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This study examines the structure and stability of filamentary dusty plasmas using data
from the Plasmakristall-4 (PK-4) facility on board the International Space Station. Under the
action of a polarity-switched DC electric field, the dust particles in the PK-4 discharge have
been found to organize into field-aligned extended filaments, which has been compared to the
filamentary state in electrorheological (ER) fluids. Here we discuss how, in addition to an
ER-type structural transition, the PK-4 dusty plasmas exhibit structural states reminiscent of
those observed in liquid crystals (L.Cs) with rod-shaped molecules. We find that dust particles
within the filaments are strongly coupled in a crystalline-like structure, while the coupling of
particles across filaments is liquid-like. In addition to a common orientation along a director
axis (nematic behavior), the dust filaments also appear to align in large-scale nested structures,
or shells (smectic behavior). Finally, these filaments are found to further arrange in hexagonal
patterns within the plane orthogonal to the director axis, suggesting the possibility for smectic-B
and smectic-C structural states. As the observed ER and LC features of the filamentary
dusty plasma states are sensitive to variations in the PK-4 discharge conditions, we argue that
these dusty plasmas can provide a controlled analogous system for the study of fundamental
phenomena in soft matter, such as the origins of pattern formation and universality of phase

transitions.
I. Nomenclature
r = spherical radius
0 = azimuthal angle {-7n/2, 7/2}
1) = polar angle [0, 27}

g(r) = pair correlation function for two-dimensional data

G(r,0,¢) = pair correlation function for three-dimensional data
Gy4(r,0) = pair correlation function integrated over all ¢’s
Go(r,¢) = pair correlation function integrated over all 6’s

I1. Introduction
ATERIALS in the liquid crystal (LC) state of matter exhibit properties of both conventional liquids and solids.
Beyond their well-known use in LC displays [1], [2], liquid crystals can potentially transform technology and
medicine through the development of soft robotics [3], [4], artificial muscles [5], [6], and LC polymers [7], [8], [9].
Liquid crystals are also known to exhibit the electrorheological effect (change of viscosity due to electric-field-induced
structural transition) [10], [11], [12], which expands their application to the development of fast clutches and hydraulic
valves, brakes, and shock absorbers [13], [14], [15]. The successful utilization of LCs in all these applications relies
on controlled self-assembly and transitions into different LC phases. Microscopic experimental treatment of liquid
crystals is challenging due to their high material density, the presence of strong interactions, and the effect of many-body
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correlations. One approach to the study of LC phenomena is the use of microgravity complex (dusty) plasma analogues,
which consist of charged micron-sized particles suspended in weakly-ionized gas.

Dust grains immersed in plasma become negatively charged and are subject to both ion drag forces and collective
interactions. As the magnitude of the dust charge depends on both on the dust location in the plasma (e.g., plasma
sheath or bulk plasma) and on the time evolution of the plasma conditions, the coupling strength among dust particles
in complex plasmas can vary in a wide range, resulting in the formation of diverse structural states. Dusty plasmas
can self-organize into strongly coupled fluids and crystalline structures [16], [17], [18], [19], which makes them ideal
for the study of self-organization and stability, phase transitions, and transport phenomena. On Earth, the liquid
crystal properties of dusty plasmas have been demonstrated in experiments with elongated dust particles in capacitively
coupled RF discharges [20], [21] and cylindrical dust particles in DC discharges [22], [23]. The discovery of the
electrorheological effect in microgravity dusty plasma demonstrated that dusty plasmas can successfully be used as
an analogue for the study of phase transitions in ‘smart’ materials [24], [25], [26]. However, unlike conventional
electrorheological fluids, where the transition to a filamentary state is induced by polarization of the grains themselves,
in electrorheological plasmas, effective polarization is caused by the dust interaction with the ion flow. Specifically,
streaming ions are deflected and focused by a negatively charged dust grain, which results in the formation of ion
wakefield downstream from the grain.

The first electrorheological (ER) complex plasma was observed in the Plasmakristall-3 (PK-3) Plus setup [27]
on board the ISS. The interaction potential guiding the ER effect in PK-3 Plus was proposed to have a dipole-dipole
form, which seemed to yield agreement between MD simulations and experiments [25]. After the first observation
of filamentary structures in the PK-4 DC discharge, it was conjectured that the interparticle interaction in this setup
possibly has a similar dipole-dipole form [25], [28], [29]. However, recent numerical simulations [30], [31] reveal that
the formation of filamentary structures in PK-4 is guided by a more complex interaction potential resulting from the
interplay between the polarity switched DC electric field and the onset of high-frequency ionization waves present
in the PK-4 discharge [32]. Several studies have suggested that, in addition to the electrorheological effect, the PK-4
filamentary structures exhibit simultaneous liquid and crystalline properties in a broad range of experimental conditions
[33], [34], [35], [36]. Moreover, parabolic flight experiments and molecular dynamics simulations of dusty plasmas in
the PK-4 setup have confirmed that the dust filaments can arrange in hexagonal patterns and form distinct layers [37],
[38] which are properties observed in liquid crystals. Thus, it can be argued that the PK-4 filamentary dusty plasmas are
unique structures that combine properties of both electrorheological fluids and liquid crystals.

Here we investigate the simultaneous liquid and crystalline properties of dusty plasma clouds using video data from
the experimental facility Plasma Kristall-4 (PK-4) on board the International Space Station [39]. Unlike molecular
liquid crystals, complex plasmas are optically thin and macroscopic, which allows for the real-time observation of
particle dynamics at the kinetic level. For each set of experimental conditions, particle tracking is used to obtain dust
positions as a function of time. Then, the structural propertied of the dust clouds are assessed by calculating various pair
correlation functions. The computed coupling of dust particles within filaments, across filaments in a plane, and across
the bulk structure are then used to identify properties reminiscent to those observed in the nematic and smectic phases
of conventional LCs.

In the liquid-nematic phase transition, the LC
molecules align along a preferred direction 72, while in the
nematic-smectic-A transition, the molecules additionally
arrange in layers. In the smectic-B phase, as well as
several other smectic phases, hexagonal patterns form
within the ordered layers (Fig. 1). Understanding and
controlling pattern formation in various nematic-smectic
transitions will enable promising methods for fast and
affordable fabrication of optical microarrays [40], [41]
and assembly of functional nanoparticles [42], [43]. The
structural analysis of the PK-4 dusty plasmas reveals that
dust particles within the same filament are strongly cou-
pled in a crystalline-like structure, while the coupling
of particles across filaments is liquid-like. Therefore,

Fig.1 Patterns and order observed in LC phases the filamentary state of these structures is intermediate
between a liquid and a crystal. In addition to common
orientation along a director axis, typical for a nematic state, the dust filaments are observed to align in nested shells,



suggesting smectic behavior. Calculating a three-dimensional (3D) pair correlation function reveals that the filaments
also align in hexagonal patterns in the plane perpendicular to the director axis, which is typical for smectic-B and
smectic-C states.

An important distinction between PK-4 dusty plasmas and conventional LCs is the presence of external electric field
needed to establish the interaction potential leading to the formation of filaments. This is why previous investigations of
the filamentary dusty plasma state have used an analogy with ER fluids instead of LCs. However, our analysis of PK-4
data indicates that the presence of external electric field alone in insufficient to establish the observed filament alignment,
layering and, patter formation. Instead, the dust-dust interaction potential resulting from the presence of external electric
field can be viewed as analogous to the interatomic interaction potentials bonding atoms in rod-shaped molecules in
conventional LCs. An additional necessary condition for the formation of different filamentary states in dusty plasma is
sufficient neutral gas pressure. In dusty plasmas, increasing pressure can be used to minimize dust diffusion through
collisions with neutral particles, thus "cooling down" the dust cloud. In other words, within a certain gas pressure range
(yielding good ionization rates for a given power supply), pressure has the role of inverse temperature. We observe that
in PK-4, the dust filaments stabilize at higher pressures, which is analogous to lowering temperature in experiments with
conventional LCs. Thus, it is likely that the dusty plasmas discussed here exhibit properties intermediate between ER
fluids and LCs or properties characteristics of LCs that exhibit the ER effect.

IT1. PK-4 Experimental Setup

The PK-4 laboratory is a successor of the PKE-Nefedov [44] and PK-3 Plus [27]. The PK-4 experimental setup
consists of an elongated IT-shaped glass chamber (85 cm length and 3 cm inner diameter) in which the plasma can be
ignited either by cylindrical DC electrodes or by RF coils (Fig. 2a). In this paper, we focus on the behavior of dusty
plasma in the experiments utilizing the pure DC discharge regime. A bipolar, high-voltage power supply powers the
DC electrodes and provides output current as high as 3.1 mA and a maximum voltage of 2.7 kV. The DC current can
either be unidirectional or polarity-switched, which is used to transport dust after injection or to trap/manipulate dust,
respectively. The dust particles are illuminated by a laser sheet (532 nm diode laser) and video data is collected with
two identical particle observation (PO) video cameras (1600 x 1200-pixel CCD chips).

Fig.2 a) The PK-4 setup: DC plasma is created in a [1-shaped glass chamber. Dust particles are injected from
one of six dispensers (D1-D6). Laser illumination (not shown) and video cameras are used to observe the dust
cloud in the field of view (FoV). b) Filamentary dusty plasma induced from the application of DC current. c)
Isotropic dusty plasma in the absence of DC current.

All experiments analyzed in this paper were recorded at frame rate of 71.4 fps for each PO camera, which yields a
combined field of view (FoV) ~ 44 x 7 mm? (assuming resolution of 14 x 14 um?/px). In addition, the characteristics
of the plasma discharge were monitored by a plasma glow observation (PGO) camera (640 x 480-pixel CCD chip)
which covers the entire working area of the experiment with a resolution of ~ 430 x 430 um?/px. The frame rate for the
images obtained with the PGO camera is 15.2 fps .

The experiments described in this paper were conducted on July 26, 2019, as part of PK-4 ISS Campaign 7. We
focus on experiments in neon DC plasma at pressures approximately equal to 28.5 Pa, 46.1 Pa, and 70.5 Pa. The dust
particles introduced to the plasma were melamine-formaldehyde (MF) spheres of diameter 3.38 + 0.07 um. For each
pressure level, the micro-particles were injected and transported to the FoV by a unidirectional DC field at 1 mA. Then,



the dust particles were trapped in a cloud formation using polarity switching of the DC current with 500 Hz frequency
and 50% duty cycle. The frequency response of micron-sized particles, a function of the charge-to-mass ratio, is usually
in the range of 10-100 Hz [45], [46]. Therefore, the dust has negligible response to the polarity switching frequency of
500 Hz, instead, the dust particles are subject to a time-averaged electric field. With the symmetric duty cycle (50%) the
magnitude of this average field is zero. If an asymmetric duty cycle is used, the dust experiences a net electric force,
causing the dust cloud to move along the axis of the glass chamber. However, since the plasma species respond to a 500
Hz frequency, an indirect dust response to the polarity switching produced by plasma-dust interactions is possible and
will be discussed in the coming sections.

IV. Evidence of Simultaneous Liquid and Crystalline Properties

When the DC current in PK-4 is increased from zero, the induced
electric field causes the dusty plasma cloud to transition from an
isotropic (liquid-like) state to a state where the dust particles form
filaments aligned along the direction # of the electric field (Fig. 2b,
c¢). The filamentary effect is enhanced by switching the polarity of the
electric field with a frequency higher than the dust response frequency
(= 100 Hz). When the duty cycle of the polarity switching is chosen
to be symmetric, symmetric ion wakefields are expected to form
around each dust grain (Fig. 3). However, the duty cycle can be tuned
to cause asymmetries, which in turn modulate the dust interactions
and the resulting filamentary structure [26]. An analogy with liquid
crystals is recognized by considering a dust particle filament as an Fig. 3 Formation of dusty plasma “rod-
equivalent of a LC rod-shaped molecule. Note that this is different shaped molecules” under the action of ex-
from liquid crystal properties reported in complex plasma experiments  {ernal electric field.
with cylindrical dust particles [20], [23].

Fig. 4a depicts an image of a typical filamentary dust cloud in
neon plasma at pressure 70.5 Pa and DC current 0.7 mA. These conditions yield extended filamentary structures,
consisting of 20-30 particles each (Fig. 4b). In Fig. 4c, we show the particle trajectories over a period of ~ 1.5 seconds
(camera frame rate 71.4 frames per second) in a small region of the cloud (highlighted by a white rectangle in Fig. 4a).
The trajectories indicate that as dust particles move, they remain trapped in the filamentary structures, suggesting strong
coupling. In addition, similar to rod-shaped molecules in the nematic LC phase, the dust filaments exhibit common
orientation along a director axis, which coincides with the direction of the externally applied electric field.

Fig.4 a) Filamentary dusty plasma cloud in neon DC discharge with polarity-switched electric field. b) Zoomed
in section of the cloud showing filamentary structure. c) Trajectories of particles within the cloud over ~ 1.5 s
period. Data from PK-4 experiment with pressure 70.5 Pa and DC current 0.7 mA.

The liquid crystal properties of filamentary dusty plasmas in the PK-4 experiment are also assessed from calculating
the pair correlation function g(r), which quantifies the probability to find another particle as a function of distance
from a reference particle. If the g(r) function exhibits sharp peaks at periodic distances and troughs dropping to zero
in-between peaks, the underlying structure is crystalline. For a liquid-like structure, the peaks are less pronounced, and
the troughs do not drop to zero. The average interparticle separation is generally defined as the distance at which the
first peak of g(r) occurs. Shifts in the location of this peak can suggest changes in dust density and the existence of
layers throughout the cloud. A (normalized) pair correlation function for particles within a dust filament is shown in Fig.
Sa. Fig. 5a shows the (normalized) pair correlation function calculated for particles within dusty plasma filaments.



The g(r) plot for these particles exhibits well-defined peaks at periodic distances, indicating a crystalline structure of
the filaments. In contrast, the g(r) calculated for particles within the 2D plane suggests liquid-like state (Fig. 5b).
Similar to the asymmetric interactions found in LCs, here we find strong (crystal-like) coupling among the grains within
individual filaments and weaker (liquid-like) coupling across filaments within a plane.

Fig. 5 Pair correlation function g(r) for a) particles within dust filaments and b) particles within the 2D plane.
Data from PK-4 experiment with pressure 70.5 Pa and DC current 0.7 mA.

In addition to common orientation along a director axis (nematic behavior), the dusty plasma filaments also appear
to align in large-scale layers, or shells (smectic behavior). This is visible from an abrupt change in the pair correlation
function as one considers particles in different regions of the cloud. Typically, the illumination laser sheet and particle
observation cameras are located at a fixed position on the j-axis and provide 2D images of the dust structure in the £-Z
plane (Fig. 2a). During a ““Y-scan” procedure, the laser sheet and cameras are moved along the y-axis with a constant
speed, providing a succession of 2D images of the dust structure, otherwise in or out of the FoV. Fig. 6 shows the g(r)
function calculated for particles from successive 2D planes, starting at the center of the cloud (red plots) and moving
toward its exterior (dark yellow plots). The location of the first peak in each plot suggests the average interparticle
separation for the dust grains in the corresponding 2D plane. For particles located within a central region of the cloud
(red plots), the interparticle separation is = 260 um. For particles in a 2D plane located 2 mm away from the central
region (blue plots), the interparticle separation decreases to ~ 220 um. For particles in a plane located 4 mm away
from the central region, the shape of the g(r) function and the location of the first peak change abruptly, yielding an
interparticle separation of = 85 um. This indicates that a large dust density gradient occurs the region between 2 mm
and 4 mm away from the center of the cloud, suggesting a layered structure.

Fig. 6 Pair correlation function g(r) for dust particles within successive 2D planes. Data was obtained from a
laser sheet scan starting from the cloud exterior (olive green shades) to the cloud center (red shades). Different
shades indicate 2D planes at increasing locations away from the cloud exterior. Data is presented for 1 mA DC
current and pressure 46 Pa.

The layer formation is confirmed from examination of video data obtained for the same experiment during a Y-scan



procedure. Fig. 7 shows successive video frames obtained as the laser sheet illumination moves from the center to
the exterior of the cloud. These images reveal the presence of a particle-free gap separating two layered structures,
suggesting that the dust cloud consists of at least two nested spheroids. These results give us confidence that microgravity
dusty plasmas area suitable test system for investigating the universal characteristics of liquid crystals in both nematic
and smectic phases.

Fig.7 Successive images of the dust cloud taken (.14 s apart during a Y-scan with a particle observation laser
sheet (laser current (0.7 A and scan velocity 1 mm/s). Data is presented for 1 mA DC current and pressure 46 Pa.
The approximate laser offset from its initial position at the center of the discharge tube is a) 2.68 mm, b) 2.82 mm,
and c) 2.96 mm. The images were recorded with a single PO camera with a FoV ~ 22.6 x 6.8 mm?. As time
increases and the PO laser moves away from the central axis, clear gaps (void of particles) are observed on the
left side of the cloud. The gap seems to separate distinct particle structures.

V. Data Collection And Three-Dimensional Pair Correlation Function

Two types of videos were analyzed: (i) videos where the cameras laser sheet were fixed in the central region of
the cloud and (ii) videos from Y-scan procedures, where the cameras and laser sheet were moved across the cloud.
Here we primarily focus on videos from the Y-scan procedures, which allow for the study of the three-dimensional
structure. The particle positions as a function of time were obtained using the particle tracking MOSAICsuite plugin of
Fiji, which is a distribution of ImageJ. The locations of the detected particles in each (two-dimensional) video frame is
then converted into position in physical space using pixel resolution of 14.20 um [39]. The third dimension of the dust
particle positions is determined using the known constant speed of the laser scan of 1.0 mm/s and the video frame rate
of 71.4 fps, leading to a displacement of about 14 um between frames. As the laser sheet scans through the cloud, some
particles may be picked up in multiple, consecutive frames. To assure that our analysis does not double count particles,
we filter out particles that are less than a threshold distance from another particle in the next few subsequent frames.
This process yields a three-dimensional representation of the dust cloud, shown in Fig. 8. Fig. 8b, shows an end-view
of the dust cloud looking down along the director axis. The presence of cylindrical shells can be seen on the right side
of the image. The 3D dust positions are used to perform structural analysis on the overall cloud which is relatively stable
over the duration of the Y-scan.

The three-dimensional coordinates obtained form the reconstructed dust cloud allow for the calculation of a



Fig. 8 Cylindrical dust cloud at 28.5 Pa and 0.7 mA reconstructed from particle position data obtained through
Fiji’s MOSAICsuite particle tracking software showing a) a side view and b) a top view.

three-dimensional pair correlation function in spherical coordinates [34], [35]
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where i and j are particle indices and r;;, 6;;, and ¢;; are the magnitude, the azimuthal angle, and the polar angle,
respectively, of the vector connecting two particles i and j as illustrated in Fig. 9. The ¢ functions represent binning the
data in all three dimensions. G (r, 6, ¢) is used to identify the formation of filaments, patterns, layered structures in the
three-dimensional cloud structure. In order to graphically represent the data collected by G (r, 6, ¢), the two-dimensional
probability distributions G (7, 8) and G ¢(r, ¢) are obtained by integrating over each of the angles, with
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The polar angle 6 ranges from {—n/2, 7/2} radians, with 8 = 0 on the yz-plane (Fig. 9a). Particles within a given
filament aligned with the director axis will be located at 8 ~ +7/2. At intermediate angles of 8, characteristics of nearby
filaments become apparent. The polar angle ¢ takes values in the range {0, 27} radians with ¢ = 0 on the xy-plane (Fig.
9b). The angle ¢ gives information about the location of neighboring filaments, revealing characteristics of the layered
structure. Depending on the values of experimental parameters (i.e. pressure, current), the layered structure is more
pronounced and hexagonal symmetry becomes apparent.

VI. Structural Analysis

Fig. 10 displays the 2D pair correlation function G 4(r, ) and Fig. 11 shows the 2D pair correlation function
G g (r, ¢) for dust clouds at three different pressures P = 28.5 Pa, 46.1 Pa, and 70.5 Pa, respectively, with the discharge
current set at 0.7 mA.

In Fig. 10, the bright spots for small r centered about 6 = 0 are artifacts of the laser scan, as the particles in the dust
clouds are not completely stationary. The periodic bright spots for distinct radial distances at § = +/2 are referred
to as as “string peaks” [34] and indicate the order within the filaments. The value of r for the first string peak gives
the average interparticle separation. At higher pressure, the string peaks are more pronounced at larger r indicating
increased order within a filament. Intermediate angles of 6, reveal arch-like structures in the pair correlation plots.



Fig. 9 Coordinate system used for three-dimensional pair correlation functions expressed through a) a side
view and b) a top view of the cloud.

Fig. 10 Plots of G 4(r, 0) for three different pressures: a) 28.5 Pa, b) 46.1 Pa, and c) 70.5 Pa.

Fig. 11 Plots of G¢(r, ¢) for three different pressures: a) 28.5 Pa, b) 46.1 Pa, and c¢) 70.5 Pa. Each plot
corresponds to the same cloud represented by G ,(r, 6) in Fig. 10.

At lower pressures, these arches have distinct peaks within them, which indicates that the particles in neighboring
chains are off-set from each other with fixed interparticle spacing, indicating strong coupling between neighboring
filaments. As the pressure increases, the arches smooth out and the discernible pockets of high probability are no longer
visible, suggesting that the filaments at higher pressures have more freedom in their location along the director axis



relative to other filaments. Thus, from Fig. 10 we see that at higher pressures, the order within filaments improves
(crystalline behavior), while their degree of freedom to move with respect to each other increases (liquid behavior). This
is analogous to the behavior expected for rod-like particles in the liquid-nematic phase of LCs (Fig. 1).

Further information about the layered structure of the cloud is obtained from G ¢(r, ¢) as shown in Fig. 11. The
evenly spaced band-like structure of high probability regions is related to the interparticle spacing within each filament.
At the lowest pressure of 28.5 Pa (Fig. 11a), the first, brightest band reveals six identifiable regions (brighter blobs) of
high probability, suggesting the presence of a hexagonal structure about the reference particle. As the pressure increases,
the hexagonal symmetry is less distinct. At the highest pressure, the primary band is no longer straight, but exhibits
wave-like shape showing that the particles in adjacent filaments are not aligned in the same plane. Interestingly, the
striations appear in the band at distinct angles at larger interparticle separations. This suggests that there is a transition
from the interior to the exterior of the cloud. At the cloud’s interior, the low correlation indicates that the filaments are
able to move freely with respect to each other. The filaments at the exterior of the cloud exhibit a stronger coupling and
less freedom to move with respect to each other.

VII. Average Interparticle Separation

We also analyzed data from dust particles within a central plane of the dust cloud for periods when no Y-scan is
taking place (therefore, most of the dust particles remain in the field of view for the entire image sequence.) Fig. 12
depicts the calculated g(r) for each frame plotted over each other where the colors indicate the progression of time (Fig.
12a,c). The time-averaged pair correlation functions are shown in Fig. 12b,d. The 2D pair correlation plots, yield similar
average interparticle separation as the 3D pair correlation plots from Fig. 10 and Fig. 11. This validates the assumption
that the cloud is largely stationary during the Y-scan and that the stacked images capture the clouds’ 3D structure. The
average interparticle spacing decreases slightly as the pressure is increased. Note that at the lower pressure (Fig. 12b)
there are four distinct peaks. In contrast, the 2D pair correlation at high pressure (Fig. 12d) has more pronounced peaks
at the first and second interparticle separation distances, but only three peaks are clearly distinguishable. This is another
indication that at the higher pressure, the dust particles are strongly coupled within the filaments but the coupling across
filaments is liquid-like.

Fig. 12 Pair correlation function g(r) calculated for paricles within 2D central planes of the dust clouds at
a),b) 28.5 Pa and c),d) 70.5 Pa. The colors in a) and c) indicate the each frame of the video sequence and the
corresponding time-averaged pair correlation functions are shown in b) and d). The location of the primary peak
gives the average interparticle spacing in the cloud, as indicated on the plots.



VIII. Conclusion

Here we presented analysis of dusty plasma experiments from the PK-4 facility on board the International Space
Station. Due to the polarity-switched electric field in the PK-4 DC discharge, the dusty plasmas are observed to
organize into field-aligned filaments. It has been suggested that this filamentary dusty plasma state is reminiscent of
the electrorheological state observed in smart materials. While the external electric field is certainly important for
establishing the interaction potential needed for the formation of dust filaments, the resulting dusty plasma clouds exhibit
rich structural behavior, which is sensitive to gas pressure in the discharge. Specifically, we observe that, in addition to
common orientation along the direction of the electric field, the filaments in PK-4 can also exhibit pressure-dependent
pattern formation and layering, which are characteristic of the nematic and the various smectic states of liquid crystals.
Based on these initial observations, we propose that microgravity dusty plasma experiments can be used as a macroscopic
analogue system for the study of fundamental quastions in the theory of liquid crystals, such as the universality of LC
phase transitions, the origins of pattern formation, and the propagation of defects a critical conditions.

The similarity between the dusty plasma filamentary state and different features of LCs was estaablished using
several methods. Particle tracking data was used to obtain the pair correlation functions for particles within individual
filaments, particles across filaments within a 2D central plane, and particles within the 3D volume of the cloud. For all
examined pressure cases, it was established that the particles within the filaments exhibit crystalline-like coupling, while
particles across filaments exhibit weaker coupling. However, increasing the pressure results in improving crystallinity
within the filaments and enhancing the liquid-like coupling across filaments. Thus, we conclude that for a fixed electric
field, increased pressure results in a structural state reminiscent of the nematic state in liquid crystals. At lower pressures,
the dust particles within filaments still exhibit crystalline-like coupling but the increased coupling strength among
filaments leads to their arrangement in hexagonal patterns.

Analysis of video data obtained during a laser scan across the entire dust clouds revealed that for certain pressure-
current conditions, the dust filaments are arranged in at least two nested spheroid layers with distinct coupling and
interparticle separations. The preliminary evidence of layering and formation of hexagonal patterns suggest that the
PK-4 dusty plasmas can also exhibit structural states reminiscent of the smectic phases in conventional LCs. Additional
insight into the transition between the different structural states within the dust cloud can be gained from numerical
modeling of the plasma discharge coupled with simulations of the dust charging and dynamics. The difference in dust
coupling seen within filaments and across filaments is largely due to the asymmetric interaction potentials between the
dust grains due to the focusing of the ions in "ion wakes" downstream of the grains [30], [31]. Future work will focus on
correlating the dynamic discharge conditions, which occur on very fast time scales [32] to the dust dynamics, which
respond on slower time scales.
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