1 kHz. This frequency is far above the response frequency
of the ‘‘heavy’’ microparticles in the experiments, so that
the particles ‘‘see’’ a time-averaged zero longitudinal elec-
tric field and ion flow.

The particle cloud consisted of monodisperse, spherical
melamine formaldehyde micron-sized particles of radius
rp ¼ ð2:4� 0:1Þ �m and mass density �p ¼ 1:51 g=cm3.

The particle injection was via a dispenser mounted on one
side of the glass tube. By changing the duty cycle of the
polarity-switched plasma current, a time-averaged net
force along the tube can be set. As a result, the particle
cloud can be moved to any desired position within the tube.
Our experiments were conducted with the particle cloud in
the center of the discharge tube which was horizontally
aligned. The particle cloud is then confined by the radial
electric field of the sheath as well as horizontally by a weak
confinement potential caused by the bends in the glass tube
on both sides. The overall shape of the particle cloud
represented the confinement structure in the discharge
tube. The thickness and density of the cloud was higher
in its center, while its size reduced to a few layers or even a
single particle string at both ends. Typical length of the
dust cloud was about 10 cm.

The particles were illuminated by a horizontally aligned
sheet of laser light with a power of �20 mW at a wave-
length of 686 nm. The minimal thickness of the illumina-
tion sheet was about �L ¼ ð150� 30Þ �m. The positions
of the particles were recorded with 50 frames per second
by a camera that had a field of view of 26 mm along the
tube and 10 mm across it.

Both camera and laser were attached to a translation
stage that allowed for scans in height with a constant
velocity while keeping the relative positions of camera
and laser sheet fixed. The optimal scanning velocity was
found to be 0:2 cm=s for two reasons. First, the velocity
has to be low enough that the same particles appear at least
in a few consecutive frames of the scan, and, second, the
particle motion time (changes in 3D structure) is large
compared to the scanning time. To determine the full
spatial position of each particle, every particle position
within each frame of a scan was identified. Using a corre-
lation analysis, corresponding particles in consecutive
frames were identified, and from these particle tracks the
three-dimensional particle positions were calculated using
the (light) intensity weighted x and y positions and frame
number, which is related by the scanning velocity with the
z coordinate. This diagnostic method has been also used in
our group by Zuzic et al. [7].

After injection of the particles and positioning of the
particle cloud, the particles within the cloud did not have a
well defined arrangement; i.e., the cloud was in a disor-
dered state. A few minutes later, the first layers started to
separate in the upper part of the particle cloud. About
10 minutes after injection, the system showed a partly

ordered structure. At this time, a scan was performed
shortly before the gas refreshment cycle that would destroy
the structure of the particle system. The three-dimensional
positions of the particles in the observed part of the cloud
are presented in Fig. 2. Particle positions are overlaid for all
microspheres in the cloud showing the projection of the
system in the side view and top view (images in Fig. 2,
upper part and lower part, respectively). As can be clearly
seen, the particles in the bulk of the cloud represent a kind
of vertically orientated structure with a single distinct outer
particle layer that represented the structure of the radial
confinement across the discharge tube.
To be able to compare the structural properties with

molecular dynamics (MD) simulations, we had to estimate
the corresponding experiment parameters. Using plasma
parameter measurements from Ref. [18] (obtained using
the same experimental setup), we estimate for the pressure
of 30 Pa and the discharge current of 1 mA an electron and
ion density of ne � ni � 108 cm�3, an electron tempera-
ture of Te � 6 eV, and an ion temperature of Ti �
0:03 eV. The corresponding characteristic length scales
were �D ¼ 120 �m for the combined Debye length (�D ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=�2

De þ 1=�2
Di

q
, where subscript e stands for electron

and i for ion) and �imfp ¼ 180 �m for the ion mean free

FIG. 2 (color). Experimentally recorded particle positions in
the y-z and x-y planes (see orientation in Fig. 1). Particles are
color-coded by corresponding third coordinate presented in
millimeters. About 6000 particles were detected.
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path. Using a 3D pair correlation analysis, we obtained for
the interparticle distance � � 500 �m. From the ‘‘orbit
motion limited’’ equation [19] and taking into account a
correction for the charge reduction as obtained in Ref. [20]
for the ratios rp=�D � 0:02 and �D=�imfp � 0:7, we esti-

mated the charge of the particles to have been Zd ’ 5�
103 electrons. As a result, we could calculate the cou-
pling parameter � ’ 10, using the definition � ¼
Z2
D expð�kÞ=�Td, where k ¼ �=�D � 4. This would

theoretically represent a liquid state.
For the molecular dynamic simulations, we assumed that

all microparticles have the same charge Zd ¼ 3� 103e,
where e is the electron charge, and the pair interaction
between the particles is described by a screened Coulomb
(Yukawa) potential �ðrÞ ¼ Zd=r expð�r=�DÞ, with r the
distance between the particles and �D the screening length.
The system of equations

m€ri ¼ �Zd

Xr��m� _ri �mgþLi (1)

was solved for each particle using the standard Verlet
algorithm, where � describes Epstein friction. The terms
on the right-hand side of Eq. (1) describe the electrostatic
interaction between particles, neutral drag, gravity, and the
stochastic Langevin force (thermal noise induced by par-
ticle collision with the neutral gas) defined from
hLiðtÞLjðtþ �Þi ¼ 2�mkBT�ij�ð�Þ, with the zero-mean

condition hLiðtÞi ¼ 0 (e.g., [21]).
Initially N ¼ 6000 particles were randomly distributed

over a cylinder of radius rc � 1 cm. Periodical boundary
conditions along z and parabolic confinement in the x-y
plane were used. The parameters were similar to those of
the experiment (particle size, mean interparticle distance
�, neutral gas density). Figure 3 shows typical particle
positions at the steady-state stage for � ’ 10.

3D particle positions can be used to define the local
order of particles, which in turn gives us the key informa-
tion about the phase state of the system to be investigated.

To determine the local order of the particles, a bond
order parameter method is used [22]. In the framework of
this method, the local rotational invariants for each particle

are calculated and compared with those for ideal lattice
types such as fcc/hcp/bcc. Local rotational invariants of
second order qlðiÞ and third order wlðiÞ are calculated for
each particle i by using NbðiÞ nearest neighbors:

qlðiÞ ¼
�

4�

ð2lþ 1Þ
Xm¼l

m¼�l

jqlmðiÞj2
�
1=2

; (2)

wlðiÞ ¼
X

m1 ;m2 ;m3
m1þm2þm3¼0

l l l
m1 m2 m3

� �
qlm1

ðiÞqlm2
ðiÞqlm3

ðiÞ;

(3)

where qlmðiÞ ¼ 1
NbðiÞ

PNbðiÞ
j¼1 YlmðrijÞ and Ylm are the spheri-

cal harmonics and rij ¼ ri � rj, where ri are the coordi-

nates of ith particle. In Eq. (3),

l l l
m1 m2 m3

� �

are the Wigner 3j symbols, and the summation in the latter
expression is performed over all indices mi ¼ �l; . . . ; l,
that satisfy the condition m1 þm2 þm3 ¼ 0.
To define the local order around a particle, we used q4,

q6, and w4. Figure 4 shows the simulated distributions of a
Yukawa system of particles in the q4 � q6 plane for a
liquidlike system (�� 1) [Fig. 4(b)] and a crystallized
one (� ’ 104) [Fig. 4(a)]. Results of the experiment are

FIG. 3 (color online). MD simulations of the Yukawa system
of dust particles. Snapshot of particle positions at steady-state
stage.
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FIG. 4 (color). Distribution of dust particles at different values
of � in the plane of local order parameters q4 � q6 (calculated
by using 12 nearest neighbors) as seen from MD simulations of
Yukawa systems of particles together with experimental data.
Scattered data are color-coded by the third-order rotational
invariant w4 value. Data for ideal hcp (4) and fcc (5) are also
plotted. Distribution (b) shows liquidlike system with �� 1,
while case (a) corresponds to a crystallized Yukawa system with
� ’ 104. Experimental data are scattered within the area marked
with (c) and in detail presented in the inset.
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plotted revealing liquidlike behavior of the observed data
[Fig. 4(c)]. To obtain the crystallized Yukawa system, we
performed 3D MD simulations of 6000 particles in a box
with external confinement of a hard wall type in the vertical
direction (z) with periodic boundary conditions in the
horizontal (x and y) directions.

From both projections presented in Fig. 2, some macro-
structures are visible. In the y-z projection, formation of
layers is very well pronounced. In the central part of the
cloud, layers are parallel, while on the ends in the radial
direction they are curved following the shape of the con-
finement. Outer particles form a shell structure around
these layers, and the shape of this shell is strongly depen-
dent on the plasma confinement and particle number [23].
In a first step, the shell was unfolded, and then a triangu-
lation and Voronoi analysis were done. The particle ar-
rangement in this unfolded shell was analyzed, and the
results are presented in Fig. 5. The shaded area around the
particles represents particles which have 6 nearest neigh-
bors, and they make up about 50% of all particles in this
shell. About 25% of all particles have 5 neighbors, and
about 20% have 7 neighbors. For a 2D plane, a sixfold
structure represents the ground state in the crystal state, so
the percentage of the sixfold structure can be used for the
determination of the coupling parameter � [24]. By com-
paring this results with simulations [24], the value of � in
this measurement is estimated to be about 10, which is
consistent with our independent estimations based on the
plasma parameters.

In this Letter, we presented the first 3D analysis of a
complex plasma in a dc discharge environment. The dis-
charge was switched at a rate of 1 kHz to produce striation-
free plasma. The 3D analysis of the particle cloud showed a
liquidlike structure with locally enhanced structural prop-
erties that indicated that the system was near crystalliza-
tion. Molecular dynamics simulations were performed
taking into account the experimental conditions. The simu-
lated and experimental results were analyzed using meth-
ods to quantify the dynamical properties of liquidlike or
glassy systems. Simulation and experiment showed good
agreement. In addition, both showed a transition of a more
structural particle arrangement from the outside of the
particle cloud to a more irregular arrangement on the in-

side. On the outside, a shell-like structure could be ob-
served. This could be of special interest, since it suggests
that physical properties such as the shear viscosity might
be anisotropic. The observed shell structure does not con-
tradict the liquid behavior of the system, since it consists of
only a few layers corresponding to a real liquid on the
nanoscale. Thus confined complex plasma systems might
help us to understand similar generic properties of other
cylindrical-shaped systems, particularly those on the nano-
meter scale.
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