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ABSTRACT

We report a Bidirectional Electrode Control Arm Assembly (BECAA) for precisely manipulating dust clouds levitated above the powered
electrode in RF plasmas. The reported techniques allow the creation of perfectly 2D dust layers by eliminating off-plane particles by moving
the electrode from outside the plasma chamber without altering the plasma conditions. The tilting and moving of electrodes using BECAA
also allows the precise and repeatable elimination of dust particles one by one to achieve any desired number of grains N without trial and
error. Simultaneously acquired top and side view images of dust clusters show that they are perfectly planar or 2D. A demonstration of clusters
with N = 1-28 without changing the plasma conditions is presented to show the utility of BECAA for complex plasma and statistical physics
experimental design. Demonstration videos and 3D printable part files are available for easy reproduction and adaptation of this new method
to repeatably produce 2D clusters in existing RF plasma chambers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203259

I. INTRODUCTION The charge carriers in plasmas produced from the ionization of
noble gases (Ar,Ne, He, etc.) are generally singly charged positive
ions (Ar*,Ne*,He",etc.) and electrons (e~ ). Consequently, indi-
vidual dust grains acquire a negative potential (in ~ ys timescales)
and levitate above the electrode. Under conditions of earthly grav-
ity, the weight of charged grains Fg is balanced by the strong electric
field Eg, that exists in the sheath region above the powered/biased
electrode. Grains of the same size levitate in the same plane, lead-
ing to a two-dimensional (2D) cluster/cloud whose radial extent and

Complex plasmas (gas discharges containing dust grains) are
classical analogs or test beds of real matter. Laboratory complex
plasma experiments involving the introduction of well-characterized
microparticles amenable for optical tracking have been numer-
ously used to probe grain collective phenomena such as dust-
acoustic waves, ~ structural phase transitions,” '” thermal energy
transport,” P viscous'®? and visco-elastic’"* dissipation, and
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properties of crystal lattices.” " Observed grain trajectories have structure are determined by a force balance on the grains [Fig. 1(a)]
also been used to infer the electric charge and ion drag force on ).t includes b
individual grains.”’ " The motivations for understanding the col-
lective behavior of charged grains in plasmas originate from stellar e grain-grain mutual repulsion determined by their electric
and planetary astrophysics,” ** plasma-based materials processing charge, .
and semiconductor manufacturing,”*’ nuclear fusion devices,” e ion drag force F;; due to axial and radial ion flows over the
and space exploration,™ to name a few. grains, and

A key step in a complex plasma experiment is the introduction e radial confinement due to an annular step at the edge of the
of dust into the plasma, typically produced as an RF glow discharge. circular electrode Feyps.
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FIG. 1. (a) Force balance on charged spherical grains of uniform diameter levitated
above the powered electrode. Eqy is the sheath electric field; gis the vertical direc-
tion where gravity acts; ﬁca,,f is the radial confinement force due to an annular step
at the edge of the circular electrode; Z is the grain charge; mq is the grain mass;

FZ and F,, respectively, are the axial and radial components of the ion drag force

Fi4; and neutral drag force is not depicted here due to the absence of any bulk gas
flows or significant drift over the electrode. (b) Overlap of a parabolic confinement
potential that traps grains in a quasi-2D layer.

Numerous complex plasma experimental studies, since the dis-
covery of dusty or complex plasmas in the laboratory, have created
2D dust clouds in RF discharges for trajectory analysis and sta-
tistical investigations. Despite the simplicity of dropping powders
consisting of monodisperse dust grains and letting the grains find
their equilibrium positions, formed 2D layers almost always tend
to have a few off-plane grains that render them only quasi-2D as
shown in Fig. 1(b). The off-plane grains are the result of asymmet-
ric shielding of grain charge by the plasma ions at different heights
along the plasma chamber axis due to the axial streaming of ions
toward the bottom-powered electrode. To minimize the number
of off-plane particles, trial-and-error, that is, repeating the experi-
ment by re-injecting the monodispersed dust grains until they form
a desired two-dimensional monolayer, is employed conventionally.
While perfect 2D layers would be ideal for theoretical or compu-
tational modeling, quasi-2D layers are accepted in practice as they
are nevertheless useful in revealing the physics sought in a particu-
lar experiment. In this work, we describe a novel electrode assembly
design called BECAA (Bidirectional Electrode Control Arm Assem-
bly) to eliminate off-plane particles efficiently and produce truly 2D
grain clusters/clouds, as verified by imaging the cloud from the side
view.

2D clusters of charged grains containing a finite number of
grains are ideal for testing statistical physics theories and predic-
tions. The number of grains N in the cluster has been varied
systematically to computationally probe the structure of classical
many-particle systems or coulombically coupled clusters” ™" that

. . 59-62 .
are mesoscopic models of classical 2D atoms,” °~ ion traps® used
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to understand coherence and decoherence as it relates to quan-
tum computing systems, used to visualize phase behavior” " and
phase transitions”” "> and study the influence of defects in small
clusters”” ’® and binary mixtures.”” Systematically creating dust
clusters with the ability to select a specific value for N in experiments
is desirable to test computational predictions of the structure and
phase transitions of charged particles in 2D systems.”

Several experimental studies have been reported on the shell
structure of finite dust clusters in complex plasmas,””** modal
analyses of dust trajectories to quantitatively extract grain charge,
interaction forces, and plasma parameters.”’ *° Finite clusters have
also been used as a probe of the grain-grain interaction force as
well as the presheath electric field.”” Wolter and Melzer® have used
laser to melt finite clusters to understand crystal as well as liquid
states of grain motion. Detailed statistical and thermodynamic prop-
erties have been extracted from dust trajectories.”” Mukhopadhyay
and Goree” report experimentally measured two-particle distribu-
tion and pair correlation function. The effect of magnetic field on
grain dynamics has been investigated as well.”’ " In large clusters
or clouds, heterogeneities in the structure have been observed.”

Recently, Singh et al.”” have introduced radial confinement
of grains using an electrified ring and used the same to induce
structural transitions in the dust cloud by varying the ring volt-
age. This method allows the manipulation of grain structure without
changing discharge conditions. Similarly, Li et al.'”’ have used the
striped electrode technique to control dust transport. By modulat-
ing the voltages on each electrode, they were able to manipulate and
remove dust particles and to precisely manipulate the sheath struc-
ture above the powered electrode. Precise manipulation and removal
of dust particles are extremely challenging in experiments. Desired
clusters with a specific number of dust particles and stable plasma
conditions are crucial for an accurate thermodynamic or statistical
analysis.

In this article, we intend to provide a novel mechanical route to
manipulate and control the density and dimensionality of the dust
clouds without perturbing any electrostatic and plasma parameters
of the experiment. To the best of our literature review, prior complex
plasma experiments controlled charged dust grains via electromag-
netic fields, which modifies the plasma conditions or disperses a
desired number of grains (N) by repeated trials until the targeted
N is achieved. This is especially tedious when trying to produce clus-
ters that have a small number of grains (< ~ 50) and do not offer the
flexibility to target a specific value of N. In addition to producing
a perfectly 2D dust layer, BECAA described here also allows vary-
ing N in increments of +1, leading to the systematic creation of
clusters from N =1 onward to any higher value of N with relative
ease without the need for brute force trial and error. BECAA can be
controlled externally (from outside of the plasma chamber) by two
control arms, resulting in the creation of the N-clusters without any
change in plasma parameters and experimental conditions. The sys-
tematic production of Coulombic clusters in complex/dusty plasmas
with charged grains using the described electrode arm is analogous
to the tunable creation of ion clusters in ion traps.'”" The rest of this
article is organized as follows: the electrode arm design and work-
ing are described in Sec. 1. Following that, we present images and
analysis of experimentally realized dust clusters with N = 1-28 along
with calculations of the grain-grain potential energy of the produced
clusters in Sec. I11. Finally, we summarize our conclusions in Sec. I'V,
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along with suggestions for potential applications of the electrode
arm assembly. Live experiment videos of manipulating dust grains
using control arms and 3D printable files to fabricate BECAA are
provided in the supplementary material.

Il. METHODS

The N-clusters were produced in the 3DPX (3D Dusty Plasma
Experiment) device at the U.S. Department of Energy-funded Col-
laborative Research Facility Magnetized Plasma Research Labora-
tory, Auburn University. 3DPX consists of a six-way vacuum cham-
ber with four transparent windows to illuminate the dust grains sus-
pended in the plasma and two multi-port solid windows embodying
the electrode assembly (BECAA), dust shaker, and probe diagnos-
tics, as illustrated in Fig. 2. A capacitively coupled RF (13.56 MHz)
discharge in argon gas was operated at 11.7 mTorr pressure and RF
power of 2 W. The plasma was generated by supplying RF power to
the circular electrode while keeping the vacuum chamber grounded.
As the operation of BECAA does not depend on gas pressure or RF
power, 2D monolayers, and finite clusters with any desired N can be
produced for laboratory complex plasma experiments.

A circular disk-shaped metallic electrode was fabricated with a
1 mm annular step/barrier around the circumference, as shown in
the inset of Fig. 2. The annular step generates a parabolic potential
above the electrode to radially confine the negatively charged and
mutually repulsive dust grains. Mono-sized melamine formaldehyde
(MF) microspheres of diameter 6.17 ym were used to create the
dust clouds in this study. A compact 3D-printed dust shaker with
areservoir in the body and two pinholes in the cap was used to store
and dispense a desired amount of dust into the plasma (Fig. 3). The
amount of dust falling from the dust shaker is very crucial to produc-
ing 2D dust clouds because an excess number of dust grains that fall
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FIG. 3. Dust shaker (3D printable file included in the supplementary material).

and settle on the electrode surface could lead to a non-uniform con-
finement potential, adversely affecting the dynamics and uniformity
of the levitated dust cloud. Once the dust grains are dispensed into
the chamber, they become highly negatively charged (Z ~ —104)
almost instantly and fall toward the bottom electrode due to grav-
itational force (Fg = m,g), until their weight is counteracted by an
upward electrostatic force (ﬁ £ = ZeEsh ), by a downward electric field
originating from the RF plasma sheath above the electrode. As a
result, dust grains levitate at the equilibrium position at which the
downward gravitational force Fg and upward electrostatic force F
are in balance [Fig. 1(a)]. A green laser of wavelength 532 nm and
power 220 mW was fed through an absorptive neutral density (ND)
filter of OD 0.7 (transmittance 20%), which decreased the power to
~44 mW. Then, a cylindrical lens was used to convert the laser beam
of dimensions 2.1 x 2.5 mm? into a horizontal sheet of dimensions
65 x 3 mm” for homogeneous illumination of the entire dust cloud
in the horizontal (x-y) plane. Similarly, a second laser of identi-
cal specifications and similar optics was used to illuminate the dust
cloud vertically to visualize off-plane (z-axis) grain motion, which is
shown in Fig. 2.

| —— Dust
1 Shaker Rod

) M
Probe

~ " Feedthrough

Langmuir Tube
Probe Side
& View
\‘ “ \"
| | / Laser

R/ ’Cylindrical
Lens

Inflow

Electrode l
Assembly Vacuum

Pump

FIG. 2. 3DPX plasma device.
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A mono-sized distribution. Another common approach is to excite
the whole dust cloud vertically (along the z-axis) by perturbing the
plasma sheath using high-power pulses, forcing dust grains into a
single layer or to fall onto the bottom electrode. These methods rely
on multiple trials and lack repeatability, so obtaining a 2D layer
without off-plane particles is not guaranteed. Lack of standardiza-
tion hinders experimental design while studying the properties of
finite-sized clouds or for designing well-controlled statistical physics
experiments.

Bidirectional Electrode Control Arms Assembly (BECAA) is
introduced as a systematic route for producing 2D dust clouds and
clusters containing a finite and selectable number of grains. BECAA
consists of a circular metal electrode connected with a 4 mm solid
Vacuum Flange brass rod fed through a hollow vacuum tube to a BNC connector,

= z completing the circuit for plasma generation [Fig. 4(a)]. The two

3 adjacent control arms are installed with 3D printed fixtures “slot”

% and “fork” on the top, as shown in Figs. 4(a) and 4(b), and their
:1 intersection holds the central segment, while the control arm rods
BNC extend outside the vacuum chamber to be operated by a user with
their handles. In this configuration, the rotational motion of the con-
trol arm handle resulted in the translation motion of the intersection
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FIG. 4. (a) BECAA attached to a flange with a feedthrough for the electrode. (b)
Slot and fork mechanism to move and tilt the electrode while inside a sealed vac-
uum chamber (3D printable files of slot and fork included in the supplementary

point in a plane parallel to the electrode. As the other end of the
brass rod is fixed in the BNC connector, the translation motion of
the intersection point causes a tilt in the electrode surface. The tilt

terial).
material) allows the removal of unwanted off-plane particles from the dust

cloud. This slight tilt in the electrode assembly while the slot and
fork remain stationary causes the confinement equipotential line to
lower at the tilted end; thus, the negatively charged repulsive dust
grains start moving toward the lowered potential region, eventually
exiting from the RF plasma sheath over the electrode as shown in
Figs. 5(a) and 5(b). While tilting, the perpendicular component of

Now, the challenge is to eliminate off-plane particles to pro-
duce a perfect 2D dust monolayer. In such scenarios, the general
approach in prior dusty plasma experiments is to re-inject the dust
grains and anticipate that they settle in a single layer due to their

plasma E Fycos(#) , 4 Fy

plasma
0.9976 Fy;
confinement confinement
potential Fr potential Fg O ~ 4°
~ F, ¢ t le ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ N F ~ ' ?pat
Feony b 4mO.0.0.00m M F, Feonym 000 O <l>—>_‘_,.
= = conf

F¢ Y
electrode step

step electrode stetp

tilted electrode

FIG. 5. (a) Force balance on dust grains in a confinement potential. (b) Force balance and motion of dust grains due to tilted electrode. (c) Vertical (z-axis) force balance
on a dust grain while the electrode is titled. (d) Snapshot from demonstration videos accompanying this figure that shows the removal of multiple grains from a cloud using
BECAA (Multimedia available online). (e) Snapshot from demonstration videos accompanying this figure that shows the removal of a single grain from a cluster using BECAA
(Multimedia available online). (f) z-cam view of a tilted electrode and removal of grains one by one by tilting the electrode using BECAA (Multimedia available online).
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Before

Side (z) Camera Snapshot

FIG. 6. [(a) and (b)] Transition from quasi-2D to 2D dust cloud. (c) Side (z) camera
view with a vertical laser shining through the dust cloud.

Fp, that is, Fg cos (0r), remains almost identical to the magnitude
of Fg before tilt, as the angle of tilt at which particles start radi-
ally exiting the sheath region is between 2° and 4° (2° < 07 < 4°) as
shown in . We used the z-axis (side view) camera to deter-
mine the tilt angle by superposing the two images, one at flat position
(0°) and another at maximum tilt (67), by which all grains exit the
confinement region. Visual demonstrations of the electrode tilting
and elimination of grains can be seen in -5(f) (Multime-
dia available online). The maximum tilt angle was determined to be
Or ~ 4°, resulting in the vertical component as |Fg|cos(0r)
> 0.9976|Fg|. Thus, Fp (the grain-grain force), which is always a
repulsive and lowered confinement force anf in the region at the
tilted edge, contributes to eliminating the grains from the sheath
region above the electrode. The tilt angle can be precisely con-
trolled using the BECAA assembly handle that extends outside the
plasma chamber. This enables the manipulation of the confine-
ment potential well shape without altering the plasma parameters
or any inserted probes for diagnostics. The number of dust parti-
cles removed from the cloud is directly controlled by the degree
of tilt, which determines the lowering of the confinement well
shape. Therefore, multiple off-plane particles [ ] can be
removed simultaneously to quickly produce a perfect 2D monolayer
[ ]. BECAA is attached to the chamber wall, rendering it
stable once set in a position and easy to operate from outside the
chamber. In addition to eliminating off-plane particles, BECAA can
also be used to systematically remove grains one at a time to produce
finite-sized 2D dust clusters (or 2D N-clusters for brevity), where
N could be as small as 1 and up to ~1000s of grains. For this study, we
started with N = 28 and ejected grains one by one until we obtained
an N =1 cluster ( ). By keeping track of the number of grains
removed, a 2D N-cluster of the desired N can be easily obtained. The
dust grains were tracked through two coupled monochrome CMOS
cameras, recording at 120 fps. The coupling of the top (x-y) and

ARTICLE pubs.aip.org/aip/rsi

FIG. 7. 2D clusters with N = 1-28 produced using BECAA.

side (z) cameras was necessary to simultaneously visualize the dust
motion in horizontal and vertical planes and confirm that there are
no off-plane particles in the dust cloud [ and 8]. While most
of our clusters were in a crystal-like state of organization, in those
that exhibit fluid-like behavior, the z-axis camera can also be used to
obtain their off-plane motion quantitatively.

lll. RESULTS AND DISCUSSION

displays the high-resolution images of the clusters we
obtained for N = 1-28 in the RF discharge operated at 2 W power
and 11.7 mTorr Ar gas pressure. Under these conditions, the elec-
tric charge on each grain is estimated as Z ~ —14 000e by solving
I, = I;. Here, I. is the collisionless electron current to the grain
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FIG. 8. Top view (left panel) and side view (right panel) of a cluster that confirm
that all grains are in the same plane.

calculated using OML theory, and I; is the collisional ion cur-
rent calculated using the experimentally validated model by Suresh
et al.'’" The plasma Debye length Ap is estimated using the velocity-
dependent shielding length expression by Hutchinson and Khrapak
et al. as 269 ym, assuming u; = v (u; is the ion velocity and
vp is the Bohm velocity) as dust levitates at the sheath boundary.
Electron concentration n, ~ 9 x 10" m™ and electron tempera-
ture T, ~ 3.5 eV were obtained via Langmuir probe measurements.
From the velocity distributions of the grains, it was evident that
the produced clusters are in a crystal-like or solid-like state as
the kinetic energy of individual grains is much smaller than the
cluster electrostatic potential energy. The cluster energy is cal-
culated as the sum of the pairwise electrostatic potential energy
of the grains without including their kinetic energies and their
potential energy due to their position in the confinement well:
E(N)= ZE gy %je‘ﬁ. EN) n 7 is displayed in

for the experimentally obtained N-clusters along with the non-
dimensional £ obtained using Monte Carlo simulations by Bedanov
and Peeters. is presented as a demonstration of obtain-
ing clusters without gaps in the N for scientific experimentation.
The cluster energy analysis by Bedanov and Peeters’® is experi-
mentally realized here using the described BECAA without gaps
in N. Quantitative comparison would be possible by including
experiment-specific details in the simulations. Since the structures
can be created with a prescribed N, other thermodynamic quantities,
especially structural entropy,'’” can be computed based on experi-
mental data. The experimental routine involved starting with a large
cloud that included a few off-plane grains [such as in 1,
which were removed by tilting the electrode. Next, the grains were
removed from the cloud, initially in tens and then later one by
one, until the desired number of grains was attained. We started
with N =28 grains and eliminated them one by one to obtain the
clusters shown in . The side view presented in con-
firms that all the grains are in the same plane, and BECAA leads
to purely 2D clusters. We construe this as a systematic demon-
stration of the ability of BECAA to obtain the desired clusters for
fundamental physics experiments. The key advance is the elimina-
tion of trial and error and the need for changing plasma parameters
while trying to produce clusters of desired N. Peeters, Schweigert,
and Bedanov®’ developed a Mendeleev-type periodic table for clas-
sical 2D atoms (clusters) and also for molecules, in which the

ARTICLE pubs.aip.org/aip/rsi

TABLE |. Calculations of average grain—grain potential energy % for the clusters
experimentally obtained using BECAA along with modeling calculations of Bedanov
and Peeters.”® The key advantage of using BECAA is the ability to obtain clusters
without any gaps in N. Plasma discharge conditions are 2 W and 11.7 mTorr.

Average grain-grain Non-dimensional

Cluster potential energy per % from Bedanov and
size N grain % (x1077) Peeters

1 0 0

2 1.67 0.75

3 1.94 1.31037
4 2.67 1.83545
5 3.81 2.33845
6 4.21 2.804 56
7 4.44 3.23897
8 5.38 3.6689
9 6.11 4.08813
10 6.71 448494
11 7.35 4.864 67
12 8.65 5.23895
13 8.62 5.601 14
14 9.35 5.958 99
15 10.6 6.307 58
16 11.1 6.6499
17 10.3 6.98291
18 10.9 7.308 14
19 11.6 7.63197
20 12.0 7.949 61
21 12.4 8.265 88
22 12.7 8.574 18
23 13.2 8.877 65
24 14.9 9.1759
25 15.8 9.47079
26 16.3 9.76273
27 20.4 10.0509
28 16.8 10.3356

Hamiltonian for the clusters was taken as the sum of the pairwise
grain—grain Coulombic potential energy > X' Zl}lzi 41 ¢ij and the
potential energy due to position in the confinement well YN, V(7).
Using BECAA, such theoretical predictions can now be verified and
demonstrated with relative ease. Juan et al.”” approximated linear
chains with 5-20 grains as quasi-2D clusters (when viewed from the
top) and conducted structural analysis. This experiment could now
be potentially done without gaps in N using BECAA and the anal-
ysis be done exactly without simplifying assumptions. Experiments
such as those by Schella et al.”” were done to understand the ther-
modynamic behavior of clusters as a function of N. Only selected
N =19,20,27, 34 were used, potentially due to challenges in system-
atically producing clusters from N =1 to any desired N. BECAA
enables experimental design that is closely knit with computational
modeling. Probing the effect of an externally applied magnetic field
on the dynamics of ym-sized grains dispersed in a plasma continues
to garner growing interest. BECAA allows systematic experi-
mental design without changing the RF discharge parameters, as
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demonstrated in the clusters displayed in Table I. Video demonstra-
tions of manipulating dust grains using BECAA and 3D printable
files of the compact dust shaker and BECAA components “slot” and
“fork” are provided in the supplementary material for quick and
convenient integration of such an electrode assembly into dusty or
complex plasma experimental investigations.

IV. CONCLUSIONS

The presented design of the Bidirectional Electrode Control
Arms Assembly (BECAA) allows the realization of truly two-
dimensional dust clouds or clusters above the powered electrode
in RF discharges. We demonstrated the ability of BECAA to pro-
duce perfect monolayers and clusters of selectable N from non-
uniform 3D or quasi-2D dust clouds, keeping plasma conditions
constant throughout the experiment. We utilized vertical laser illu-
mination and side-view imaging to show that the produced clusters
do not contain any off-plane dust particles. In addition, by the
methods described herein, the clusters were produced in a rela-
tively short period of time, and the procedure is systematic and
extremely repeatable. In contrast, the general trial-and-error meth-
ods fail to offer such rapidity, repeatability, and certainty to generate
the desired N-cluster or a 2D monolayer. We also emphasized
the importance of such controlled clusters for fundamental physics
experiments relevant to many sub-disciplines, such as statistical
physics, classical electrostatics, materials science, and dusty or com-
plex plasmas. Complex plasmas created by dispersing grains are a
unique experimental system to study 2D systems of classically inter-
acting particles. To obtain insights into the behavior of 2D systems,
BECAA offers greater control over experimental design and associ-
ated theoretical or numerical modeling. Control over the number of
grains provided by BECAA could be potentially effective in visual-
izing the multi-body electrostatic interactions in classical systems.
BECAA has been used in conditions where the grains organize into
a crystal state in the presence of parabolic confinement. It remains
to be explored how BECAA can interact with clouds that are in a
fluid state. Further work on designing experiments to create small
clusters to explore multi-body collisional interactions, structural
transitions, and thermodynamics is of interest. This is of poten-
tial utility in modeling grain dynamics and in understanding the
grain behavior in low-temperature plasmas used for a broad range of
applications.'””''" BECAA is demonstrated here in an RF discharge,
and future work could potentially build versions for other types of
plasma discharges as well. Finally, the presented BECAA approach
advanced here could be potentially useful in dusty plasma research
and as a pedagogical tool to visualize concepts such as electrostatics,
collisional scattering, and stochastic dynamics.

SUPPLEMENTARY MATERIAL

The supplementary material contains the 3D printable files of
the dust shaker as shown in Fig. 3 and the slot and fork of BECAA
as shown in Fig. 4(b). The files are in .SLDPRT format that can be
directly used to print using a 3D printer. The Dust Shaker folder
has three printable files for each section: body (with a feedthrough
attachment and a reservoir), bottom (to seal the reservoir), and cap

ARTICLE pubs.aip.org/aip/rsi

(to close the dust shaker and pin holes to eject the dust particles from
the reservoir).
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