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The microgravity environment of the Plasmakristall-4 experiment on the International
Space Station provides a laboratory for exploring plasma-mediated interactions between
charged dust grains in fully three-dimensional space. Away from the strong influence of
Earth's gravity, the dust grains can levitate in the bulk of the plasma, where they have been
observed to form extended filamentary structures along the discharge tube axis and exhibit
dust particle lane formation,among other interesting behavior. These formations are expected
to provide insight into the mechanisms responsible for the complex interactions between
charged dust grains and plasma, serving as an analogue for other self-organizing systems.
Here we present the results from numerical modeling performed using N-body molecular
dynamics simulations of the ion flow past isolated microstructures within the dust cloud
(single dust chains) and the dust cloud macrostructure. Although dust grains are known to
respond on the millisecond timescale, analysis reveals that periodic variations of plasma
conditions on the microsecond timescale significantly affect dust structure formation. In
addition to the expected formation of lanes in the dust cloud macrostructure, dust grains in a
large cloud were observed to organizeinto ordered positions on the surface of nested cylinders.

I. Nomenclature
& = vacuum permittivity, [C/(V-m)]
Boltzmann constant, [J/K]
mass of an ion, mass of a dust grain, [kg]
radial and axial spatial dimensions, [m]
dust grain charge, [C]
charge ofion i (j), [C]
electron Debye length, [m]
Api = ion Debye length, [m]
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P, = neutral gas pressure, [Pa]

T, = neutral gas temperature, [K]
a = dust grain radius, [m]

At, = dusttimestep, [s]

At; = iontimestep,[s]



II. Introduction

Complex (dusty) plasmas are composed of neutral gas atoms, ions, electrons, and microparticles, commonly
referred to as "dust." The dust grains in such an environment typically range in size from nanometers to millimeters
and may arise from chemical reactions within the plasma, reactions between the plasma and confining surfaces, or
may be introduced from an outside source [1]-[3]. Dust immersed in a plasma environment quickly acquires charge
by collectingions and electrons, and these highly charged dust grains interact in interesting ways with charged plasma
particles, electric and magnetic fields, and other charged dust grains [4]-[6]. The acceleration of charged dust grains
by an electric field is commonly used to manipulate the dust grains by levitating them against the force of gravity in
ground-based experiments. In microgravity experiments, electric fields can be used to transport dust grains through
the plasmabulk, or trap the dust grains by applying an electric field thatreverses directions at a frequency higher than
the dust plasma frequency (through a procedure called "polarity switching™).

Complex plasmas have been a useful analogue for studying microscopic phenomena such as crystallization and
melting phase transitions, self-organization, and growth of crystalline structures [7]-[12]. The advantages of using
dusty plasmas arise from the relative ease of experimentally observing the motions of macroscopic dust grains and the
widerange of parameters available, including the neutral gas type, pressure, temperature, plasma density, dust number
density, dustmaterial, and dust grain size.

In ground-based complex plasma experiments, dust grains levitate in the sheath of the plasmawhere strongelectric
fields arerequired to balance the gravitational force acting on the dust grains, and, as a result, the dust grains typically
organize into quasi-2D structures. Unfortunately, the large influence of the electric and gravitational forces in these
experiments limits investigators' ability to probe the smaller-magnitude forces involved in the interactions between
the flowing ions and dust grains. In contrast, a microgravity environment like the one on the International Space
Station (ISS) allows dust grains to levitate in the plasma bulk where dust-dust and ion-dust interactions are the
dominant forces and three-dimensional phenomena including dust particle lane formation, transitions between laminar
and turbulent flows, dust acoustic instabilities, and dust waves can be visualized.

The Plasmakristall-4 (PK-4) is a microgravity

complex plasma laboratory installed in the . PK-4 SETUP

Columbus module of the ISS. The PK-4 is capable y

of generating a direct current (dc) or radio 3 I

frequency (rf) plasmadischarge usingargon or neon Z % m l m

gases, with the option of imposing polarity /G|355 tube DC plasma
switching in the axial dc electric field. The plasma

chamber is comprised of three 30-mm-diameter B 1
glass tubes connected in a -shaped configuration. [D3] FoV  Dust cloud | D6 |
A 200-mm working area is located in the central [D2 ] [D5]
part of the main tube, visualized by two particle D2 . . | D4]
observation cameras anda plasma glow observation Faklye il

camera. An illumination laser and manipulation electrode electrode
laser are positioned at either end of the main tube,
and three dust shakers for dispensing micrometer-
sized grains are located on each of the two side
tubes. A schematicofthe PK-4 experimentis shown
in Fig. 1, and further details may be found in Ref.
[13]-[15].

Dust grains immersed in the PK-4 plasma are subject to acceleration by the axial electric field. In orderto trap dust
grains in the central field of view for video observation, the polarity of the dc electric field is alternated uniformly at
a sufficiently high frequency thatthe dust grains are unable to respond to the changing field direction, typically 500
Hz. However, the less massive ions can respond to changing conditions at timescales on the order of microseconds,
and the changing electric field direction causes the ions to flow past the relatively stationary dust grains during both
phases ofthe polarity switching. Positively charged ions flowing past anegatively charged dust grain will be deflected,
forminga region of enhanced ion density downstream from the dust grain known as an ion wake, illustrated in Fig. 2.
In addition to trapping the dust grains within the field of view, it was also observed that applying unifor m polarity
switchingofthe axial electric field caused the dust grains to align in long filamentary structures [16], like those shown
in Fig. 3 (reproduced from Figure 9 in Ref. [17]). The accumulation of excess positive charge in the ion wake can

Fig.1 Schematic of the PK-4 experiment indicating the
location of the particle observation cameras (C1 and C2),
dust shakers (D1-D6), the field of view in the working area
(FoV), and relative orientation of the three glass tubes.
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Fig.2 Illustration of ion distribution (pink) around a negatively charged dust grain (gray) in the case of no
applied electric field (left), a dc electric field with no polarity switching (center), and an electric field with
uniform polarity switching (right).

influence other charged dust grains and has been suggested as a mechanismresponsible for the organization of dust
grains into experimentally observed structures [ 18]-{21].

III. DRIAD Molecular Dynamics Simulation

The interaction between ions and dust grains in a complex plasma leads to dynamically evolvingion wakes, where
the fluctuating dust charge influences the charge and spatial extent of the ion wake while the ion wake mediates
interactions between dust grains. However, the substantial numbers of ions present in a dusty plasma experiment,
typically in excess of 1019 in the working area of the PK-4 alone, renders an analytic determination of the system's
evolution practically impossible. As early as the 1950s, molecular dynamics (MD) simulations were being developed
to address the problem of precisely calculating the individual motions of a large number of mutually interacting
particles (the so-called "N-body" problem) [22]. The time to execute MD simulations has since been further
accelerated by implementing parallel processing techniques with modern graphic processing units (GPUs), which are
capable of performing thousands of calculations simultaneously [23].

The Dynamic Response of Ions and Dust (DRIAD) is an N-body molecular dynamics (MD) simulation designed
to model the dusty plasma environment in typical
ground-based laboratory experiments as well as the PK -
4. DRIAD is capable of modeling the motions of
individual dust grains and ions on their own timescales,
as well as the dynamic charging of dust grains [24]. In
order to focus on therelevant time and spatial scales for
dust and ion dynamics, the electrons are treated as a
fluid governed by a Boltzmann distribution and not
directly modeled by the simulation. As ions and dust
grains move throughout the simulation region, the
forces acting on each particle are calculated in response
to the spatially and temporally evolving ion number
density in the ion wakefield and evolving dust grain
charge. At the same time, the dust grain charge is
dynamically updated based on the sum of the ion and
electron currents to the dust grain. The ion current is
directly modeled by tracking the number of ions that
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Fig.3 Visualization of experimental results from
campaign 7 of the PK-4 experiment illustrating the
location of three selected dust chains (top panel) and
the corresponding pair correlation functions for the
highlighted chains (lower three panels). (Figure
reproduced from Figure 9 in Ref. [17].)

cross the collection radius of the dust grain, while the
electron current is calculated using orbit motion limited
(OML) theory [17],[24],[25].

The motions of ions and dust grains occur on
timescales that differ by many orders of magnitude
(At; = 0.1 ms, and At; = 0.01 ps), which can make it
difficult to model both species with a single simulation.



The method used by DRIAD follows a two-step process: First, ions move and reach an equilibrium distribution over
100-1000 At; in the presence of stationary dust grains; second, the ions' positions are fixed while the dust grains move
for one At, in the new ion distribution. The iterative process of moving only the ions followed by moving only the
dust grains continues until the dust and ions have reached equilibrium, with the number of dust time steps required to
reach a static or dynamic equilibrium varying based on the specific conditions being simulated.

DRIAD is implemented using an asymmetric molecular dynamics scheme following the method described by Piel
[28],where the force on dust grains from ions is calculated froma shielded Coulomb interaction, and the force onions
from dust grains is calculated using a bare Coulomb potential. This method is intended to account for the continuum
of electron shielding that ranges from the region far from the dust grain where n, = n; to the region of electron
depletion near the dust grains and has been found to reasonably reproduce ion-dust interparticle forces calculated from
PIC simulations [29]. Further details about the DRIAD simulation and capabilities can be found in Ref. [24].

The motion of ions with mass m; and charge q; is governed by the equation of motion
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Here, the force betweenions i and j separated by a distance 7;; is calculated using an expressionderived from the
Yukawa potential, with the electrons providing the shielding of characteristic length 4,
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The force acting on the i™ ion from the dust grains with charge Q,;, ﬁ'l-D, is calculated using an expression derived
from the Coulomb potential of the form, as the Boltzmann-distribution electrons are depleted in the region near the
negatively charge dust

Ng
=1 qud -
ip = 3 lid - (3)
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The ions experience a force from the axial electric field, 135 (z), which may include polarity switching according to
the user input. Since the simulation represents only a small region in the larger plasma discharge, it is also necessary
to account for the plasma surrounding the simulated region. Interaction with the background plasmais included in
DRIAD through a bounding force, ﬁbound (r,z), which is calculated from the potential gradient within the simulation
region due to a uniform distribution of ions outside the simulation region. The force from ion-neutral collisions, ﬁm,
isincorporated usingthe null-collisionmethod [26], which improves computational efficiency by reducing the number
oftimes the simulation "checks" fora collisionbetween the ions and neutral atoms. Computational efficiency is further
improved by modeling superions with the same charge-to-mass ratio as an individual ion (and therefore obeying the
same equation of motion) but which represent a number of individual ions. One superion typically represents
approximately 200 individual ions, with the exact number of ions per superion set by the user.
Dust grains with mass m in the DRIAD simulation move in accordance with the equation of motion

My Ty = Fyy + Fyp + Fg(2) + Fapag + F + F. (4)

The force acting on dust fromthe ions in the simulation, ﬁdi, is calculated from a Yukawa potential similar to Eq. (2),
which is averaged over the ion timesteps occurring between each dust timestep. The shielding of dust grains by ions

is accounted for by the force ﬁdi in DRIAD, so the force between dust grains, ﬁd p» uses a Coulomb interaction similar
to Eq. (3). The charged dust grains are subjectto the same axial electric field force as the ions, ﬁE (2), as well as a
neutral gas drag force, ﬁdrag = ﬁ?, which depends on the temperature and pressure of the neutral gas, where the
coefficientis
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where m; is the mass of an ion and T}, is the temperature of the neutral gas at pressure P;. The dust grains are subject

to a random kick to simulate being immersed in a thermal bath, ﬁB = (R(t), where the coefficient { =
\/ 2PkpT,/(m4At ;) determines the maximum force imparted by an individual kick, and R(t) is a random number
selected using the Box-Muller transform method [27].

R(t) = /—2InU, - cos(2rU,) (6)

where U; and U, are random numbers between 0 and 1 generated by the C++ rand() function. The confining force,

ﬁc , accounts for the dust confinement due to the particular experimental conditions being simulated, which can include
confinementimposed by stationary objects placed in the plasma discharge or neighboring dust particles outside the
simulation region.

IV. Simulating the PK-4 Discharge

excitation
The positive column of the plasma source 0o 2 4 6 intensity 0 1 2 3
generated in the PK-4 experiment appears (102 ms”) [arb. units]
to be uniform and homogeneous at the %9 () ' e ©)

timescales observed by the onboard
imaging equipment. However, PIC 30
simulations of the plasma conditions
present in the PK-4 have revealed the
presence of fast-moving inhomogeneous
features, or "ionization waves" [30]. High-
speed video data obtained using a ground-
based analogue of the flight version of the
PK-4, the PK-4 BU [31], confirmed the =
presence of ionization waves, as seen in 0 02 04 06 08 0 o0z 04 06 08
Fig. 4 (reproduced from Figure 4 in [30]). time [me] tme [me]

The ionization waves were seen to move  Fjg, 4 PIC simulation results (a) and experimental data (b)
through the positive column with phase  jjlustrating the fast-moving ionization waves present in PK-4

velocities from 500 — 1,200 m/s and  ¢onditions. (reproduced from Figure 4 of Ref. [30].)
resulted in variations by as much as ten

times background values in the electric field strength and particle density values. A representative time series of the
electric field strength, electron and ion number density, and electron and ion temperature is provided in Fig. 5, with
all values shown normalized to the maximum value attained during the visualized time interval.
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Fig. 5 Results from the PIC simulation of PK-4 conditions at 60 Pa showing the variationinion and electron
temperature (T;andT,),ion and electrondensity (n;andn,),axial electric field (E,),andion sound speed Mach
(Mach) as ionization waves pass through the plasma. All quantities are nor malized to their maximum value.



A. Simulating Dust Chains in the PK-4 n/Nig

Video data obtained from the PK-4 S - N N
experiment indicated the presence of extended ' : ‘ : : T ee—
filamentary dust structures, called '"dust 055 7 . ‘ T w r —

S . . (a)t=0.001s
chains." The dust chains form along the axis
parallel to the dc electric field during polarity o % 1
switching,a phenomenonthatis theorized to be 05t . : w g
related to the interaction of negatively charged 05F (b)1=0.015 = T T
dust grains with the positively charged ion 0 ' W |
wakes of other dust grains. A representative

frame from video data collected in the PK-4
experiment is shown in the top panel of Fig. 3,
with chains selected for analysis highlighted in
red, green, and blue circles. The bottom three
panels in Fig. 3 show the pair correlation for
the three chains highlighted in the top panel, > 0.57i=g 1

with the line colors indicating the chain used ol @ > J
foranalysis (reproduced from Figure 9 in [17]).

Dust grains immersed in the PK-4 -0.5= ' ' —
experiment can respond to changes in the 0.5 7(e)‘t= 10s | ' ‘ "
plasma environment on a timescale of a few ole ® o ® ® @ ® @@ e ®® 06 & & & -

milliseconds, so a naive assumption would be

assumption was shown to be inconsistent with
simulation results that investigated the
ionization wave characteristics obtained from
the PIC simulation [17],[25].

DRIAD was used to simulate the plasma
conditions presentin the PK-4 and investigate
the charging of dust and subsequent formation
of single particle chains. Twenty dust grains
were initially placed in a region approximately
0.45 mm in diameter near the center ofan (.84
mm % 8.05 mm cylindrical simulation region.
The dust grains were then allowed to move freely in the simulation region and charge in response to the evolution of
ion wakes. At the same time, the locations and density of the ions in the ion wakefields responded to the positions
and charge of the dust grains.

The normalized ion density at the simulation times 0.001's,0.01s,0.025s,0.1 s,and 1.0 s areillustrated in Fig. 6a-
e, where gray circles indicate dust grains and the ion density normalized to the background ion density (4.43 x 1014
m~3) is indicated by the shading. The simulation at 1.0 seconds (shownin Fig. 6¢)is reproducedin Fig. 6f with a
smaller contourrange to highlight the overlapping ion wakes found between dust grains along the dust chain.

The pair correlation function, g (1), is a useful tool for analyzing the order of the dust grains within the chain, and
is defined using the equation

that the plasma can be reasonably modeled e ‘ . ‘ . -
using the time average of the local plasma O [(fit=10s & |
density and temperature. However, this 0 B e £ 1 nr‘
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Fig.6 Time evolution of dust positions (gray circles) and
associated ion density. The shading indicates the ion density
normalized to the background ion density (4.432 x 101*
m~3). The bottom panel (f) shows the same time as (e) with
a smaller range of contour colors to highlight details in the

ion wake surrounding the equilibrium dust chain.
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where p represents the number of particles per volume, and 7;; represents the distance between particles i and j. The
pair correlation function represents the probability of finding a neighbor particle at a distance r and provides
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Fig.7 Example g(r) plotsillustrating particles distributed (a) randomly and (b) at even intervals, with positions
of the particles in the range 0 < r < 1 shown by the gray circles in the inset plot in each panel.

information about the order of the collection of particles. A completely random distribution of particles has a pair
correlation trending to one (indicating the particles are in a gaseous state with uncorrelated positions), while a regular
distribution of particles appears as a series of sharp peaks (illustrated in Fig 7a and b, respectively).

The pair correlation functions calculated for simulated dust chains using time-averaged plasma conditions
reveal that time-averaged conditions did not reproduce the degree of order seen in experimental conditions, as shown
by the green line in Fig. 8. However, using the plasma conditions present during the peak axial electric field in the
ionization waves produces dust chains with stronger and more well-defined peaks in g(r), indicated by the yellow
linein Fig. 8. This suggests thatalthough the dust grains respond on the millisecond timescale, the variations occurring
on the microsecond timescale have a significantinfluence on the ordering of the dust structures. The finite charging
and dischargingtime as ionization waves pass was shownto produce alower average charge than the averaged plasma
conditions, which leads to a weaker repulsive force between grains and smaller interparticle spacing that more closely
matches theresults from the PK-4 experiment[17].
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Fig. 8 Comparison between g (1) calculated for the dust chain formed with time-averaged plasma conditions
(green) and conditions present during the peaks in the axial electric field (yellow). The distance, r, is
normalized to average interparticle spacing, D.

B. Simulating Large Dust Clouds

In addition to the observed filamentary dust chains that form along the discharge tube axis, the d ust grains in the
PK-4 experiment have been observed to form large dust clouds measuring several millimeters radially and extending
for centimeters along the tube axis. These large dust clouds can display interesting collective behavior, including the
formation of boundary layers, shock waves, and dust particle lanes.

The DRIAD simulation was used to model the dynamics and charging of extended dust clouds under the evolving
plasma conditions found in ionization waves, which provided three-dimensional dust grain positions as well as
information about the local ion density variation at the sub-millisecond timescale. These details have relevance for
studying the development of laning structures observed not only in the large dust clouds in the PK-4 experiment, but
also in systems as wide-ranging as pedestrian flows, army ants, and self-driven microswimmers in colloidal
suspensions [32]-[34]. The simulation modeled 1000 dust grains in a cylindrical region with a radius of 0.90 mm and
length of 5.42 mm, with boundary conditions imposed to confine dust grains to the central six Debye lengths (= 2.7
mm) in the axial direction. The dust grain positions and charges were allowed to evolve to equilibrium, and analysis
of the final structure revealed the formation of dust particle lanes as well as nested cylindrical shells. A view of the
final dust positions from one axial end is provided in the left panel of Fig. 9, illustrating the cylindrical shells formed
in the simulated dust cloud. The side view of a 0.14-mm-wide slice along the z-axis is provided in the right panel of
Fig. 9.

The dust grains contained in each of the nested cylinders also possess hexagonal ordering that can be seen when
the cylinders are "unwrapped" by plotting the dust positions around the circumference of the nested cylinder (s = r8)
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Fig.9 Simulation of a 1000 dust grain cloud in the PK-4, viewed from the axial end, showing dust
arranged into nested cylinders (left) and slice through the mid-plane, showing the arrangement of grains
in filamentary structures (right). Individual dust positions are indicated by the light gray circles with
outline colors indicating the dust grains belonging to the outermost cylinder (blue), middle cylinder (red),
and innermost cylinder (green). Circlesize does not indicate the size of the dust grains. Representative
chain-like structures found in the mid-plane are highlighted by the rectangles in the right panel.

vs. the axial position (z), as shown in Fig. 10. The unwrapped dust positions show the dust forming 2D hexagonal
lattices, indicating order in the directions parallel and perpendicular to the electric field direction.

1 5 T T T
G
¢ o L) o o 2 o s
a2 o o . o
o o ° o ° o
o o °
a ° e 5 o o o
o o © c' o
o a o
- o © a8 ) = " ”
Q o .
05F o o e & o o o o
s o o o
o i o 3 o o
o a
o o B g b o 6 o
& 5 ® o © - T
o © o o o o o o °
T o 5 ® o 8 o o o
o
° o o o o o
L o ° o
E of°, o . B P
o o o e o
o 5 o e & @ o o o o
o o o © °
° o ° & & g o ° .
o o o o o o o %
o
o o & o L T ] o
05+ o 8 o o o v o o
o e < ) ° " % 8 °
o
¢ ° 9 o ¢ g & o
o o
o ° & o LI o © 2
® o o SR o - o o o
© 5 & ° o o ©
1L e a . o, . o
1.5 1 0.5 0 0.5 1 1.5
z[mm]

Fig.10 Unwrapped dust grain positions for outermost cylinder in Fig. 9 plotted as circumferential
position (s) vs. axial position (z).

The order observed in the large dust clouds can be characterized using a pair correlation function that takes into
account the three-dimensional nature of the dust cloud. Using the pair correlation function in spherical coordinates, as
introduced in Ref. [35], with the form

N
1 6(n-—r)5(9i'—9)5(¢i'_¢)
G(r,0,9) = ngN ;1 J 47TT'2]COS(9) : (8)
i#j

provides two dimensional particle distributions by integrating over the azimuthal angle ¢:

21
Go.0) = [ Gr.0.9)dp ©

0

or the polar angle 6:
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where ng is the dust number density and N represents the number of dust grains.

Analysis of the dust grain positions in the simulation of the large dust cloud yields the two dimensional
distributions shown in Fig. 1 1, where bright regions correspond to larger calculated pair correlation values. The bright
vertical bands in the left panel of Fig. 1 1 indicate regular interparticle spacing of ~155 pmbetween dust grains within
a chain. The narrow localized peaks in the first band indicate more uniform spacing between nearest neighbors, while
the wide or diffuse vertical bands indicate less order in the second- or third-nearest neighbors. Peaks appearing in the
Go(r, ¢) distribution alongthe ¢ axis (within a vertical band) indicate the order between neighboring dust chains
(perpendicular to the axial electric field direction), with localized peaks indicatinga high degree of alignment between
dust chains while a diffuse band along the ¢ axis indicates decreased interchain alignment.

Dust grains in filaments aligned with the axial electric field (coincident with the symmetry axis in the simulation
cylinder) will generate peaks in the G4 (r,0) distribution at polarangles & = +m/2 ata distance r corresponding to
integer multiples of the intrachain dust particle spacing (Fig. 1 1b). Polar angles 6 < |/2| inthe G4 (r,0) distribution
correspond to the correlation between chains, with well-defined peaks indicating alignment of dust grains
perpendicular to the cylinder axis while the appearance of smooth arches indicates more random axial positioning of
dust grains in neighboring chains.

Comparingthe distribution analysis obtained in Fig. 11 with the dust cloud shownin Fig. 9 and 10 provides further
insight about the cloud structure. While the dust grains are grouped into large, nested cylinders, the position of a dust
grain with respectto grains in an adjacentcylinder is less ordered (seen as a smooth band for the range of ¢ values in
the left plot of Fig. 11). Additionally, the hexagonal lattice that appears when the nested cylinders are "unwrapped"
produces increased alignment of dust grains in neighboring chains (seen as localized brightpeaks at 8 < |r/2]| in the
right plotof Fig. 11).
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Fig. 11 Three-dimensional pair correlation functions a) Go(r,¢) and b) G, (7, 8)calculated for a cloud
consisting of 1700 dust particles.

V. Conclusion

Dust grains in the microgravity environment of the PK-4 experiment can levitate in the plasma bulk where the
smaller ion-dust and dust-dust forces dominate particle interactions. Numerical models of the PK-4 experiment
provide insightinto the influence that dynamically evolving plasma conditions within ionization waves have on the
ion wakes and subsequent formation of dust microstructures. Simulation results reveal that the observed structure
imposed on the dust cloud are the results of asymmetric particle interactions mediated by ion wakes. The formation



of'the wakes is related to the presence of strong electric fields present in ionization waves. The ion flow driven by the
strong electric fields also alters the equilibrium dust charge. Simulations that incorporate temporal and spatial
variations in the background plasma parameters are currently in progress and are expected to provide further details
about the plasma-mediated dynamic interactions between charged dust grains.
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