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Abstract

®

CrossMark

The last decade has seen the development of new experimental devices to explore the physics of
magnetized dusty plasmas. Because of the small charge-to-mass ratio of the charged
microparticles, it is necessary to operate these experiments at high magnetic fields of several
Tesla in order to observe the direct effect of the magnetic forces on the transport properties of the
charged microparticles. While the study of magnetized dusty plasmas is still the ultimate goal,
these experiments have also provided new opportunities to studies regimes of strongly
magnetized, low temperature, laboratory plasmas that have not been extensively explored.
Experiments show the formation of new types of self- and imposed-ordered structures that form
in both the plasma and among the microparticles. This paper summarizes recent experimental
observations of plasma filamentation (in the plasma) and will discuss possible connections to
‘dust gridding’ phenomena that are observed in the magnetized dusty plasma experiment device.
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formation

(Some figures may appear in colour only in the online journal)

1. Introduction

Dusty plasma research has made significant advances over the
last three decades. In these plasmas, the electrons, ions, and
neutral atoms that form a typical plasma are joined by a fourth
component—solid, charged, particulate matter (i.e. ‘dust grains’).
These dust grains, which range in size from a few nanometers to
several micrometers, collect charge from the background plasma
and become incorporated as an additional plasma species [1, 2]
Although these particles can become highly charged with hun-
dreds to thousands of elementary charges, their large mass rela-
tive to the electrons and ions means that the charge-to-mass ratio
of the dust particles can be quite low. This has profound
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consequences for the operation of dusty plasma experiments as
well as the physical properties of these systems.

The most immediate consequence of the low charge-to-
mass ratio is the fact that the dynamics of the dust component of
the plasma is dramatically slowed compared to the dynamics of
the electrons and ions. Consider a typical laboratory dusty
plasma with electron/ion densities, n ~ 10°m™ , electron
temperature, T, ~ 2.5¢V, ion temperature, 7; ~ 1/40eV, and
1-micron diameter dust particles with a mass, m, ~ 1077 kg,
carrying Z; ~ 1000 elementary charges, and dust number den-
sity, ng ~ 10°m . The electron (wpe) and ion (w);) plasma

2q1/2

. nsq,

frequencies, (where wy, = [;n:] , N, (s and my are the
0ty

density, charge, and mass of plasma species, s = electron(e),
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ion(i) or dust (d)) are 1.8 x 10°rads™' and 6.6 x 10°rads™",
respectively. By contrast, the dust plasma frequency is
54rads~'. This means that fundamental processes of the dust
component have become slowed to the point where they can be
directly visualized in the plasma using tools as simple as high-
speed cameras. This enables studies of the collective behavior of
the dust component, e.g. shocks [3-6], vortices [7-9], and waves
[10-13], with unprecedented precision, due to of the ability to
study plasma dynamics at an ‘atomistic’ level.

In addition to this slowing of the dust component
dynamics, the large charge on the dust particles also con-
tributes to the ability of a dusty plasma to form ordered pat-
terns. This is because it becomes possible to tune the
dynamics of a dusty plasma through the Coulomb coupling

parameter, the ratio of the electrostatic potential energy to
2

thermal energy, I' = ; where, A is the average

d
4 €0 AkBT;,{
spacing between the particles, kp is Boltzmann’s constant, and
T, is the kinetic temperature of the dust component.
Numerous studies over the past three decades have shown
that laboratory dusty plasmas experiments can be performed
from the weakly-coupled (I' < 1) to strong-coupled (I' > 1)
regimes. In particular, the self-organization of the dust
component of the plasma that arises in the strongly-coupled
regime is not only a scientifically interesting physical system
that can be studied on its own, it also provides a well-defined
initial state from which to perform a variety of other plasma
experiments [14—18].

The studies described above can all be considered to be
electrostatic experiments. That is, the dust particles are
introduced into a laboratory plasma, they become charged,
and they remain suspended in the plasma due to a zero-order
equilibrium that is established between the gravitational force
and a compensating electric force in the plasma sheath. In
recent years, interest has grown in studying the influence of
magnetic fields on dusty plasmas [19-27], but this is where a
second consequence of the low charge-to-mass ratio plays a
role. In order for the dynamics of the dust component of the
plasma to be influenced by a magnetic field, it can be shown,
that magnetic fields, B > 1 T are required [28]. The applica-
tion of these high magnetic fields to dusty plasma experiments
has led to the discovery of new types of pattern formation and
self- and imposed-ordering processes in both the background
plasma and the dust particles.

This paper will report on experiments that have been
performed on the magnetized dusty plasma experiment
(MDPX) device at Auburn University. It will primarily focus
on an analysis of plasma filaments, structures that form in the
plasma along the magnetic field lines. It will be shown that
the spatial properties of the filaments vary with neutral
pressure and applied radio-frequency (rf) power and may be
dependent on the ion magnetization. The paper will then
discuss possible connections between the filaments and the
imposed dust gridding phenomenon that were discovered in
the MDPX device and that have been reported in previous
papers [29-31]. Finally, this paper will briefly describe results

from recent simulation efforts that are being performed to
understand the properties of the filaments.

This paper is organized in the following manner.
Section 2 will discuss the setup of the MDPX device.
Section 3 will focus on an analysis of plasma filaments that
have been formed several different experiments on the MDPX
device. Section 4 will give a brief discussion on the dust
gridding phenomenon and its similarity with the filament.
Finally, section 5 will discuss some of the simulation efforts
and then provide a summary of the work that is described in
this paper.

2. The MDPX device

The MDPX device is a multi-configuration, multi-user
research experiment that is designed to study the dusty
plasmas that extend from the regime of strongly magnetized
plasmas (where the electrons and ions are magnetized but the
charged dust is unmagnetized), to the regime of magnetized
dusty plasmas (where the dynamics of the electrons, ions, and
charged dust particles is dominated by magnetic forces). The
design, construction, and initial operation of the MDPX
device have been described in detail in previous papers
[32-34], so only a brief overview of the experiment is
given here.

The MDPX device consists of two integrated compo-
nents: a superconducting magnet system and a plasma source.
A photograph showing an overview of the laboratory facility
is shown in figure 1(a). A key feature of the MDPX design is
that the plasma source can be easily removed from the
magnet, so that a number of different plasma source config-
urations can be used. All of the experiments described in this
paper use the primary ‘MDPX octagon’ plasma source, so
only this source will be discussed.

The superconducting magnet system consists of four
cylindrical coils placed in a large, split-bore cryostat, the large
black structure at the center of figure 1(a). The cryostat has an
outer diameter of 127.8 cm with an inner, 50 cm diameter
‘warm bore’ that extends the full axial length, 93.5 cm, of the
cryostat. The upper and lower halves of the cryostat are
separated by four posts that create a 19 cm axial gap. This
open, split-bore design allows both radial and axial access to a
large central region where the strongest magnetic fields are
formed. Although the experiments reported here are per-
formed using a uniform magnetic field configuration, the
electrical control system for the magnet allows individual
currents to be applied to each coil allowing magnetic field
configurations ranging from linear gradients to cusp-like
geometries to be formed. The magnet system is designed to
produced uniform magnetic fields up to B = 4 Tesla and axial
gradients up to 1 Tm ™",

The experiments reported in this paper were all per-
formed in the MDPX octagon plasma chamber. This is a
custom-designed aluminum vacuum chamber with a cylind-
rical interior that is 36.6 cm in diameter and 17.8 cm in height.
The exterior of the vacuum chamber has eight flat faces which
use rectangular flanges for probe or viewports—giving the
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Figure 1. (a) Overview photograph of the Magnet Laboratory that houses the magnetized dusty plasma experiment (MDPX) device. The
main cryostat with the split ‘warm bore’ is identified in the photograph. An aluminum support platform and cable/fiber optic trays are also
visible in the image. (b) A close-up photograph of the MDPX octagon plasma source mounted inside the split ‘warm bore’ of the magnet.
Two of the octagon faces of the plasma chamber are visible as are two of the four support posts that separate the upper and lower sections of
the cryostat. (c) A schematic drawing of the interior setup of the electrodes, camera, and dust shaker.

chamber its octagonal shape. The flanges have fittings that
adapt to standard ISO or conflat vacuum components in order
to maximize the flexibility of the design allow relatively easy
installation of plasma diagnostics. A photograph showing a
closeup view of the MDPX octagon plasma chamber mounted
in the inner bore of the magnet system is shown in figure 1(b).
This design maximizes both optical and probe access to the
plasma volume and is unique among the various high
magnetic field dusty plasma experiments.

A schematic drawing of the interior of the plasma
chamber is shown in figure 1(c). Capacitively-coupled, rf
glow discharge plasmas are generated between a pair of
parallel plate electrodes that can be separated between 6.0 and
9.0cm. The applied rf power is at a fixed frequency of
13.56 MHz and is typically delivered at a power level
between 1 and 10 W for most of the experiments. Both
electrodes are aluminum plates that are 30.5 cm in diameter.
The lower electrode has a 15.2 cm diameter, 0.64 cm circular
depression at its center which helps to provide radial con-
finement of dust particles. The upper electrode has a 10.2 cm
diameter through-hole to provide optical access to the plasma
volume from the top. Depending upon the experimental
configuration, this hole is usually covered with a conducting
material to prevent a significant perturbation of the main
plasma volume. Either a conducting glass plate, i.e. FTO
(fluorine-doped tin-oxide)-coated glass or a high-transparency
woven wire mesh is used.

All of the experiments that will be discussed in this paper
will be performed using a powered lower electrode and with
the upper electrode electrically floating. In practice, whether
the upper electrode was powered for floating does not sig-
nificantly alter whether the filaments, dust grids, or other
types of patterns form, but could modify the threshold con-
ditions for the formation or the precise details of the patterns.
Similarly, it is also noted that the spacing between the elec-
trodes may also impact the threshold conditions for various
types of pattern formation. For most of the experiments
reported here, a magnetic field, B > 0.5 T, is needed in order
to observe the phenomena reported in this paper.

3. Observations of plasma filamentation

The primary focus of this paper will be an analysis of the
plasma filamentation phenomenon at high magnetic field. For
this work, we define the filaments as elongated structures that
form along magnetic field lines between the two electrodes of
a capacitively-coupled rf discharge. In the MDPX device, we
can observe filaments via side views or top views as shown in
figure 2 that are visibly similar to phenomena reported in
earlier works [23, 35-37]. The filaments can appear in the
experiment as quasi-stationary isolated cylindrical structures
(a vertical column when viewed from the side or a dot when
viewed from above) or as continuous collective structures
such as spirals or rings that slowly evolve in time over tens of
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Figure 2. Cropped (a) side and (b) top view of filaments in an argon
plasmaat B = 0.75 T, P = 2.9 Pa, and rf power = 1.8 W. Vertically
aligned filaments are shown throughout the plasma volume. The
large object in the center of the image is the dust shaker. In (b),
we see two types of filamentary structures—individual filament
‘columns’, which appear to the left as dots, and longer extended
structures, which appear to the right as lines. It is noted that, in this
case, these structures are not stationary, they are continuously
moving.

seconds. For most of the analysis that is considered here,
views from the top camera will be used.

For the first two experimental results, the formation of
the filaments is examined as a function of neutral pressure, as
shown in figure 3, and as a function of rf power, as shown in
figure 4. The experiment is performed in the MDPX octagon
chamber with a conducting FTO glass plate on the top elec-
trode. The separation between the two electrodes in the
plasma source is 6.2 cm. Argon plasmas are made at rf powers
between 0.8 and 5.0 W and at neutral pressures ranging from
2 to 9Pa. In both figures, the filaments are viewed from
the top using a 4 MPixel video camera that is operating at
12.5 frames per second and with a spatial resolution of
0.07 mm/pixel (70 pm/pixel).

In figure 3, the development of the filaments is shown as a
function of neutral pressure from lower pressure in 3(a) at
P =29Pa to a higher pressure in 3(g) at P = 8.4Pa. The
experiment is performed in argon gas at a constant applied rf
power of 1.8 W and at a constant magnetic field B = 0.75 T. If it

is assumed that the ions are room temperature (7; = 1/40eV),
they will have a thermal velocity given by vy, = ikTT =

~390ms ', which will correspond to an ion gyroradius,
p; = 0.22 mm. This scale size is compared with the ion-neutral

1
iy = oo where N,
is the number density of the neutrals and o;, is the ion-neutral
collision cross-section which is calculated to be 3.27 X
10 " m~2 based upon a method described by Khrapak [38]. For
the pressure ranges in this experiment, the ion-neutral mean free

path will range from \,,;, = 0.42 mm (approximately twice the

mean free path, which is computed from A

ion gyroradius) at P = 2.9 Pa in figure 3(a) to A5, = 0.14 mm
(approximately one-half the ion gyroradius) at P = 8.4 Pa in
figure 3(g).

It is observed that the filaments appear as individual
structures, e.g. dots in figures 3(a) and (b), that appear to
merge into each other with increasing pressure, forming ring-
like structures as seen in figures 3(c) and (d). As the pressure
continues to increase, the ring-structures begin to fade and the
appearance of the plasma becomes more uniform. In the
experiment, as the pressure continues to rise above 10-13 Pa,
the ring structures completely dissipate, and the plasma
becomes uniform in appearance.

The properties of these filaments may also be considered
in terms of the degree of magnetization of the ions. This
magnetization can be calculated from the dimensionless Hall
parameter, which is given as the ratio of the cyclotron fre-
quency (. = q,B/my) to the neutral collision frequency
(f,s = Novg); ie. H= % The variables qs, My, and vy
are the charge, mass, and thermal velocity of the species,
s = electrons(e), ions (i), or dust (d), respectively, and f,; is
the collision frequency between the neutral atoms and species,
s. Because of the discrepancy between the cyclotron fre-
quency (which is given in terms of an angular velocity) and
the collision frequency (which is given in terms of a real
frequency), a modified Hall parameter, Hy,oq = (H/27) will
be computed. H,,,q is mathematically equivalent to the ratio
of the mean free path \,; = 1/No divided by the cir-
cumference of a gyro-orbit (27mp,). Therefore, the modified
Hall parameter can be physically interpreted as the number of

complete gyro-orbits that can be made by a charged particle in
Ay
2mp,”
In the case of the filaments considered here, with

increasing pressure, the modified Hall parameter will be
decreasing from H;,q = 0.3 at 2.9. Pa to Hy,q = 0.1 at
8.4Pa. This may be interpreted that, as a function of the
neutral pressure, the appearance of the filaments is being
suppressed by the ion-neutral collisions. One feature to note
in figure 3 is the appearance of the filament free region at the
center of the system with increasing pressure. It remains to be
determined why this region did not continue to form addi-
tional filaments; this will be the subject of future experiments.

In figure 4, the development of the filaments is shown as
a function of rf power from a lower power of 0.87 W in
figure 4(a) to a higher power of 4.7W in figure 4(g). The
experiment is also performed in argon gas but at a constant
neutral pressure of 4.6 Pa and at a constant magnetic field
B =0.75T. At B= 0T, the plasma density for this config-
uration in this rf power range extends from n ~ 0.4 to
1.2 x 10" m ™. Although this a factor of three increase in
the plasma density, the ionization fraction in the plasma varies
from ~3 t0 9 x 107",

Although we have attempted to perform more detailed
measurement of the plasma parameters in the presence of the
magnetic field, Langmuir probe measurements have proven to
be unreliable for B > 0.25 T—particularly for the electron
collection—in these experiments. Nonetheless, our previous
measurements have indicated that the ion saturation current

a magnetic field prior to making a collision, Hyoq =
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Figure 3. Top view of filaments in an argon plasma at B = 0.75 T, 1f power = 1.8 W with the neutral pressure varying from: (a) 2.9 Pa,
(b) 3.6 Pa, (c) 4.1 Pa, (d) 4.6 Pa, (e) 5.7 Pa, (f) 6.8 Pa, (g) 8.4 Pa. With increasing pressure, the filaments evolve into ring-like structures that,
at even higher pressures, eventually fade and the plasma becomes stable.

Figure 4. Top view of filaments in an argon plasma at B = 0.75 T, p = 4.6 Pa with the 1f power varying from: (a) 0.87 W, (b) 0.98 W,
(©) 2.0W, (d) 23 W, (e) 2.8 W, (f) 3.7W, (g) 4.7 W. With increasing rf power, the filaments evolve from individual dots to ring-like
structures. However, at even higher applied power, the rings persist and appear to continue to evolve into other structures.

may vary by a factor of ~5 over the range from 0 to 2 T [39].
Therefore, we believe that dominating role of ion-neutral
collisions will persist during the variation in the rf power.

Recently, a new study of filaments was performed in a
new spatial configuration of the MDPX octagon chamber.
The experiment was again performed in rf generated argon
plasmas with a powered lower electrode and a grounded
upper electrode with a conducting glass plate. For the results
that are shown in figure 5, the electrode gap has been
increased from 6.2 to 9.0 cm, the magnetic field is B = 1.0 T,
and the neutral pressure is held fixed at P = 13.3 Pa. In this
experiment, the rf power is ramped from 5(a) at 5 W to 5(g) at
40 W. The experiment is viewed from the top, but the camera
is operating at a faster frame rate of 84 framess .

Even though the experimental configuration is different,
the same qualitative features of the filaments observed in

figure 4(g) at 4.7 W are also observed in figure 5(a) at 5.0 W.
There are concentric rings of possibly merged filaments that
surround a center that has a dense collection of individual
filament ‘spots’. As the rf power is increased, there is a dis-
sipation of the rings. However, a new feature appears, a
smaller scale ‘spotty’ structure that eventually extends over
the entire field of view at the highest applied powers. It is
noted that this transition from large- to small-scale structures
has been tested under a variety of experimental conditions
beyond those illustrated here and a small-scale structure
appears with increasing RF power.

To characterize the properties of these structures, an
analysis is performed, using the ImageJ application [41], of
the light intensity of images over the central region of the
filament structure as illustrated in figure 6. The analysis
region is a rectangular box that is 820 pixels wide by
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Figure 5. Top view of filaments in an argon plasma at B = 1.0 T, P = 13.3 Pa with the rf power varying from: (a) 5.0 W, (b) 10 W, (c) 15 W,
(d) 20 W, (e) 25 W, (f) 30 W, (g) 40 W. Figure 5(a), 5(c), 5(¢) and 5(g) are reprinted from [40], with the permission of AIP Publishing.

»

T T T
20 40 60
position (mm)

Figure 6. (a) Image of the analysis region (yellow box) that is used to characterize the spatial structure of the filament rings. The red curve is a
measurement of the relative light intensity as a function of position with the analysis region. (b) Waterfall plot showing the evolution of the
spatial structure of the filament in the analysis region as a function of increasing rf power.

60 pixels tall. The average light intensity is computed along
each vertical column. In figure 6(a), the analysis region is
shown for the rf power = 10 W case. The red curve shows
the fluctuation in the light intensity as a function of the hor-
izontal position with peaks coincident with locations of the
filament rings. In figure 6(b), a waterfall plot is shown that
gives a qualitative comparison of the light intensity curves
within the analysis box that correspond to the seven rf power
settings displayed in figure 5. With increasing rf power, the
larger fluctuations at the locations of the filament rings are
shown to decrease in number and amplitude.

To extract more quantitative information about the light
intensity fluctuations, a further analysis of these light intensity
plots is presented in figure 7. Figures 7(a)—(c) show the spatial
profiles of the light intensity over the length of the analysis box
for the SW, 20W, and 40 W cases, respectively. The plots
clearly show the decay of the large filament rings. Figures 7(d)—
(f) show the Fourier transforms of the average light intensity data
for the SW, 20 W, and 40 W cases, respectively, and reveal
several important features about the plasma. First, for the 5 W
and 20 W cases, the Fourier transform shows the presence of
a spatial mode with 1/ ~ 0.35 mm~ ! or )\ ~ 3.0 mm. This

spatial mode corresponds to the presence of the filament rings
that appear in figures 5(a)—(e) and the large amplitude, periodic
structure in figures 7(a) and (b). More interesting is the
appearance, first in figure 7(e) and more clearly in figure 7(f) of
a coherent spatial mode with 1/)¢ ~ 1.3 mm " or A ~ 0.8 mm.
This is interpreted as a transformation of the filaments from
large-scale spatial structures to smaller scale structures. Fur-
thermore, it is noted that in the videos associated with these
images at the higher powers there is a rapid fluctuation in the
light intensity of the plasma—which may also be indicative of
filamentary structures that are present, but beyond the detection
limits of our current imaging systems.

4. Is dust gridding connected to filamentation?

The formation of the plasma filaments is not the only type of
pattern formation process that is present in the MDPX device
at high magnetic field. It was recently discovered that when
high magnetic field experiments, at B > 0.75 T, were per-
formed using a wire mesh embedded in the top electrode, the
dust particles could take on spatial patterns that corresponded
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Figure 7. Spatial analysis of the light intensity information. Plots (a) rf power = 5 W, (b) rf power = 20 W, and (c) rf power = 40 W show
the spatial profiles of the light intensity. Fourier transforms of these plots are shown in (d) 5 W data, (e) 20 W data and (f) 40 W data. For (d)
and (e), the peak at wave number 1/ =~ 0.35 mm™' corresponds to the large-scale spatial structure with A ~ 3.0 + 0.2 mm. For (e) and (f),

there is the emergence of a peak at 1/\ ~ 1.3 mm™

to the shape and spacing of the mesh [29, 30]. Past experi-
ments have been performed to show that the dust gridding
phenomenon scales with pressure: the particles become
locked to the pattern of the mesh with lower pressures (i.e. at
higher ion Hall parameter) and will become decoupled from
the mesh with increasing pressure [31]. Additionally, recent
simulations show that if the mesh acts to create a local per-
turbation in the plasma potential, the resulting potential wells
can act to trap the dust particles and guide their motion in a
manner that is qualitatively consistent with the experimental
observations [42].

While the experimental observations of filaments repor-
ted in section 3 were performed when a conducting glass plate
was placed on the upper electrode, filaments may also form
when the wire mesh is used. In these experiment, rf generated
argon plasmas are generated in the MDPX device at magnetic
fields B > 1.5 T. These experiments were performed in the
MDPX octagon plasma source using the same electrode gap,
6.2 cm, as was used in figures 3 and 4. The dust particles are
0.5-micron diameter silica microspheres.

This is illustrated in figure 8 which shows the combi-
nation of individual filaments (bright dots) with the dust grids.
The images shown in figure 8 represent a sum of the max-
imum intensity from 50 individual video frames in order to
reveal the pattern that has been imprinted onto the dust par-
ticles suspended in the plasma. Here, 0.5 micron diameter
particles are suspended in argon plasmas beneath a #40
titanium wire mesh that had 0.25 mm diameter wires and a
center-to-center spacing between wires of 0.635 mm. The two
close-up regions show that the filaments are completely

, which corresponds to the appearance of a small-scale structure A ~ 0.8 mm.

surrounded by the ordered pattern of the dust particles. While
the grid pattern is clearly disrupted by the filaments, the
filaments appear to be relatively unaffected by the presence of
the dust particles.

The coexistence of the dust gridding with the plasma
filamentation leads to an obvious question: Are there con-
nections between the two phenomena? To address this, two
observations are considered. The first observation is the ver-
tical extent of both the filaments and the dust grids. As shown
in figure 2, under the right conditions, the plasma filaments
can have a vertical extent that covers nearly the entire plasma
volume, from the upper to the lower electrodes. This obser-
vation is quite intriguing because the ion-neutral collision
mean free path for most of the experiments considered here is:
I'mm < \,; < 3mm. The vertical extent of the filamentary
structure to as much as 5-6 cm suggests that the electron (and
ion) transport along the magnetic field lines dominates the
transverse motion. This is generally consistent with obser-
vation of the dust gridding phenomenon where the dust par-
ticles acquire the spatial orientation of the wire mesh that is at
the top electrode, but the particles themselves are suspended
as much as 4 cm below the top electrode. In both cases, it
could have been expected that the collisions with the neutral
atoms would have prevented the formation of these extended
structures. A continuing subject for study in both systems is
the microprocesses that lead to the long extent along the
magnetic field line.

The second observation is that both phenomena appear to
be dependent upon ion magnetization; i.e. ion-neutral colli-
sionality. This paper has reported in figure 3 that, as a function
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Figure 8. Images showing the coexistence of the filaments with the dust grid structures. The images are the maximum intensity over a sum of
50 individual images for each case. (a) B = 1.5T, P = 4.0 Pa, rf power = 2.5 W (b) B =2.0T, P = 8.0 Pa, rf power = 2.5 W. Below each
image is a close-up of the regions that are highlighted in the red boxes. These close-up images provide a clearer view of the interaction

between the filaments and the dust particles.

of the increasing neutral pressure, the filaments dissipate as the
collisions with neutral atoms begin to dominate the properties of
the plasma. As in shown Thomas et al [37], this is the same
process that occurs for the dust gridding; increasing the neutral
pressure leads to the detrapping of the dust grains. While this
qualitative similarity may be important, there are, again, unan-
swered questions. Between B = 0.75T and B = 2T, the ion
gyroradius for room temperature ions decreases from ~0.22 to
0.08 mm. Since this is considerably smaller than the collision
mean free path (~1-3 mm) and, at the higher magnetic fields,
smaller than the measured size of either the grid wires
(~0.25mm) or the filaments (~1mm), the most pressing
question is: what are the physical processes that are occurring
between the electrons and ions so that, as the ion magnetization
increases, the dust particles can become trapped in a grid pattern
and filaments can be formed?

5. Discussion

To address these fundamental questions about the underlying
processes that lead to plasma filamentation and gridding, we
consider the results of recent numerical simulations. In a
recently published paper by Menati, Thomas, and Kushner
[40], a two-dimensional simulation of a strongly magnetized,
rf generated plasma system motivated by the MDPX config-
uration was performed using the hybrid plasma equipment

model (HPEM) code [43]. In this simulation, filaments are
self-consistently generated in a capacitively-coupled dis-
charge configuration in which one electrode was a powered
conductor and the other electrode was covered by a dielectric
plate. It is shown that charge accumulation on the dielectric
was responsible for creating a perturbation that triggered the
formation of filaments along the magnetic field lines. While
this model was not directly a simulation of the MDPX device,
it does help to provide some insights into the processes that
could lead to the formation of a filament.

A parallel simulation effort by Menati is focused on a
three-dimensional fluid model that is more closely based on
the MDPX configuration. In these simulations, the formation
of the filamentary structures is triggered by introducing a
2 mm diameter perturbation to the electron and ion density
parallel to the magnetic field. Once this perturbation is made,
the system is allowed to evolve self-consistently. A full
description of the simulation is beyond the scope of this paper
but will be the subject of a forthcoming manuscript; some
preliminary results of these simulations are presented here.

Figure 9 shows plots of the evolution of the electron
plasma density in a fluid simulation at B = 1 T at a pressure of
P = 10Pa , starting with three, 2 mm diameter columns that
have an electron and ion density of n, = n; ~ 10°m>3, a
factor of ten above the background density of n, ~ 10" m .
The simulation assumes a constant electron temperature of
T, = 2 eV, but does not include an explicit power balance, so a
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Figure 9. Results of a three-dimensional fluid simulation of plasma filaments. Three, 2 mm diameter filaments are introduced into a uniform
plasma with an electron density ten times larger than the background plasma density. Three times are shown in the simulation (a) r = 0 pus,
(b) t = 15 us, and (c) t = 30 ps. The simulation results show the formation of ring-like structures around the main perturbations that appear
in the plasma with the main filament columns remaining at the center of the simulation volume. The boxed region highlighted in figure 7(c) is
used to compute the average ‘intensity’ profile that is used in figure 10.

full evaluation of the effect of scaling RF power is not yet
possible at this time. The choice of three initial filaments
shown here was made to reflect the central region of the rings
as shown in figures 7(a)—(d) and the choice of a ten times
higher density was to allow a reduced computational time
needed to form the rings. It is noted that use of a single, initial
column with a lower initial density would also produce the
same qualitative structure that is shown in figure 9 and our
analysis of the simulation results would remain unchanged.

Here, the profiles of electron density are used as a proxy
for the location of the filaments since, in the experiment, it is
believed to be the light emission from excited ions and neu-
trals (via electron impact) that allows us to identify the fila-
ments. Similar to the two-dimensional HPEM simulations,
the three-dimensional fluid simulations show the fast evol-
ution of the filamentary structures [40]. It is shown that over
the Ar =30 us time span shown in the simulations, there
is the formation of a ring-like structure. This ring forms
around the central perturbations and extends to the boundaries
of the simulation.

One key difference between the simulations and the
experiments is the use of a close square boundary in the simu-
lation as compared to the circular geometry of the experiment.
Additionally, neither simulation approach has been able to run
long enough to reach the millisecond to second timescales of
the experiments—which will remain a long-term challenge to
making direct comparisons between the experiments and the
simulations.

Additionally, figure 10 that shows a qualitative compar-
ison of the density (light intensity) fluctuations relative to the
center of each plot. The model data is compared against the
5 W data set shown in figure 7(a). The model data shows a
spatial ‘ring’ structure that has a scale size that is comparable
to what is seen in the experiment. We believe this is com-
parison reasonable since the simulation is initiated with a
density column whose initial spatial size is set at 2 mm,
similar to what is observed in the experiment.

In spite of these limitations, the simulations do provide us
with useful insights. Perhaps the most important result of both

120
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Figure 10. Qualitative comparison of the density (intensity) profiles
relative to the center of the analysis region for the simulation results
shown in figure 9(c) and the experimental data shown in figure 7(a).

simulations is the need to establish a perturbation in the
plasma in order for the filamentary structure to form. Whether
this occurs due to a charge buildup or due to the direct
introduction of a perturbation, a vertical column of increased
plasma density forming along a magnetic field line appears to
qualitatively lead to the formation of a structure that has
properties similar to the filaments observed in the plasma.
This observation may also provide some insights for the dust
gridding. If the wire mesh can be treated as a perturbing
surface in the plasma, then it could be the source of a vertical
structure that extends along the magnetic field line into the
plasma. A common physical mechanism that gives rise to
both phenomena could provide additional support for their
coexistence in the plasma.

In summary, this paper discusses two phenomena that
illustrate pattern formation in strongly magnetized plasmas
and magnetized dusty plasmas: plasma filamentation and dust
gridding. For both processes, the experimental measurements
show that increasing ion magnetization (i.e. decreasing the
neutral pressure) is correlated with the formation of both
the dust gridding and individual filamentary structures in the
plasma. In experiments that investigated the role of rf power
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on the filaments, it was found that increasing the rf power
may lead to a transition from discreet filaments, to larger
filament rings and eventually to fluctuating, small-scale
structures. However, improved imaging tools may be needed
in order to fully resolve this transition. Finally, recent simu-
lations of filaments have shown that there is the formation of
extended vertical, filamentary structures in the plasma that are
qualitatively similar to those that appear in the experiment,
although the simulation results had restricted time and space
scales as compared to the experimental conditions.
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