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A single-layer suspension of microparticles was formed in a plasma under microgravity conditions.
This single layer is confined at a void boundary by a balance of ion drag and electric forces, where
the ion flow velocity is much slower than in the sheath of laboratory plasmas. Using a
high-resolution camera that allows measurements of velocities at a low level, the microparticle
kinetic temperature was found to be close to that of the neutral gas. The random motion transverse
to the single layer was found to have oscillations of the form expected for harmonic oscillators
driven by white noise. The driving of the oscillation is mostly attributed to the Brownian motion of
neutral atoms, while the damping is mostly due to neutral gas friction. An observed resonance
frequency of 25 s−1 allows us to quantify the electric and ion drag forces as being in the range of
0.2–0.4mpg, where mp is the microparticle mass and g is the acceleration of gravity on Earth’s
surface. No signature of wave dispersion was detected for this experiment with neon at a pressure
of 0.12 Torr. © 2009 American Institute of Physics. �DOI: 10.1063/1.3204638�

I. INTRODUCTION

A dusty plasma �also termed as complex plasma� is an
ionized gas containing electrons, ions, and small particles of
solid matter, i.e., microparticles. The dynamics of the micro-
particles are of particular interest in astrophysics because of
objects such as planetary rings, comet tails, and nebulae that
include dusty plasma.1 Dusty plasma is also of interest for
industrial processing of semiconductor chips.2 Additionally,
dusty plasma has uses in fundamental physics because the
microparticles in plasma self-organize in equilibrium posi-
tions that mimic crystalline and liquid structures in con-
densed matter physics.3–22 Experiments with dusty plasmas
are often done by introducing microparticles into a glow dis-
charge plasma, where they became electrically charged and
confined in a suspension. The charge is usually negative
when the surrounding plasma consists of positively charged
ions and negatively charged electrons. The charge can be as
large as thousands of elementary charges for particles larger
than a micron. Here, we will study oscillations of micropar-
ticles in a suspension consisting of a single layer.

The experiment reported here was performed under mi-
crogravity conditions. One advantage of performing experi-
ments with microgravity is the ability to reduce the aniso-
tropy and nonequilibrium effects arising from high velocity
ion flow. In most ground-based experiments, due to gravity,
microparticles are suspended in a sheath between the main
plasma and electrode. In this sheath, electric fields are strong,
and they drive ion flows that provide a source of energy for
microparticles. Under microgravity conditions, micropar-
ticles are suspended in the main plasma, where the electric
field and the resulting ion velocity are much lower, so that
we can achieve conditions that are less anisotropic and more
nearly like equilibrium conditions.

A. Forces acting on a single microparticle

Many forces can act on a microparticle, most impor-
tantly an electric force QE due to an electric field E. Addi-
tional forces include gravity, ion drag, gas friction, and the
thermophoretic force.

The forces we have listed above can be classified ac-
cording to whether they are conservative. Gravity is of
course a conservative force. The electric force is a conserva-
tive force as well if the charge is constant. �In a dusty
plasma, the charge can vary with local conditions23 such as
ion velocity, although this can be a small effect, if the mi-
croparticles do not move a great distance.� Gas drag and ion
drag vary with velocity and therefore are nonconservative
forces, as will be discussed later.

Gravity is often a dominant force for microparticles
larger than a micron in ground-based experiments. The ef-
fects of gravity can be mostly eliminated by performing the
experiment in free fall; this has been done in sounding-rocket
flights,24 space stations,25–28 and parabolic flights of
aircraft.29

The electric force QE on a microparticle arises from two
kinds of electric fields. First, in the absence of other micro-
particles, there is a natural electric field due to ambipolar
transport in the plasma. Second, when there are many micro-
particles, they also experience a mutual repulsion due to their
negative charges, which can result in wave propagation.

The gas drag force is the resistance experienced by a
microparticle moving through a gas. For a microparticle with
a size smaller than the gas mean-free path, and with a veloc-
ity slower than gas molecule’s thermal velocity, gas drag is
modeled by the Epstein expression30,31
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Fgas = 4��Nmc̄rp
2V/3, �1�

where N, m, and c̄ are the number density, mass, and mean
thermal speed of gas atoms, respectively, rp is microparticle
radius, and V is microparticle’s velocity relative to the gas.
The coefficient � depends on how gas molecules scatter from
the microparticle’s surface.30 Dividing Fgas by the micropar-
ticle’s momentum mpV yields the Epstein damping rate

�E = 4��Nmc̄rp
2/3mp, �2�

which is independent of the velocity of the microparticle.
Here, mp is the microparticle’s mass. We expect any fluctua-
tions in microparticle motion to be damped away for times
longer than �E

−1.
Neutral gas atoms apply drag not only to microparticles

but also to ions. When the ion-neutral mean-free path is
smaller than the dimensions of the main plasma, as in our
experiment, ion motion will be mobility limited, with a drift
velocity that depends on electric field and a mobility coeffi-
cient. At low electric fields, ion velocity scales linearly with
electric field. A typical mobility-limited ion velocity in the
main plasma of a gas discharge is about 104 cm /s �with a
mobility coefficient of about 2�104 cm2 V−1 s−1 �Ref. 32�
in a 1 V/cm electric field in neon gas at a pressure of 0.1
Torr�. This ion velocity is six orders of magnitude higher
than the microparticle velocity, which is typically 0.01 cm/s
�for 10 �m diameter particles with a kinetic temperature of
300 K�. At higher electric fields, the scaling of ion velocity
with electric field is weaker than linear.32

Ion drag is a force of an electrical nature that is imparted
onto microparticles by momentum transfer from ion
flows.33–35 Ions, accelerated by electric field in plasma, exert
a force on a microparticle that is in the direction of ion flow.
The magnitude of the ion drag force FID depends on the flow
speed, which ultimately depends on the electric field. Near
the center of the plasma, where the electric field and ion flow
velocity are smallest, FID scales mostly linearly with ion ve-
locity and therefore with electric field. Under these circum-
stances, FID is almost proportional to electric field. However,
at higher electric fields, as found for example near the
plasma-sheath edge, the ion velocity is higher, and the scal-
ing of FID varies nonlinearly with ion velocity with a maxi-
mum at approximately the ion thermal velocity.

Although the ion drag force varies with the relative ve-
locity of microparticles and ions, this force can be nearly
conservative. There are two reasons for the nearly conserva-
tive nature of the ion drag force for conditions as in the
experiment reported here. First, near the low-field conditions
near the plasma center, the ion drag force is nearly propor-
tional to the electric field as explained above, so that it is
nearly conservative. Second, the ion drag force is almost
constant for small-amplitude motion of microparticles. This
is true because the ion velocity is typically six orders of
magnitude higher than the microparticle velocity. As a mi-
croparticle moves about randomly, toward, and then away
from the source of ion flow, the relative velocity remains
nearly constant, and therefore the ion drag force also remains

nearly constant. When the ion drag force is nearly conserva-
tive, as it is in the experiment reported here, the primary
nonconservative force is the gas drag force.

B. Voids in dusty plasma

A void is a microparticle-free region surrounded by a
suspension of microparticles. Voids are often observed in
three-dimensional �3D� suspensions24,26–29,36–40 in a gas-
discharge plasma, especially those that are powered by ca-
pacitively coupled radio frequency �rf� voltages applied to a
pair of electrodes, as in Fig. 1. Voids were reported first in
ground-based experiments with carbon particles of submi-
cron size,36 and then in microgravity experiments performed
in a sounding rocket,24 parabolic airplane flights,29 and the
International Space Station �ISS�. The ISS experiments were
performed using the PKE-Nefedov instrument,26,28 and more
recently the PK-3 Plus instrument.27

To understand the mechanism for generating voids, we
review ambipolar transport in a gas-discharge plasma in the
absence of microparticles. Electrons are accelerated by elec-
tric fields, and they ionize a gas molecule, releasing a posi-
tive ion and a negative electron. Due to its lower mass, an
electron would tend to escape more rapidly, so that a positive
space charge develops in the plasma center. A steady state
develops with an electric field that �averaged over time�
points outward. An outward flow of ions is driven by this
electric field.

If we now insert a single microparticle into this plasma,
and it acquires a negative charge, it will experience two
forces of an electrical nature: the electric force and the ion
drag force. The electric force points inward toward the
plasma center, while the ion drag force is in the opposite
direction, away from the plasma center. This is so because
the ion drag force is always in the direction of ion flow,
which for positively charged ions is always in the same di-
rection as the electric field.

In equilibrium, an isolated microparticle will come to
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FIG. 1. �Color online� Side-view cross section of the PK-3 Plus vacuum
chamber. Neon plasma is generated by applying rf voltages to a pair of
parallel-plate electrodes. Microparticles are introduced by a dispenser and
viewed from the side by video cameras, not shown here. The microparticles
are charged and confined stably. A single isolated microparticle would rest
anywhere on an equilibrium surface where the net force is zero.
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rest at a point in space where the net force is zero. The
equilibrium position is on a surface enclosing the plasma
center, as sketched in Fig. 2�a�.

As we add more microparticles, and they repel one an-
other, they gradually fill space near those equilibrium loca-
tions. This leads to a microparticle-free region, called a void,
which is surrounded by many microparticles.

C. Single-layer dusty plasma

We observed a microparticle suspension which had only
a single layer on the lower boundary of a void. Our focus in
this paper is the confinement and oscillatory motion of the
microparticles in this single layer. The reason this suspension
is not symmetrical, with a single layer at the bottom but
many microparticles at the top, is believed to be thermo-
phoresis. The slight downward temperature gradient results

in a slight upward thermophoretic force on all microparticles.
This shifts the equilibrium forces, so that fewer micropar-
ticles are suspended at the bottom.

Single-layer suspensions have been studied in several
ground-based experiments, and phenomena that have been
observed include compression of a two-dimensional �2D�
structure,8 melting,6,20 Mach cones,7 waves and phonon
dispersion,9–11 and transport.13,18,19,21,22 In these ground-
based experiments, the single layer was suspended in the
sheath near the lower electrode, with confinement in the ver-
tical direction supplied by a balance of gravity and electric
forces.

The single layer studied here differs from those in pre-
vious ground-based experiments. Microgravity conditions al-
low the microparticles to be suspended in the main plasma,
where electric fields and ion flow velocities are much weaker
than in the sheath. Ion flow is a source of energy for accel-
erating microparticles in the sheath due to electrostatic fluc-
tuations and disturbances such as the wake effect. Thus, the
plasma conditions surrounding our microparticles are less
anisotropic and more nearly like equilibrium conditions, as
compared to the highly anisotropic and strongly nonequilib-
rium conditions found in the sheath.

II. APPARATUS

The experiment reported here was performed under mi-
crogravity conditions using the PK-3 Plus instrument on the
ISS, Fig. 1. We review some features of this instrument here;
further details were reported by Thomas et al.27 An advan-
tage of the ISS for performing microgravity experiments is
that accelerations are small and observation time can be
long. This makes possible experiments, such as the one re-
ported here, which require attaining low velocities under
steady-state conditions.

A vacuum chamber contains a pair of parallel-plate elec-
trodes with diameter 6 cm and spacing 3 cm. These elec-
trodes are powered by a 13.56 MHz rf voltage applied sym-
metrically to the two electrodes, i.e., in a push-pull mode.

Gas is introduced in a brief period termed as “gas cycle.”
After a few percent overshoot, the gas pressure approaches a
steady level within less than a second due to a pressure con-
troller between the chamber and vacuum outlet. The data
reported here are for neon gas.

After igniting a plasma, microparticles are injected into
the chamber. The microparticles become electrically charged
and confined in the plasma. To image the microparticles, they
are illuminated by a thin �150 �m� sheet of laser light pass-
ing through the chamber. The sheet illuminates an x-z plane,
so that a vertical cross section of the microparticle suspen-
sion is imaged. The instrument is equipped with video cam-
eras with a resolution of 720 by 576 pixels operated at a
frame rate of 25 frames per second.

We used two cameras, the “overview” and “high-
resolution” cameras, to image the suspension of micropar-
ticles. The high-resolution camera has a magnification of
11.3 �m per pixel in the horizontal direction and 10.3 �m
per pixel in the vertical direction, with a field of view of
width L=8.14 mm. This high-resolution camera offers a sig-
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FIG. 2. �Color online� �a� Sketch of the force balance for microparticle
confinement. At equilibrium, under microgravity conditions, microparticles
experience electric and ion drag forces that are opposite and are almost
equal, as well as a small thermophoretic force FTH due to a temperature
gradient. The electric field drives an outward ion flow. �b� A cross section of
the entire microparticle suspension viewed from the side by the overview
camera. The two electrodes are visible at the top and bottom. The suspen-
sion has a central void and it is displaced upward, so that it had only a single
layer at the lower void boundary. �c� Single layer imaged by the high-
resolution camera. The field of view is indicated in �b� by the yellow
rectangle. �enhanced online�. �d� Number density of microparticles.
This graph indicates that the sample is spatially nonuniform over
the entire field of view; consequently, we perform most of our spectral
analysis for microparticle data in 0�x�1.62 mm. �URL:
http://dx.doi.org/10.1063/1.3204638.1�
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nificant advance over the PK-Nefedov camera because it pro-
vides much more magnification. A microparticle fills many
pixels, thereby allowing considerable accuracy in measuring
its position.

In the video recording, microparticles often appear and
then later disappear as they move in and out of the thin sheet
of laser light. Some microparticles remained in the laser
sheet for hundreds of frames, while others appeared only in a
few consecutive frames. Half of the microparticles we ob-
served remained visible for seven consecutive frames or
longer. This situation differs from the case of computer simu-
lations, for example, where the same microparticle can be
followed throughout the entire period of observation. There-
fore, unlike the case of simulations, here we are limited to
methods of analysis that do not require long time series for
the trajectories of individual microparticles.

The data reported here were recorded during an interval
of 63.56 s. During this interval there was no gas inflow be-
cause the gas was introduced much earlier. The gas pressure
already attained a steady level of 0.12 torr, as measured by a
capacitance manometer mounted on the chamber. At this
pressure, ion motion is expected to be mobility limited. The
rf voltage was 43.8 V peak to peak, the forward rf power was
230 mW, and the rf current was 4.6 mA peak to peak. These
rf levels remained steady with no low-frequency modulation
applied to the electrodes. The microparticles were 6.81 �m
diameter melamine-formaldehyde microspheres with a mass
mp=2.5�10−13 kg. The gas temperature, which was not
measured, is expected to be nearly the same as the tempera-
ture of the metal components of the chamber, which was
measured to be 301 K, with a vertical gradient of 0.047 K/cm
between the top and bottom of the chamber due to a slightly
higher temperature on the lower electrode, Fig. 1. Using the
experimentally measured coefficient31 �=1.26�0.13 in Eq.
�2�, we calculate an Epstein damping rate of �E

=17.6�1.8 s−1.
Example images of the microparticle suspension are

shown in Fig. 2�b� for the overview camera and in Fig. 2�c�
for the high-resolution camera recorded simultaneously. The
primary data analyzed here are 1590 video frames recorded
by the high-resolution camera during the 63.56 s interval.
The high-resolution camera was pointed at the left half of the
single layer. We note that the single layer is not uniform: it is
denser on the left of the images �i.e., near the outer radius of
the void� than on the right �below the void’s center�. Before
the images were recorded, two fields separated by 1/50 s
were interlaced to form one image. In this experiment, mi-
croparticles only occasionally moved faster than 1 mm/s, but
when there was such a fast microparticle, it appeared in the
final image not as a single bright spot, but rather with a
striped pattern that is an artifact of the interlacing.

III. DATA ANALYSIS

A. Particle tracking

Microparticles in the single layer were observed to os-
cillate in their positions. These oscillations are too small to
be observed easily by the eyes when watching the video, but
they can be detected and measured using image analysis

techniques to track the microparticle motion. Because they
moved at very low velocities in this experiment, we used
image analysis techniques that have very small errors. Mea-
surement errors are discussed in Appendix A.

Using bitmap images, we identify microparticles as the
bright spots in an image like Fig. 2�c�. This is done in three
steps. First, to reduce artifacts due to interlacing, we
smoothed the raw images using a Gaussian blur with a radius
of 1 pixel. Second, to identify bright spots, we excluded
pixels with grayscale values less than a threshold level. We
chose the threshold level as recommended in Ref. 41 to mini-
mize both the signature of pixel-locking effects and any mis-
taken particle identifications resulting from noise in the im-
age. Third, to identify a bright spot as a microparticle, we
required a minimum number of two pixels for the bright
spot. Altogether, this particle identification procedure has
three adjustable parameters �blur radius, threshold level, and
minimum pixels per microparticle�; a test of our results for
sensitivity to these parameters is presented in Appendix A.

After we identified microparticles as bright spots, we
calculate the microparticle’s coordinates x ,z with subpixel
accuracy using the moment method.41 To reduce pixel-
locking effects, each pixel’s intensity was adjusted by sub-
tracting a constant pixel value equal to the threshold level.41

We then track the microparticle by identifying it in the
next video frame and calculating its velocities vx and vz as
the difference in positions divided by the 0.04 s time be-
tween frames. Here, vz indicates out-of-plane motion, trans-
verse to the layer. From these velocities we calculate the
kinetic temperature of the microparticles and the spectra for
oscillations.

The microparticle kinetic temperature is calculated sepa-
rately for the two coordinates as

kBTx = �mpṽx
2�, kBTz = �mpṽz

2� , �3�

which can be averaged to yield the total kinetic temperature.
Here, kB is Boltzmann’s constant, ṽx and ṽz are the fluctua-
tions of the velocities in the x and z directions, respectively,
and �¯ � represents an average over microparticles viewed
by the high-resolution camera for the entire 63.56 s interval.
This calculation only requires tracking a microparticle for
two consecutive frames.

This microparticle kinetic temperature is usually differ-
ent from the electron temperature, ion temperature, and the
internal temperature of the solid material of the micropar-
ticles themselves.22 Therefore, the kinetic temperatures that
we report here are not thermodynamic temperatures.

B. Spectral analysis

We performed spectral analysis to detect oscillatory mo-
tion within the natural random motion of microparticles. Our
method yields two graphs, a wave spectrum �i.e., phonon
spectrum� and a power spectrum. We will present the results
for transverse oscillations with microparticle motion perpen-
dicular to the single layer. In-plane oscillations also occur,
but with a lower frequency that makes their spectrum less
interesting, in the presence of significant neutral gas friction.
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Motion perpendicular to the single layer has a higher fre-
quency because of the confinement, as discussed in Sec. IV.

The wave spectrum was calculated from a transverse
current. This method, using Eq. �B1�, requires particle posi-
tion and velocity data for two consecutive frames, which
works well when individual microparticles appear and disap-
pear from the illuminating laser sheet, as they do in this
experiment. The resulting wave spectrum characterizes wave
energy as function of frequency and wave number. We per-
formed our calculations mainly for the spatial region of 0
�x�1.62 mm, where the number density of microparticles
was relatively uniform.

From the wave spectrum, we also calculated a power
spectrum for microparticle velocities. This power spectrum is
found by integrating the wave spectrum over wave number.
Because of the confinement of the single layer, this power
spectrum will have a peak at a nonzero frequency. We fit this
power spectrum with its peak to two functions: a damped
harmonic oscillator driven by white noise, Eq. �B2�, and a
Lorentzian function equation �B3�. These fits yield a mea-
surement of a resonance frequency �R. They also yield a
measure of the damping rate, which is � for the harmonic
oscillator and a linewidth for the Lorentzian. Further details
of our spectral analysis method are presented in Appendix B.

IV. RESULTS

Our results include five chief observations: the confine-
ment of a single layer, the presence of out-of-plane oscilla-
tions, damping of the oscillations, a lack of dispersion that
would indicate collective transverse wave motion, and the
kinetic temperature of microparticles. We present these re-
sults here and discuss their significance in Sec. V.

A. Confinement of a single layer

A confinement of microparticles in a single layer was
observed. Within the field of view of the high-resolution
camera, there were no microparticles in any other layer dur-
ing the 63.56 s interval. The number of microparticles visible
in the images varied from 14 to 22, as microparticles moved
in and out of the illuminating laser sheet. The microparticles
were stably confined with small-amplitude motion that ap-
peared to be mostly random.

B. Out-of-plane oscillations

The presence of oscillations in the microparticle motion
is revealed by a distinctive peak in the power spectrum of vz,
Fig. 3�a�. The peak has a significant linewidth, which we
interpret as indicating the damping rate. The power spectrum
also has a baseline at a level of about 16% of the peak. We
will fit this power spectrum to Eq. �B2� for a damped-driven
harmonic oscillator and to Eq. �B3� for a Lorentzian.

The fit for a damped-driven harmonic oscillator yielded
a resonance frequency �R=25 s−1 and a damping rate �
=24 s−1. The quality of the fit with a correlation coefficient
R2=0.71 leads us to conclude that the motion in the z direc-
tion is adequately described as a damped-driven harmonic
oscillator.

The fit to a Lorentzian function yielded a resonance fre-
quency �R=27 s−1 and a width 	�=24 s−1. The quality of
the fit was characterized by R2=0.74.

C. Damping of oscillations

The oscillatory motion is damped at a level that is less
than critical damping. The observed damping rate of 24 s−1

is slightly smaller than the resonance frequency of 25 s−1 by
a ratio of 0.96. If the motion were critically damped the ratio
would be 2. Thus, while the motion is certainly not weakly
damped, it can be described as less than critically damped.
This damping rate allows a useful comparison to the Epstein
damping rate in Sec. V

D. Transverse wave motion

We test for wavelike collective motion by inspecting Fig.
3�b�; this inspection reveals no signature of wave dispersion
for the transverse motion. If the wave frequency varies with
wave number, we would conclude that wavelike motion is
present. However, the wave spectrum in Fig. 3�b� is charac-
terized by a frequency band that has little or no dependence
on wave number kx.

E. Kinetic temperature

We calculated the microparticle kinetic temperature us-
ing Eq. �3�. From our microparticle tracking data for the
entire 63.56 s interval, we calculated a total kinetic tempera-
ture of 299 K, which is very close to the gas temperature,
301 K. The energy is almost, but not exactly, equally parti-
tioned among two coordinates; the temperature for motion in
the in-plane direction Tx=312 K is slightly larger than that
for motion in the out-of-plane direction Tz=287 K. �The true

�

� �

� �

� �

� �

� �

� �

� �

� � 	 � � � � � � � � � � �


 � �  � � � �  � � � � �
� �

� � �

� � �  � � � � � � � � � 	 � � � � � �

�
� �
�1
�

� � �

FIG. 3. �Color online� �a� Power spectrum for microparticle velocity fluc-
tuations in the z direction. Microparticle velocities and positions computed
by tracking particle motion yield this spectrum. Fits are shown for a theo-
retical expression for a damped harmonic oscillator driven by white noise
�dashed curve� and a Lorentzian �dashed-dotted curve�. The central peak
indicates the presence of oscillations in the random motion of microparticles
and its width indicates damping. The peak is a resonance frequency that we
attribute to the confining forces. �b� Wave spectrum with color representing
energy �in arbitrary units� as a function of wave number and frequency. The
wave frequency does not noticeably vary with wave number, i.e., the wave
spectrum lacks the signature of wave dispersion. The power spectrum �a�
was computed from the wave spectrum �b� by averaging over kx.
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kinetic temperatures for the random motion were probably
slightly different from the values reported here because our
values include the effects of random errors in the micropar-
ticle position measurements.�

V. DISCUSSION

A. Confinement of a single layer

Our first result was the observation of a stable confine-
ment of microparticles in a single layer that was suspended
in main plasma. We believe this is the first time that a single
layer has been reported to be suspended in the main plasma
rather than in �or near� the sheath. This is significant because
in the main plasma the conditions are more nearly isotropic
and near to equilibrium due to smaller ion flow velocity, as
compared to the sheath.

We attribute our observation of a single layer to a con-
finement in the vertical direction provided by a combination
of the ion drag and electric forces, slightly perturbed by a
weak upward thermophoretic force. This can be contrasted
with the case of single-layer suspensions in ground-based
experiments, where vertical confinement is provided by a
combination of gravity and the electric force.

B. Out-of-plane oscillations

Our second result was the observation of oscillations of
the microparticles perpendicular to the single layer. Observ-
ing the oscillations and measuring their resonance frequency
are helpful in gaining an understanding of the forces acting
on the microparticles, as we discuss next.

The power spectrum that we observed is consistent with
a small-amplitude damped-driven harmonic oscillator. In
general, harmonic motion is usually the result of conserva-
tive forces. Our observation that the oscillation is harmonic
is consistent with our prediction, Sec. I A, that the noncon-
servative aspect of the ion drag force was minimal.

Our measurement for the resonance frequency can be
used to estimate the confining forces. Using the observed
value �R=25 s−1 and calculating k=mp�R

2 , we find a force
constant of k=2.0�10−10 N m−1.

We can compare our measurement of the force constant
k to measurements in two previous microgravity
experiments.42,43 Our measurement of k=2�10−10 N m−1 is
about an order of magnitude larger than in the previous ex-
periments, which were k=0.2–1.3�10−11 N m−1 in Ref. 42
and k= �1.6�0.4��10−11 N m−1 in Ref. 43. The previous
experiments were similar in some ways to ours because they
involved video micrography measurements of particle mo-
tion in a suspension with a void under microgravity condi-
tions. However, the conditions were not the same. We used
neon instead of argon gas and we observed a particle motion
within a single layer rather than in a thick multiple-layer
region of the suspension. Our method of determining k also
differs from those used in previous experiments. We mea-
sured the spectrum of microparticle random motion to deter-
mine a resonance frequency �R, which can be combined with
the known microparticle mass to yield k without making any
assumptions about an equation of motion or the forces, other

than assuming that the net confining force varies linearly
with position for small displacements. In the previous experi-
ments k was determined by observing trajectories of micro-
particles displaced by either some instabilities42 or laser
manipulation,43 and then performing an analysis using an
equation of motion for the microparticles along with some
assumptions for the terms in this equation.

We can use the value for the force constant k to estimate
the confining forces QE and FID. These two forces are nearly
equal, where they are in balance at the equilibrium position z
measured from the midplane of the chamber. �These two
forces differ only slightly in magnitude due to the small ther-
mophoretic force.� Using our value of k to estimate these
forces requires modeling their dependence on position. We
assume, as in Ref. 42, that the electric potential in the void
has a parabolic profile, so that E has a linear scaling with z.
For the ion drag force, we will consider two limiting cases
depending on the ion flow speed vion. In the low-ion-velocity
limit, QE and FID are both proportional to E, so that their
spatial derivatives will contribute equally to k, while at
higher vion approaching the ion thermal speed only the spa-
tial derivative of QE will contribute to k. Thus, in these two
limiting cases, we expect QE=kz /2 and QE=kz, respec-
tively. Using the observed value z=7 mm and our value for
k, we estimate that QE is in the range from 5�10−13 to 1
�10−12 N, corresponding to the two limiting case for vion.
We express these values for the force in terms of g, the
gravity on Earth’s surface: QE and FID have a magnitude in
the range of 0.2–0.4mpg, where the two values correspond to
the two limiting cases for vion. For comparison, we calculate
that the thermophoretic force was two orders of magnitude
weaker �0.005mpg�, which validates our assumption that the
other two vertical forces acting on the single layer are nearly
equal.

The usefulness of performing the experiment under mi-
crogravity conditions can be seen not only from a visual
inspection of the particle suspension but also by our quanti-
tative estimate of the forces. As has been long known, mi-
crogravity experiments allow microparticles to fill an inter-
electrode region, rather than the sheath region with its higher
electric field. Gravity can obscure weaker forces, such as ion
drag. Using microgravity conditions allows one to detect
�and here, measure� these weaker forces.

C. Damping of oscillations

Our third result, the damping of the oscillations, can be
mostly explained by gas friction. We arrive at this conclusion
by comparing the fitted value for the damping rate � to the
Epstein damping rate �E expected for gas friction. In Sec. II
we calculated �E=17.6�1.8 s−1. This value is not greatly
smaller than the value �=24 s−1 from fitting the power spec-
trum. Other damping mechanisms that have been proposed in
the literature44–47 could have played a role in the experi-
ments, but the agreement of our values of � and �E suggests
that they are not significant for the out-of-plane motions of
microparticles in the single layer.
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D. Transverse wave motion

Our fourth result is the wave spectrum for the out-of-
plane transverse motion. Wave dispersion for out-of-plane
transverse wave in 2D single-layer dusty plasma has been
predicted by simulations14,48 and theory.49,50 However, ex-
periments are lacking from the literature. The only previous
dusty plasma experiment known to us with out-of-plane
transverse waves in a single-layer 2D suspension involved
propagation of an externally excited pulsed wave packet.49

The wave spectrum in Ref. 49 was not experimentally char-
acterized in that experiment. The only experimentally mea-
sured dispersion relation, to our knowledge, for out-of-plane
transverse wave motion was made not in a 2D layer but in a
one-dimensional �1D� chain.51

We note that our wave spectrum lacks the signature of
wave dispersion that has been predicted previously.14,48–50 In
Fig. 3�b�, the frequency of the oscillations does not vary
measurably with wave number. This leads to two possible
conclusions: either no waves were present at all or waves
were present but they were indistinguishable in the wave
spectrum.

We can identify three possible reasons for the apparent
lack of wave dispersion in the random out-of-plane trans-
verse motion. Wavelike motion could be obscured either by
gas damping or nonuniformity in the single-layer suspension,
or it might be absent altogether.

The strong damping of microparticle motion can obscure
an observation of small effect of wave dispersion. Disper-
sion, i.e., the range �� of the frequency as the wave number
is varied, can be very small for the out-of-plane transverse
wave, especially when the screening of interparticle potential
is large.14,48–50 For example, �� was only about 4% of the
resonance frequency �R, as observed in a previous experi-
ment with a 1D chain of microparticles suspended in a
sheath at a low gas pressure.51 In our experiment, however,
with a higher gas pressure, the damping rate can result in a
linewidth 	� that is comparable to the �R. Thus, dispersion
could be too small to detect in our wave spectrum.

Nonuniformity in the microparticle spacing in our ex-
periment could also obscure the wave dispersion due to a
natural averaging over different spatial regions. The cause of
wave dispersion is interparticle interactions and the strength
of these interactions varies with the microparticle spacing.
Thus, it is possible that waves could be present but with
different frequencies in different regions. To limit this effect
in preparing the wave spectrum, Fig. 3�b�, we cropped the
image to include only 0�x�1.62 mm. Nevertheless, the
remaining nonuniformity could still cause the wave disper-
sion to be obscured.

Finally, it is possible that transverse wave motion is ab-
sent altogether. The possibility that waves are completely
lacking might be surprising in the context of plasma physics,
where wave motion is usually omnipresent. However, there
are examples of physical systems where particles in 2D
monolayer systems oscillate as individual oscillators due to a
confining out-of-plane potential.52

E. Kinetic temperature

Our fifth result was a low value of the observed kinetic
temperature. The observed kinetic temperature of 299 K was
nearly the same as the 301 K neutral gas temperature, unlike
in some other dusty plasma experiments,53 where the ob-
served kinetic temperature is much larger due to an addi-
tional heating mechanism.

Our measurement of the kinetic temperature is signifi-
cant not only for its numerical value and what it reveals
when compared to the gas temperature but also simply be-
cause we were able to measure it at all. The literature for
previous microgravity dusty-plasma experiments was lacking
measurements of kinetic temperature because a high camera
resolution was not available in previous space-flight experi-
ments. Here, we exploit the high resolution camera of the
PK-3 Plus instrument, which allows us to accurately measure
small microparticle velocities, as is required to calculate ki-
netic temperature. Microgravity experiments have also been
reported using parabolic flights of aircraft, but with micro-
gravity conditions that have a higher acceleration level and a
shorter duration, which preclude achieving a low kinetic
temperature as in our experiment.

The low value of our observed kinetic temperature indi-
cates that Brownian motion due to neutral gas atoms can be
the primary energy input for microparticle in the main
plasma. This finding was possible because of performing the
experiment under microgravity conditions. In ground-based
experiments, due to gravity, microparticles are suspended in
the sheath where ion flow is strong, providing a source of
energy that can result in much higher temperatures. Micro-
gravity conditions allow suspending microparticles in the
main plasma where the ion velocity is much slower, provid-
ing an environment that is much less anisotropic and more
nearly equilibrium.
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APPENDIX A: MEASUREMENT ERROR

1. Tests

Here we present tests of our results for some adjustable
parameters in our data analysis. Details of the sources of
error in our results are discussed in Appendix A, Sec. A 2.

The spatial region that is included in the analysis is, in
general, an adjustable parameter. When the sample is spa-
tially nonuniform, as it is in our experiment, this choice is
important because the spectral analysis involves averaging
over the included spatial region. We tested our results for the
effect of nonuniformity. We found that the fit result for line-
width is 9% larger when we include the entire field of view,
as compared to limiting our analysis to the 0�x
�1.62 mm region. This estimate of a 9% effect due to non-
uniformities in the entire field of view, while not extremely
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serious, is significant enough that we limit our analysis of the
spectrum width �Sec. IV� to data in the region 0�x
�1.62 mm.

The threshold level used in identifying particles in the
original bitmap images is an adjustable parameter. In a test,
we found that varying the threshold level over a factor of two
results in no significant effect on the wave spectrum and a
slight effect in three of our computed parameters: about 2%
effect in kinetic temperature, 1% in resonance frequency, and
7% in damping rate.

2. Sources of error

Our results for the spectrum and temperature reported in
Sec. IV are subject to errors that can arise from two sources:
the physics assumptions used in fitting the power spectrum
and the camera together with the particle measurement
analysis methods. Here we discuss these sources of error and
the steps we took to minimize them.

a. Physics assumptions

The physics assumptions used in fitting the observed
power spectrum to Eq. �B2� could err in at least two ways.
First, we assume that the linewidth of the spectrum is en-
tirely due to damping. This ignores the effect of nonunifor-
mity, which could result in averaging spectrum with frequen-
cies that vary according to position, as discussed in Sec. V.
Second, we assume a white noise as the driving force that
excites the observed particle motion. The assumption that
only white noise excites the particle motion appears to be
generally reasonable because our observed kinetic tempera-
tures are consistent with Brownian motion arising from col-
lisions with gas atoms. Brownian motion should result in
white noise. However, there may also be additional driving
mechanisms, such as electrostatic fluctuations in the plasma,
that might not be white noise. We have no direct measure-
ments of these fluctuations. If this assumption is in error, the
fit parameters that we report, resonance frequency, and line-
width might be in error. We expect that these errors are likely
very small because of the agreement of the observed kinetic
temperature and the gas temperature.

b. Camera and analysis methods

The camera can introduce errors in two significant ways.
First, interlacing can lead to false particle identification for
occasional fast microparticles. Second, random errors in
pixel values due to electronic noise in the imager can lead to
small errors in particle positions and velocities.

False particles identified due to interlacing would ac-
count for up to 5% of the total identified particles if we took
no countermeasures. To prevent this, in our particle-
identification procedure, we first applied a Gaussian blur
with a radius of one pixel, and after thresholding the image
we applied a requirement of a two-pixel minimum size per
particle. These two countermeasures reduced the rate of false
particle identifications to less than 0.01%, so that they had no
significant effect on our results. Neither of these countermea-
sures had a significant effect on true particles because most
true particles filled at least nine pixels.

Random errors in pixel values due to electronic noise in
the imager can lead to errors in the subpixel accuracy of
particle position measurements and in the velocities and cur-
rents that are computed from the positions. These errors
could contribute to the baseline of the power spectrum, Fig.
3�a�. To reduce these random errors, we used images from
the high-resolution camera so that particles filled more pix-
els, and in our analysis we used the improved moment
method of particle position measurement.41

APPENDIX B: SPECTRAL ANALYSIS METHOD

Here we provide details of our method of spectral analy-
sis of microparticle motion. This method was used to find the
wave spectrum, power spectrum, and fit results reported in
Sec. IV. The method we use was chosen because of the short
time series of microparticle velocities that are typical for
experiments with 3D suspensions.

In most areas of physics and engineering, calculating a
spectrum usually begins with a long time series of data,
which is Fourier transformed, yielding a power spectrum.
However, this method will not work for our experiment be-
cause our measurements do not yield long time series for
individual particles. Fortunately, there is a method of calcu-
lating a spectrum without tracking particles for more than
two consecutive frames; this is the method that begins with
calculating a so-called “particle current.”54

The transverse particle current is computed from the ob-
servations of microparticle positions xi and microparticle ve-
locities vz,i as

jz�kx,t� = �
i=1

vz,i�t�eikxxi�t�. �B1�

This is calculated for a specified wave number kx. This cur-
rent is said to be transverse, instead longitudinal, because it
uses the z component of particle velocity but the x compo-
nent of particle position and wave number. In Eq. �B1�, vz,i�t�
and xi�t� represent the ith microparticle’s velocity and posi-
tion in the video frame that was recorded at time t. The
summation is over all the microparticles in a spatial region
we choose. This calculation can be repeated for all video
frames in the time interval, which in our experiment was 0
� t�63.56 s. Since the microparticles are not located at the
positions of a constant regular lattice, this current can be
calculated for any desired wave number kx larger than
2� /Lx, where Lx is the width of the spatial region we choose.

We calculate the power spectrum of the z-component of
the microparticle velocity in two steps. First, we calculate a
wave spectrum, which is sometimes called a phonon
spectrum.9 Second, we reduce the information in this wave
spectrum to yield a power spectrum, which is a graph of
wave energy as a function of only frequency.

The first step, calculating the wave spectrum, is per-
formed using a fast-Fourier transform �FFT� of the current
jz�kx , t� with respect to time. We repeat this FFT for each
specified value of kx and combine the results of these FFTs to
yield a wave spectrum for transverse motion. This is pre-
sented as a color contour plot, where color represents a quan-
tity related to microparticle kinetic energy, and the two axes
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are wave number kx and frequency �. In our experiment,
these were calculated for a range of frequency from 0 to 12.5
Hz �and angular frequency from 0 to 78.54 s−1�, correspond-
ing to the Nyquist frequency for the camera frame rate. The
frame rate was adequate for the small velocities that were
observed. In addition to transverse oscillations, longitudinal
oscillations could also be characterized using this method of
calculating the wave spectrum.

The second step, calculating the power spectrum as a
function of frequency only, is done by averaging the wave
spectrum �from the first step� over the kx. This yields the
power spectrum as a function of frequency. In our experi-
ment with the transverse wave, this power spectrum had a
distinctive peak with a significant linewidth and baseline.

We can fit the power spectrum to two functions. First,
anticipating that the microparticles could behave as indepen-
dent harmonic oscillators that are damped while being driven
by a random force, we fit to

kBT

mp�

��2

��2 − �R
2�2 + ����2 + c . �B2�

Equation �B2� is intended for use with a spectrum prepared
from velocity data; it is different from the more commonly
used expression for position data. It also assumes a broad-
band random driving force that is white noise, i.e., indepen-
dent of frequency.55 Equation �B2� has four fit parameters:
the resonance frequency �R �which is the same as the peak
frequency in the velocity power spectrum�, damping rate �, a
baseline c, and an amplitude kBT /mp�. Here, T is a tempera-
ture characterizing the amplitude of the random force, and it
may be different from the kinetic temperature calculated us-
ing Eq. �3�.

Second, we fit to a Lorentzian

2A

�

	�

4�� − �R�2 + �	��2 + c , �B3�

which differs from Eq. �B2� in the way that the linewidth 	�
appears. Otherwise, Eqs. �B3� and �B2� have essentially the
same kind of fit parameters. The linewidth 	� is an indica-
tion of damping and the area A under the spectrum �exclud-
ing the baseline� is an indication of amplitude. For our ex-
periment, this fit to the Lorentzian of Eq. �B3� is merely
phenomenological without connection to the underlying
physics, unlike the fit to the damped-driven oscillator, Eq.
�B2�, where the parameters are physically motivated. For ex-
ample, the damping rate for a damped-driven harmonic os-
cillator in Eq. �B2� is expected to be the same as the physical
friction in the equation of motion for an isolated micropar-
ticle.
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