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ABSTRACT

The Coulomb expansion of a thin cloud of charged dust particles was observed experimentally, in a plasma afterglow. This expansion occurs
due to mutual repulsion among positively charged dust particles, after electrons and ions have escaped the chamber volume. In the
experiment, a two-dimensional cloud of dust particles was initially levitated in a glow-discharge plasma. The power was then switched off to
produce afterglow conditions. The subsequent fall of the dust cloud was slowed by reversing the electric force, to an upward direction, allow-
ing an extended observation. At early time, measurements of the Coulomb expansion in the horizontal direction are found to be accurately
modeled by the equation of state for a uniformly charged thin disk. Finally, bouncing from the lower electrode was found to be avoided by

lowering the impact velocity <100 mm/s.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0112680

I. INTRODUCTION

A dusty plasma, also known as a complex plasma, consists of
small solid particles along with electrons, ions, and neutral gas.l") In
the laboratory, a dusty plasma is commonly prepared starting with a
glow-discharge plasma, sustained, for example, by direct current or
radio frequency power, and introducing some powder by dropping it
from above." """’ The dust particles gain a negative charge and can
be levitated in an electric sheath above a lower electrode that has a neg-
ative potential. Prepared this way, the dust cloud can fill either a three-
dimensional volume'’'**” or a single two-dimensional horizontal
plane,”’ ° depending on the experimental design.

When the power that sustains a glow discharge is switched off,
there will be a temporal afterglow plasma, which has a lifetime of order
1073 s before electrons, and then ions escape to the chamber
walls."”"'*77° We can identify three times of great interest in a tem-
poral afterglow: a transition to a condition where ions greatly outnum-
ber electrons (this is commonly modeled as the end of ambipolar
transport),”” *' a transition where the charge on a dust particle frozen,
which has also been quantified in models,” *' and, finally, the impact
of the dust particle after it falls. The first two transitions generally
occur within a few milliseconds, or even hundreds of microseconds,
after the power that sustains the plasma is turned off. The impact of

the dust particle can occur much later, depending on its starting height
and acceleration. The dust particle’s charge, which was generally nega-
tive during the steady operation of the plasma, can change polarity
and become positive after the first transition mentioned above, due to
a greater relative abundance of ions, compared to electrons.””

In addition to this kind of temporal afterglow, which is a tran-
sient condition due to turning off the power that sustains the plasma,
there are also reports of spatial afterglows. These conditions, which
can be sustained rather than transient, are found in the exhaust of
flowing plasma. In these spatial afterglows, the conditions can be non-
neutral, with a partial deficit of electrons, so that dust particles can
charge positively there,”"”” "%

For afterglow conditions, one topic of interest is the Coulomb
expansion of the dust cloud. This expansion is sometimes termed a
Coulomb explosion.'”'>**** The expansion occurs due to the mutual
repulsion of like-charged dust particles. Until now, experimental "> ">
and theoretical **”"** studies of this expansion were for a dust cloud
that initially filled a three-dimensional volume. A similar Coulomb
expansion, of an initially three-dimensional plasma, occurs in ultracold
plasma experiments.””

In this paper, a two-dimensional dust cloud is the initial
condition in an experimental study. Unlike our previous afterglow

Phys. Plasmas 29, 113705 (2022); doi: 10.1063/5.0112680
© Author(s) 2022

29, 113705-1


https://doi.org/10.1063/5.0112680
https://doi.org/10.1063/5.0112680
https://doi.org/10.1063/5.0112680
https://doi.org/10.1063/5.0112680
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0112680
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0112680&domain=pdf&date_stamp=2022-11-10
https://orcid.org/0000-0003-1964-9152
https://orcid.org/0000-0002-3988-0848
mailto:neeraj-chaubey@uiowa.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0112680
https://scitation.org/journal/php

Physics of Plasmas

experiments that similarly began with a two-dimensional dust
cloud,””" here, we altered the experimental design, so that we could
better observe the Coulomb expansion. In our previous experiment,”
we were limited to observing the horizontal Coulomb expansion only
to a barely measurable 0.4 mm, before the dust cloud impacted on the
lower electrode at 700 mm/s. In the present experiment, we achieved
an order-of-magnitude increase in the horizontal Coulomb expansion;
we did this by slowing the fall of the cloud, using an upward electric
force that opposed gravity, so that we could observe it for a longer
time. This improvement allowed us to measure the Coulomb expan-
sion adequately for testing a model. The model, based on Sheridan’s
equation of motion for a uniformly charged thin disk,”’ was found to
accurately predict the expansion of the dust cloud at early times. As a
further result, bouncing of dust particles on the electrode’s surface was
found to be suppressed by slowing the dust particles to <100 mm/s at
impact.

We describe the experiment in Sec. II. Three kinds of results are
presented in Sec. I1I: Coulomb expansion, thickening of the cloud, and
suppression of the bounce. We describe a model of the Coulomb
expansion in Sec. IV and compare it to experiment in Sec. V. A sum-
mary is provided in Sec. V1.

Il. EXPERIMENT
A. Apparatus and procedure

Differently from the setup and procedure used in our previous
experiments,s’“”” here, we included an additional circuit for active con-
trol of the dc voltage on the lower electrode during the afterglow. We
will discuss that additional circuit below. Otherwise, the setup and pro-
cedure were mostly the same as in our previous experiments, as we
summarize here. Steady operation of the plasma was sustained by a
peak-to-peak voltage of 312V at 13 MHz. Most surfaces of the cham-
ber were grounded, except for the lower electrode, where a dc self-bias
of —150V is developed. Due to this large self-bias, the sheath above
this electrode included a substantial dc potential that provided a con-
fining potential with dust particles levitated in a stable horizontal layer,
during the steady operation of the plasma. The gas inside the plasma
chamber was argon, at a low pressure of 8 mTorr.

The dust particles were melamine formaldehyde (MF) micro-
spheres. Like other dusty plasma experimenters, we chose these poly-
mer microspheres because they have a size dispersion that is a small
percentage of the average diameter, and because they have only a very
weak tendency to stick together in clumps of two or three, in a dry
powder. For this experiment, the manufacturer’s specifications’” are a
diameter of 8.69 um, with a size dispersion of 0.11 ym. These dust par-
ticles were introduced into the plasma from above, by agitating a
dispenser.

A negative charge developed on the dust particles when they
were exposed to plasma under steady condition. As in other dusty
plasma experiments, ”**""° this charge allowed the dust particles to
be levitated in the vertical direction and to be confined in the horizon-
tal direction as well. The vertical levitation was due to a balance of the
downward force of gravity and an upward electric force, which was
sustained by a negative dc self-bias voltage on the lower electrode.
Horizontal confinement was provided by a radial component in the
natural electric field. The charge was measured in our previous experi-
ment”” as —14 000 e, under the same plasma conditions, where e is the
elementary charge.

ARTICLE scitation.org/journal/php

Imaging of the dust particles was performed using two cameras,
each with a laser sheet for illumination. Both cameras were Phantom
model v5.2, with a 12-bit imaging sensor. For the top-view camera,
illumination was provided by a 532-nm laser beam that was shaped
into a horizontal sheet. The side-view camera was the most important
camera for this experiment; it was operated at 1000 frames/s, and its
field of view was 42.35 x 26.47 mm?. Its 55-mm focal-length lens was
fitted with a 10-nm bandpass filter that admitted the 671-nm wave-
length of a sheet of laser light, which was oriented in a vertical x-z
plane. This vertical laser sheet had a thickness in the y-direction that
we measured as 1.1 mm at the 1/¢? points. Due to this finite thickness,
dust particles tended to remain illuminated as they fell, despite slight
displacements in the y-direction.

To prepare the initial two-dimensional horizontal layer of
dust particles, we started by introducing only a few hundred or a
few thousand dust particles, depending on the experimental run.
By limiting the number of particles, we prevented the formation of
a second layer above the layer of interest. As an additional step,
after introducing the particles, we also used a standard sifting pro-
cedure to eliminate the heaviest of them. These heavier particles
are typically clumps of two or more that stuck together after par-
ticles were dispensed into the plasma. The use of MF particles
reduced the number of these heavy particles, but, nevertheless,
some were introduced into the plasma, as we could see using the
side-view camera because they were brighter than other particles,
and they were levitated slightly lower as well.

To eliminate these heavy particles, our basic sifting procedure
involves lowering the entire particle cloud. This is done by switching
the rf power on and off at 1 kHz, with a duty cycle of about 10%. As a
result, the particle layer is lowered, to a height that can be adjusted by
varying the duty cycle, until the heaviest particles touch the lower elec-
trode. Then, the switching is ceased, and the plasma is once again
operated constantly. A single application of this sifting procedure
reduces the number of heavy particles, especially the heaviest of them.
After this sifting, for the most part, only single horizontal layer
remains levitated under steady conditions, although a few particles
that are heavier can remain, as we will mention again later.

To yield afterglow conditions, at time =0, we turned off the rf
power. This step is done by modulating the 13-MHz oscillator, as
shown in Fig. 1. To monitor the afterglow conditions, the voltage on
the lower electrode was recorded using a 100x probe and an oscillo-
scope. This measurement confirmed that the coupling capacitor Ceoypl
sustained, in large part, the negative dc self-bias of the lower electrode,
after the rf power was turned off.

The plasma conditions in the afterglow developed over time.
Electrons escaped the chamber volume first, leaving ion-rich condi-
tions that reversed the charge polarity of the dust particles, as we
described in Ref. 53. At that point, there was no longer a confining
potential associated with a plasma sheath. By t=2ms, the ions had
largely escaped the chamber as well, and the electric field thereafter
was that of a vacuum. The dust particles were still present at =2 ms,
and, in fact, they had moved very little prior to that time. Their charge
was frozen,”” with a positive value, prior to t =2 ms. Thereafter, the
dust particles would experience two forces in the vertical direction:
downward gravity and an electric force that was also downward, due
to the negative potential on the lower electrode. In the horizontal
direction, the dust particles repelled one another without screening
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FIG. 1. Side-view sketch of the setup. During plasma operation, a layer of dust
grains was levitated above the lower electrode that had a radio frequency voltage
as well as a dc bias. A top-view camera imaged the entire cloud before it fell (illumi-
nated by a horizontal sheet of 532-nm laser light, not shown here), allowing us to
count the number N of particles and measure the cloud’s diameter. A side-view
camera imaged a vertical cross-section of the volume (illuminated by a vertical
sheet of 671-nm laser light, not shown here), to capture the motion of dust particles
within that cross section. During the afterglow, there was an upward electric field,
which was due to our application of a positive dc bias Vyias to the lower electrode,
beginning at a time controlled by a delay generator and a transistor switch.

and without horizontal confinement, since the electrons and ions were
no longer present.

The low gas pressure in our afterglow experiment is significant
because it has been established theoretically that the expansion or
explosion of a dust cloud is much reduced at high gas pressures.”
Early in the afterglow, the low gas density does not greatly impede the
movement of ions and electrons to the chamber’s boundaries, so that
screening among dust particles ceased rapidly, and the interaction
among dust particles, with their residual charges, would be in the
“Coulomb interaction regime” not the “Yukawa interaction regime.”"
Moreover, the dust particles did not experience much gas friction, as
the cloud expanded.

Up to this point of our description, the experimental design was
the same as in our previous experiments.”””* For the present experi-
ment, we improved the setup with an additional circuit to reverse
the direction of the electric field, so that it was upward, in contrast to
the downward direction during plasma operation. The direction of the
electric field is established by the voltage on the lower electrode.
Instead of allowing that voltage to have a negative value, as was estab-
lished passively by the coupling capacitor Ceoypl in our previous experi-
ments, the additional circuit actively controlled the lower electrode’s
potential, forcing it to a positive value, which was +160.1 V.

Components of this additional circuit are shown in Fig. 1. The
additional circuit had its own dc power supply, which produced a
potential Viy,s with respect to ground. This bias was applied at a time
2 ms after switching off the rf plasma. That time was chosen because

ARTICLE scitation.org/journal/php

both electrons and ions had escaped the chamber, as judged by the
voltage waveform on the lower electrode, so that only the dust particles
remained at that point. This timing was set using a delay generator,
which applied a 5V bias to the gate of an N-channel power MOSFET,
model IRFBG30. By applying this signal to its gate, the transistor went
into conduction, having a drain-source voltage drop of 0.1 V. In order
to block the rf voltage from reaching the transistor switch, during
plasma operation, its output was connected to the lower electrode
through an inductor, which was a toroidal ferrite core (Amidon FT-
193-]) wound with 16 turns of wire. Upon application of the transistor
switch, our oscilloscope measurements of the lower-electrode voltage
revealed that the additional circuit overcame the charge on the cou-
pling capacitor within 100 us, so that the lower-electrode potential
thereafter remained fixed at 4+-160.0V, as compared to the ground
potential of the other surfaces of the chamber. In this manner, the elec-
tric field was forced to have an upward direction, at a controlled level,
by t=2.1 ms.

B. Electric field for controlled lifting

The electric field, for ¢ > 2.1 ms, was calculated everywhere within
the chamber using the numerical solution of Laplace’s equation for
this chamber.”” An input for this calculation was the voltage on the
lower electrode, which was measured using a 100X probe and an oscil-
loscope, shown in Fig. 1. The voltage waveform V{(f) on the lower elec-
trode, along with the time series for the calculated value of the electric
field, is presented in Fig. 2.
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FIG. 2. Time series for the lower-electrode voltage (main graph) and the electric
field at 8 mm above the lower electrode (inset). The rf power sustaining the plasma
was turned off at t= 0. Thereafter, during the first 2ms, a negative dc voltage per-
sisted on the lower electrode, due to capacitor Ceoyp. During that early time interval,
electrons escaped the chamber first, so that some remaining ions collected on dust
particles, charging them positively. Later, for ¢ of order 2ms, a dust particle’s charge
became frozen because both ions and electrons were absent; those late times the
electric field was that of a vacuum. We chose to apply a positive potential
Vhias = +160V to the lower electrode, starting at t =2 ms, for the purpose of apply-
ing a controlled upward electric lifting force, in opposition to gravity. The electrode
voltage waveform shown in the main panel, recorded by the oscilloscope, was an
input for our Laplace’s equation calculation of the electric field, shown in the inset.
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The lifting electric force, in opposition to gravity, occurs after the
transistor switch causes the lower electrode to change in potential. As
a step toward controlling this lifting force, one can adjust the electric
field at a specific time, as we have done. For this experiment, we chose
a potential of 4-160 V, which had an effect of reducing the downward
acceleration. A greater positive voltage would be required to entirely
inhibit the impact of the dust particles. The timing for this adjustment
was chosen based on our estimation of the time required for the charge
to “freeze” in the afterglow.

Ill. EXPERIMENTAL RESULTS
A. Dust cloud expansion

Four runs of experiments were carried out with different number
of particles, N = 404, 578, 1055, and 2100. All other starting conditions
(including the rf power, dc voltage on the lower electrode, and
height = 14.3 mm of the dust cloud) were the same for each run. By
repeating the experiment with different numbers of particles, we will
be able to test a model for the dust cloud’s expansion, including its
dependence on the number N of like-charged particles that repel one
another.

Viewing from the side, we confirmed that the falling of the dust
particles was slowed in this experiment by our reversal of the electric
field. The particles took an average of 190 ms to impact on the lower
electrode, in comparison to 40 ms in our previous experiment’” start-
ing from the same height = 14.3 mm. This extended time, for the par-
ticles to fall, allowed us to observe the cloud of dust particles to expand
noticeably, in the horizontal direction, as we discuss next.

The trajectories of dust particles can be seen in . This com-
posite image is a superposition of video frames at an interval of 5ms.

75ms

100 ms

150 ms -

2mm
g : 5 . Ll

FIG. 3. Dust particles falling during the afterglow, in the presence of an upward
electric field. Side-view images shown here are superimposed at intervals of (a) 5
and (b) 25ms. Both panels are for the same experimental run, with N =578 dust
particles, recorded at 1000 frames/s starting at t=0. The lower electrode surface
is at the bottom edge of these images. An expansion of the dust cloud occurs in
the horizontal direction, as is best seen in (a). To quantify the horizontal expansion,
we measure a chord for the dust cloud as the distance L between the outermost
dust particles, marked with arrows at t=75ms. A thickening of the dust cloud also
develops with time, as is best seen in (b). We tabulate the thickness as it develops
over time in the
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The particles fell with trajectories that curved prominently out-
ward from the center, corresponding to an outward horizontal
expansion.

Our measurement to quantify the horizontal expansion is sum-
marized here. Using side-view camera images, we started by measur-
ing a chord diameter L between the outermost dust particles. As an
example, chord diameter is marked as the distance between arrows in

. This chord diameter is less than the full diameter 2R of the
dust cloud because the vertical laser sheet did not pass through the
exact center of the particle cloud. To obtain R from our measurement
of L, we used a simple geometrical calculation, described in the

. We repeated this measurement at 5ms intervals,
yielding a time series R(f).

An example of the radial expansion R(f) is shown in , for
the run with N=578 particles. In that run, the cloud’s diameter
expanded by more than 50% by the time of impact. The nonlinear
shape of the curve for R(f) indicates that the expansion accelerated,
rather than having a steady outward velocity.

We can compare our observations for the expansion of a thin
layer to previous theoretical and experimental results for a dust
cloud that fills a fully three-dimensional volume. In the theoretical
model of Piel and Goree, ’ the outer radius of a spherical cloud
expands mostly at a steady speed, without the sustained accelera-
tion seen in our experiment with a thin layer. In the afterglow
experiment of Meyer and Merlino, = the expansion was seen
mostly in the cloud’s outermost particles, whereas in our thin
layer, the entire cloud expanded proportionally (

). Also, the cloud in our experiment remained intact,
instead of splitting or undergoing fission as in Ref.
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FIG. 4. Analysis results for radius R(f) of the dust cloud in an afterglow plasma.
The cloud radius was obtained as one-half the width measured between outermost
dust particles, as marked, for example, in . This measurement was
adjusted to account for displacement of the illuminated cross section as compared
to the dust cloud’s center, as explained in . These data, for
the run with N = 578 particles, reveal an acceleration in the dust cloud’s expansion.
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B. Thickening of dust cloud

In addition to expanding as it fell, the dust cloud also gradually
became thicker. As can be seen in Fig. 3(b), some particles accelerated
downward faster or slower than others.

To quantify the thickness, we calculate the rms thickness of a
layer, as described in the supplementary material. This measure of
the thickness gradually increased from 0.01 mm at the start of the
fall, to 1.72 mm just before impact. In this analysis of the thickness,
we excluded a few outlier particles, which were noticeably brighter
and had unusually rapid vertical displacements, as can be seen in the
video shown in the supplementary material. These outlier particles,
which were <10% in number, were probably clumps of two or more
particles that were not eliminated in the sifting procedure described
in Sec. I A.

C. Suppressing the bounce

In this experiment, we also found conditions that suppress the
bouncing of dust particles, when they impact the lower electrode.
This bouncing, which was reported in our earlier paper,” was
avoided in the present experiment, as can be seen in the video in the
supplementary material. Suppressing the bounce was made possible
by a lower impact velocity. In the present experiment, the impact
velocity was less than 100 mm/s for most particles. (Only the bright
outlier particles, which fell at a higher speed than most, were
observed to bounce.) For comparison, in our previous experiment,
particles impacted the lower electrode at 700 mm/s, and they all
bounced.™

IV. MODEL OF 2D DUST CLOUD EXPANSION

To model the expansion of the dust cloud, we adapt Sheridan’s
equation of motion for a planar dust disk.”’ That equation of motion
is a combination of Egs. (11) and (14) of Ref. 70. Sheridan’s purpose
was to describe the breathing mode, i.e., an oscillation of a dust cloud’s
diameter in the presence of a central confining potential, and in the
presence of electrons and ions. Although we are not investigating the
breathing mode here, Sheridan’s equation of motion, nevertheless,
provides a useful formulation for our purpose because it includes the
effect of the collective Coulomb repulsion among dust particles, which
tends to cause the dust cloud to expand, and because it assumes a suit-
able geometry for our experiment.

The geometry for Sheridan’s equation of motion is a circular
dust cloud that is thin, filling only a single layer. In contrast to his
two-dimensional model, a description for the expansion of a three-
dimensional spherical “Coulomb ball” was presented by Piel and
Goree."” The latter description is better suited for afterglow experi-
ments that begin with fully three-dimensional dust clouds, as in
Ref. 14.

Sheridan’s equation of motion predicts how the dust cloud
expands over time, taking into account several physical processes,
including most importantly the Coulomb repulsion among all pairs of
particles. Assumptions that underlie Sheridan’s equation of motion are
as follows:

(1) The dust cloud’s shape is a disk that is two dimensional, with
negligible thickness.

(2) The dust particles experience a frictional drag as they move
through the gas background.

scitation.org/journal/php

(3) The dust disk expands uniformly, so that each inter-particle
distance increases by the same proportion, as the disk diameter
changes with time.

(4) The Coulomb repulsion is resisted by an external harmonic
confining electric potential. Electric forces from other sources
are assumed to be negligible (for example, in our experiment,
image charges on the distant electrode are insignificant due to
their distance from the dust cloud greatly exceeding the inter-
particle distance within the dust cloud).

(5) Rather than modeling the motion of individual particles, one
can describe the dust cloud as a continuum using Eq. (11) of
Ref. 70.

(6) Electrons and ions are present, causing shielding with a charac-
teristic Debye length A, which diminishes the Coulomb repul-
sion among dust particles at great distances.

Assumption 1, a negligible thickness, is adequately satisfied in
our experiment at early times, but it eventually fails, as we will discuss
below. As a simplification, the frictional drag in assumption 2 can be
ignored because at our low pressure of 8 mTorr, the frictional force
amounts to less than 1% of the Coulomb force in our experiment, so
that we can omit the corresponding term in Sheridan’s equation of
motion. For assumption 3, we confirmed that the interparticle distan-
ces expand uniformly (supplementary material). Regarding assump-
tion 4, as a simplification, we will omit the harmonic confining force
because that force arises from gradients in the background of electrons
and ions, which were no longer present during the expansion of the
dust cloud.

With these simplifications, Sheridan’s equation of motion for the
radius R(f) of a planar dust disk, with a total mass M and charge Q, is
reduced to

2 2

MR o Ty L

2 dt? 3md4me |[R2\A R\
The second term of Eq. (1) describes the interparticle Coulomb repul-
sion, retaining assumptions 1 and 3 listed above. In this second term,
the dimensionless factor S is determined by a combination of the spa-
tial arrangement of the dust particles and any Debye shielding that
might diminish their Coulomb repulsion. An expression for the factor
S is provided in Eq. (11) of Ref. 70, which makes use of the continuum
approximation, i.e., assumption 5. We can further simplify Eq. (1)
because assumption 6 for Debye shielding is no longer applicable after
electrons and ions have escaped the chamber. Dust particles will inter-
act among themselves with a simple Coulomb repulsion, so that we
can set the Debye length to infinity in Eq. (11) of Ref. 70. With this
simplification, §' becomes zero, and S(0) = 1.0058, which we obtained
by numerically evaluating the integral in Eq. (11) of Ref. 70. Thus, dur-
ing the dust cloud’s expansion, Eq. (1) simplifies to

2 2
&R 28 Q {1.0058}:0. @)

a2 M3mdnme | R

To use Eq. (2) as the equation of motion, three inputs are required to
model our experiment: R(0), M, and Q. The initial radius R(0) was
measured directly, using the top-view camera. The total mass M of the
cloud was calculated simply as M = Nm, where N is the number of
particles measured from the top-view camera at ¢ = 0, and m is a single
dust particle’s mass as specified by the manufacturer.”” Finally, the
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total charge Q= 10700 e of the cloud was obtained from a measure-
ment of the downward acceleration, using Eq. (11) of Ref. 53.

We note that the frozen charge Q may actually have a distribu-
tion, varying from one particle to another. The value Q = 10700 e that
we reported above was obtained, using the method of Ref. 53, as an
average value, for multiple dust particles that were observed as they
fell. As explained in Ref. 53, this value is largely determined by the
mobility-limited ion velocity in the afterglow, after the electrons have
departed. Not every ion moves exactly at that velocity, however, as the
ion velocity actually has a finite distribution that is centered on that
mobility-limited value. Accordingly, we expect that some dust particles
may obtain a frozen charge that is slightly greater or less, depending
on the energy of the last few ions that approach it, in the late stages of
the afterglow. In other words, there will be a distribution of frozen
charges, centered on the average value, due to the finite distribution of
ion velocities in the late afterglow. We have not attempted to measure
or model this distribution, but we can point out that as a percentage of
the average charge, this effect should be smaller for a large average
charge of 10700 e as in the present experiment, than it would be for a
much smaller average charge.

V. COMPARISON OF MODEL AND EXPERIMENT

In Fig. 5, we compare the experimental measurements and
model, for the dust cloud’s expansion. The data for the model are
from our numerical solution of Eq. (2), using a fourth-order
Runge-Kautta integration, with no free parameters.

At early times, the experiment and model show good agreement
in the value of R(f). For the dust cloud with N=400, this agreement
persists for + <70 ms, with experiment and model differing by <1%
up to that point in time. For a larger dust cloud of N=2100, this
agreement within 1% persists up to t < 35ms.

For longer times, the experiment and model gradually differ
more and more. We are not able to explain this disagreement quanti-
tatively, but we have considered one tendency, which is a thickening of
the dust cloud layer, leading to a gradual failure of the two-
dimensionality approximation (i.e., assumption 1 as listed in Sec. IV).
We note a coincidence of two different time intervals: the time
required for the disagreement to develop to the 1% level in Fig. 5 and
the time required for twice the rms thickness of the dust cloud to
exceed the interparticle spacing. These two time intervals have about
the same value, as shown in the supplementary material. One would
intuitively expect that after thickening, two particles that are not in the
same horizontal plane will experience a reduced radial component of
their interparticle force because some of that interparticle force will be
directed vertically. That reduction in the radial component would be
expected to diminish the radial expansion in the experiment.
However, we see the opposite tendency in Fig. 5, with the expansion in
the experiment exceeding what was predicted by the model, at large ¢.
Thus, the thickening of the layer cannot by itself explain the difference
of experiment and model.

VI. CONCLUSIONS

An afterglow experiment was designed to observe a thin dust
cloud as it undergoes Coulomb expansion. We also observed a sup-
pression of the bouncing of dust particles when they land.

Measuring the expansion required a longer observation time
than in our previous experiments that started with a two-dimensional
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FIG. 5. Radius R(f) of the dust cloud as it expanded. Experimental data points, like
those of Fig. 4, are compared to curves obtained from the two-dimensional model,
Eq. (2). The four runs are distinguished by a different number N of dust particles
and correspondingly a different initial radius R(0). Experimental data are shown up
to time that we could no longer track the outermost particle due to its departure
from the camera’s field of view in the =*x directions or due to its displacement in
the £y directions outside the illumination layer. The theoretical curve is a numerical
solution of Eq. (2) with no free parameters; its inputs are N and R(0) obtained from
experimental top-view images, and charge Q = 10700 e calculated from the experi-
mentally measured acceleration. We find that the model, which assumes a thin 2D
disk, agrees with the experiment within 1%, up to the time marked with arrows.

dust cloud. In those earlier experiments,”””" the power sustaining the
plasma was turned off abruptly at =0, and the dust then fell down-
ward with a high acceleration >1 g, impacting on the lower electrode
after only about 40 ms. That time to impact was too short for the cloud
to undergo a considerable horizontal expansion. In the present experi-
ment, we increased the time to impact, to an average of 190 ms, by
reversing the electric force beginning at =2 ms, when the electrons
and ions were gone. Falling much more slowly in this way, the dust
cloud could be observed for a sufficient time to observe a considerable
horizontal expansion.

Our measurement of the expansion allowed us to test a model.
This model is our simplification of Sheridan’s equation of motion”’
for a 2D planar disk that is filled uniformly with charged dust. For
early times, we found the radius predicted by the model agrees with
the experiment within 1%. This agreement persisted up to a point in
time, which was t= 30 to 70 ms depending on the particle number N.
In this model, we retained the crucial term in Sheridan’s equation of
motion that describes the outward radial force due to Coulomb repul-
sion, but we omitted terms that are not applicable to our afterglow
conditions.
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As an additional result, we found that it is possible to suppress
the bouncing of dust particles. At the low impact velocity of
<100mm/s in this experiment, the particles landed softly, without a
bounce. In contrast to this result, in our previous experiment without
a reversal of the electric force,”* almost all particles bounced, after an
impact velocity of typically 700 mm/s.

Our observation that bouncing of MF particles can be suppressed
by reducing the impact velocity suggests that it may be feasible, in the
future, to devise a scheme to transfer a crystallized structure of dust
particles from the plasma to a solid surface, keeping the structure
intact. Such an outcome would be of interest because we showed
recently” that the crystalline structure of a single-layer dust cloud can
survive at least 40 ms after extinguishing the electric power for the
plasma. Transferring the crystalline structure permanently to the sur-
face would require not only preventing a bounce, as we have demon-
strated in this paper, but also reducing two other phenomena,
Coulomb expansion and thickening of the dust cloud, which were
observed in the present experiment and could disorganize the
structure.

One advance in this paper is a step toward controlling an upward
lifting force acting on dust particles in the afterglow. That force is the
product of two quantities: the residual charge and electric field. The
residual charge can be controlled by adjusting the potential on an elec-
trode, as was demonstrated in Ref. 53. Here, we have shown that the
electric field, after electrons and ions have departed, can be controlled
by a delayed adjustment in an electrode potential. The timing for this
delayed adjustment is governed by the physical process of “freezing”
of the charge in the afterglow. We can suggest that a full control of the
lifting force can be attained by separate adjustments of electrode
potentials, the first to control the residual charge, and the second to
control the electric field that then acts on that residual charge.

SUPPLEMENTARY MATERIAL

See the supplementary material for a video of expansion of dust
particles during fall, dust cloud radius calculation, dust cloud unifor-
mity test, and dust cloud thickness measurement.
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