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ABSTRACT
Under microgravity conditions, dust particles in a plasma have been observed to self-organize into string-like structures. The mechanisms 
that lead to the formation of these structures are not yet fully understood. Interactions between charged dust particles and ion wakes have 
been proposed as a possible mechanism driving this self-organization process. To examine how plasma conditions associated with ioniza-
tion waves affect ion wake properties and the resulting dust structures, we develop a general effective potential model for dust and ion wake 
systems under PK-4-like conditions. The electric potential is represented as the sum of a negative screened Coulomb term and a positive 
Gaussian contribution. Using a fixed and reduced set of coefficients determined from molecular dynamics simulations, the model captures 
the main features of the wake-modified potential for multiple dust arrangements containing different numbers of dust particles. Its imple-
mentation in a small-scale dust dynamics simulation further demonstrates its applicability to the study of ion-wake-mediated dust dynam-
ics. The characteristics of the ionization waves in the DC discharge are shown to play an important role in determining the properties of the 
ion wakes and the resulting dust structure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0339932

I. INTRODUCTION
Dusty plasmas provide a platform to explore new physical phe-

nomena connecting different areas of physics. Dusty (complex) plasmas 
consist of a three-component plasma—electrons, ions, and neutral par-
ticles—with suspended dust particles, typically ranging in size from 
nanometers to micrometers. When immersed in a plasma, these par-
ticles acquire electric charge, primarily through the collection of ions 
and electrons.1 Since electrons have higher mobility, the net charge of 
the dust is predominantly negative. Charged dust grains in a plasma 
environment behave as an additional plasma constituent. Because of 
the very low charge-to-mass ratio of dust grains, their dynamic time-
scales are much slower compared to other plasma species. In addition, 
their macroscopic dimensions allow these particles to easily be observed 
and imaged, turning them into a powerful tool to investigate the 
dynamics of each particle and the system at the kinetic level.

One interesting feature is the formation of ordered dust struc-
tures, which has been widely reported in experiments.2–6 The 

PlasmaKristall-4 (PK-4) system onboard the International Space 
Station (ISS) has been employed to carry out dusty plasma experi-
ments under microgravity conditions since 2014.7 Experiments per-
formed in this facility have shown the formation of dust string-like 
structures parallel to the direction of the axial electric field.2,3 This 
electrorheological (ER) behavior of dusty plasmas enhances their rele-
vance as a system for theoretical and experimental research.8,9 ER Ku-
ids consist of microparticles suspended in a nonconducting Kuid 
which has a different dielectric constant from that of the particles. In 
such systems, an external electric field polarizes the particles, leading 
to a dipole–dipole coupling between them. Because of the dipole- 
dipole interaction, particles organize into strongly coupled structures 
such as crystals, sheets, and chains. In ER dusty plasmas, the polariza-
tion arises from the distortion of the Debye shielding cloud surround-
ing the negatively charged dust particles. However, the specific 
processes responsible for the formation of these structures are still not 
fully known and constitute an active field of research.

Phys. Plasmas 33, 093701 (2026); doi: 10.1063/5.0339932                                                                                                                                                              33, 093701-1 
Published under an exclusive license by AIP Publishing

Physics of Plasmas                                                                                             ARTICLE pubs.aip.org/aip/pop 

 16 Septem
ber 2026 10:23:49

https://doi.org/10.1063/5.0339932
https://doi.org/10.1063/5.0339932
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0339932
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0339932&domain=pdf&date_stamp=2026-09-16
https://orcid.org/0009-0003-5414-4077
https://orcid.org/0000-0002-9307-7247
https://orcid.org/0000-0003-3572-1310
https://orcid.org/0000-0001-8816-332X
https://orcid.org/0000-0002-8603-2737
https://orcid.org/0000-0003-1781-2868
mailto:lorin_matthews@baylor.edu
https://doi.org/10.1063/5.0339932
pubs.aip.org/aip/pop


Under the action of an external electric field, positive ions 
acquire a net drift velocity in the direction of the electric field. The 
attractive electric force of a negatively charged dust grain acting on 
the streaming ions leads to the formation of an ion wake, a region of 
enhanced ion density downstream of the grain, along the ion stream-
ing direction. The attractive electric interaction between dust and ion 
wakes has been proposed as one of the mechanisms leading to the for-
mation of dust filaments.10

The location of the ion wake depends on the type of experiment. 
In ground-based experiments conducted in a Gaseous Electronic 
Conference radio frequency (GEC rf) cell, an external electric field fre-
quency of 13.56 MHz is usually used.11,12 Dust is levitated against 
gravity by the electric field in the plasma sheath above the lower elec-
trode. Ions are accelerated from the bulk and Kow toward the lower 
electrode. Hence, the ion wake is formed below the dust grain [see 
Figs. 1(a) and 1(c)]. In contrast, in experiments under microgravity 
conditions such as the PK-4 DC plasma, an alternating electric field is 
used to confine the dust grains in the field of view with a typical fre-
quency of 500 Hz.2,8 In this case, the ions can respond to the changing 
direction of the electric field, leading to ion density enhancements on 
both sides of the dust grain [Figs. 1(b) and 1(d)].

The local plasma parameters in the PK-4 discharge, computed 
using a two-dimensional particle-in-cell with Monte Carlo Collisions 
(PIC/MCC) simulation, exhibit quasiperiodic moving inhomogenei-
ties, known as ionization waves.13 The Kuctuations of the electric field 
intensity and the electron and ion number densities in these waves 
can reach amplitudes up to ten times their time-averaged value. 
Simulations presented in Ref. 14, in which dust charging and the cou-
pled dynamics of ions and dust grains were modeled, showed that the 
high electric field intensity associated with the ionization waves are an 

important factor behind the formation of the string-like dust struc-
tures observed in the PK-4 experiment.

Several models have been developed to describe the electric 
potential of the ion wake, replacing explicit ion dynamics in large- 
scale simulations to reduce computational cost while preserving the 
key physics of dust-wake interactions. One of the simplest models 
is the so-called point charge model, in which the ion cloud is 
replaced by a positive point charge with a symmetric Yukawa 
potential. This approach has been widely used to investigate 
ground-based phenomena like the non-reciprocal interaction in 
vertically aligned grains,15 charging of interacting dust grains,16 

dynamics of 2D and 3D normal modes,17,18 among others. Other 
studies have been performed using a modified point charge model 
by also including the dipole moment term in the potential.19,20 In 
Ref. 21, a kinetic approach is used to develop an interaction poten-
tial model for dust particles in plasmas, describing the potential of 
a point dust particle in a weakly ionized plasma with an ion drift 
driven by an external electric field. A Gaussian representation of 
the ion wake has also been used in several studies, which avoids the 
singularity that arises near the ion wake region in the point charge 
model.22,23 In Ref. 22, this approach was used to identify minimum 
energy configurations for two and three dust grains under ground- 
based conditions. The wake-mediated potential for each dust parti-
cle is described by three adjustable coefficients, which are specific 
to the particle arrangement. Consequently, a different set of coeffi-
cients is required for each configuration, making the application of 
this model to dust dynamics simulations complex and time- 
consuming. In Ref. 23, a Gaussian-based model was employed to 
describe the differences in ion wakes formed under constant and 
time-evolving plasma conditions due to ionization waves under 
PK-4-like conditions. In this formulation, the number of coeffi-
cients also scales linearly with the number of dust grains (in this 
case determined for a chain of four dust grains separated at 
250 lm) and is not transferable to other dust configurations.

In this work, we present a more robust and general potential 
model formulation for the electric potential distribution of the dust 
and ion wake system in the vicinity of dust chains in representative 
PK-4 environments. It uses a fixed, reduced set of coefficients that is 
independent of the number of dust particles. The coefficients are 
shown to be extendable to a wide variety of dust configurations, mak-
ing it a versatile tool for complex plasma studies. We use a molecular 
dynamics code to simulate the motion of ions to determine the charg-
ing of dust and electric potential distribution near chains of dust 
grains under time-evolving plasma conditions to account for the 
inKuence of ionization waves. Four different interparticle distances 
are used to determine the fitting coefficients as dust grains approach 
each other, with the aim of making the model generalizable to dust 
arrangements beyond string-like configurations. The model was 
implemented in a small-scale dust dynamics simulation to demon-
strate its practical applicability.

II. BACKGROUND
A. PK-4 experiment

The Plasmakristall-4 (PK-4) is a complex plasma experiment 
installed on the International Space Station (ISS). A detailed descrip-
tion of this experiment can be found in Refs. 7 and 24. This micro-
gravity experiment (see Fig. 2) consists of a 30-mm diameter and 

FIG. 1. Illustrative representation of the ion density [(a) and (b)] and electric poten-
tial of a dust grain plus ion wake [(c) and (d)] for: [(a) and (c)] a unidirectional elec-
tric field and [(b) and (d)] a polarity-switching electric field. The positions of the 
dust grains are indicated by black dots. The quantities shown were obtained from 
a numerical simulation of ion dynamics around a fixed dust grain with representa-
tive plasma parameters and are included only to illustrate the relative ion wake 
location.
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400-mm length p-shaped glass tube. Two particle observation cameras 
(C1 and C2) are used to visualize the dust. Three dust shakers on each 
side of the tube (D1–D6) are used for dispensing the dust grains into 
the tube. The active and passive electrodes are located at the two ends 
of the tube. The experiment setup allows for the generation of a direct 
current (dc) or radio frequency (rf) plasma discharge with argon or 
neon gas and includes the option of polarity switching of the axial DC 
electric field to trap the charged dust grains in the working area (cen-
tral region of the glass tube, 200-mm long). The polarity of the electro-
des is alternated at a high enough frequency (f ! 500 Hz) that the 
grains cannot respond to the change in the field direction (characteris-
tic frequencies of the dust dynamics are in the range 10–100 Hz25).

B. Formation of dust filaments
It has been observed that dust grains under DC switching condi-

tions can form long and stable filaments along the direction of the 
axial alternating electric field (see Fig. 3).3 The average interparticle 
distance within a filament is typically around 200 − 350 lm.3,14,26,27 

The ions are light enough that they can respond to the change in 
polarity of the electric field and Kow according to its direction. The 
ion trajectories are deKected by the negatively charged dust grains and 
form a region of enhanced ion density known as an ion wake (see 
Fig. 1). In the case of a unidirectional electric field, the ion density 
enhancement occurs behind the dust grain [Figs. 1(a) and 1(c)]. For a 
polarity-switching electric field, ion focusing alternates its direction, 
leading to an effective ion density enhancement on both sides of the 
grain [Figs. 1(b) and 1(d)]. The interaction between ion wakes and 
dust grains is the probable mechanism responsible for the formation 
of dust structures.10,28

C. Time-evolving plasma conditions
The local parameters in the PK-4 system are modeled with the axi-

symmetric 2D particle-in-cell with Monte Carlo Collisions (2D3V PIC/ 
MCC) simulation presented in Ref. 13. The simulation domain consists 
of a 400 mm-long dielectric tube with a 30 mm inner diameter, resolved 
on a grid with 64 radial grid points and 2048 axial grid points. 
Approximately 107 macroparticles were used for each charged species. 
The gas temperature (Tg), discharge current (I) and DC voltage (V) 
used for simulations at 40 and 60 Pa neon gas pressures (p) are shown 
in Table I.13,14 This model revealed the existence of quasiperiodic inho-
mogeneities moving along the axial direction within the positive col-
umn of the PK-4 discharge, known as ionization waves, which were 
confirmed by the ground-based experiments in PK4-BU.13 Spatial pro-
files of the ion density and axial electric field for 40 and 60 Pa neutral 
gas pressures are shown in Fig. 4. The corresponding results for the rest 
of plasma parameters can be found in Refs. 13 and 14. Plasma parame-
ters such as electron temperature (Te), ion temperature (Ti), electron 
density (ne) and ion density (ni) were shown to vary by up to one order 
of magnitude as an ionization wave passes a given position within the 
discharge tube (Fig. 5). The ratio between the ion and electron density 
(ni=ne) obtained from the PIC/MCC simulation is shown in Fig. 6. 
These waves have a frequency of the order of 10 kHz. Although these 
timescales are much faster than the dust response time, these temporal 
variations in the plasma parameters have been shown to inKuence the 
dust ordering and ion wake features.14,23

III. METHODS
A. Dynamic response of ions and dust (DRIAD)

To simulate the ion dynamics and dust charging, we use the N- 
body molecular dynamics code DRIAD,16 which resolves the equa-
tions of motion of these species according to their own timescales. 
The simulation does not directly model the electrons, which are 
instead treated as a Kuid governed by a Boltzmann distribution that 
shields an ion’s electric potential and determines the electron current 
to dust grains.16 This assumption corresponds to electrons reaching 

FIG. 2. Scheme of the PK-4 experimental setup. 

FIG. 3. Dust filaments in the PK-4 experiment at 70.5 Pa neon gas pressure and 
1 mA DC current. Reprinted with permission from Kostadinova et al., AIAA Paper 
No. 2023-2615, 2023. Copyright 2023 American Institute of Aeronautics and 
Astronautics, Inc.34

TABLE I. Parameters used in the PIC/MCC simulations of the PK-4 experiment 
(Input parameters) and time-averaged plasma parameters over the selected portion 
(Time-average output parameters) for 40 and 60 Pa gas pressures. 

Pressure (Pa) 40 60

Input parameters
Tg (meV) 25.9 25.9
I (mA) 0.8 2.0
V (V) 1000 770
Time-averaged output parameters
ni"#1015m−3$ 0.219 1.26
ne"#1015m−3$ 0.197 1.25
Ti (meV) 39.3 43.1
Te (meV) 6350 4300
kDi"lm$ 99.7 43.4
kDe"lm$ 1336 435
Ez"V=m$ 289 198
M 0.04 0.03
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equilibrium with the electrostatic potential on time scales much 
shorter than those of the ion and dust dynamics resolved in the simu-
lation. Since dust grains are negatively charged, the Boltzmann rela-
tion predicts the electron depletion in the vicinity of the grain. We use 
the simulation to self-consistently obtain the charge on a fixed 
arrangement of dust grains and the distribution of ions in the vicinity 
of the dust. To enhance computational efficiency, we model the 
dynamics of superions, which are clusters of ions with the same 
charge-to-mass ratio as a single ion. The number of ions per superion 
is calculated as niVsim=Nsi, where ni is the ion number density, Vsim is 
the simulation volume and Nsi is the number of superions used in the 
simulation. The superions that leave the simulation region or are col-
lected by a dust grain are re-injected with random positions and 
velocities on the boundary consistent with the ion drift speed, follow-
ing the method presented in Ref. 29.

The equation of motion for the ions (with mass mi) is 

mi!~r i !~FiD %~Fii %~Fbound %~Fz %~Fin: (1) 

The first term on the right-hand side represents the force on an 
ion i with charge qi due to dust grains with charge Qd located at a 

distance j~ridj from the ion, which is described by a Coulomb interac-
tion [Eq. (2)], as electrons are depleted in the vicinity of the negatively 
charged dust grain and the ions modeled in the simulation provide 
the Debye shielding 

~FiD !
XND

d!1

qiQd
4p!0

~rid

j~ridj3
: (2) 

The force from other ions inside the simulation ~Fii is given by a 
screened Coulomb interaction to account for the screening provided 
by the electrons 

~Fii !
XNi

j6!i

qiqj

4p!0
1%
j~rijj
kDe

! "
exp − j~rijj

kDe

# $
~rij

j~rijj3
; (3) 

where qi;j is the charge of the ions i, j, separated by the distance j~rijj
and kDe !

%%%%%%%%%%%%%%%%%%%%%%%%%%%
!0kBTe="nee2$

p
is the electron Debye length.

The confining electric force ~Fbound ! qi~Ebound arises from the 
electric field ~Ebound due the ions outside the simulation region. This 
field is derived from the gradient of the potential distribution within 
an empty cylindrical cavity that matches the dimensions of the simu-
lation region immersed in a uniform plasma with density no, 

FIG. 4. Spatial profiles of the ion density [(a) and (c)] and axial electric field [(b) and (d)] across the simulation region from the PIC/MCC simulation for: [(a) and (b)] 40 and 
[(c) and (d)] 60 Pa.

FIG. 5. Representative segment of the time-evolving plasma parameters obtained 
from the PIC/MCC simulation at the center of the simulation domain (r ! 0 cm, 
z ! 20 cm), at (a) 40 and (b) 60 Pa. All magnitudes are normalized by their corre-
sponding maxima.

FIG. 6. Ratio of ion to electron number density (ni=ne) obtained from the PIC/ 
MCC simulation at the center of the simulation domain (r ! 0 cm, z ! 20 cm), at 
(a) 40 and (b) 60 Pa.
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representing the density far from the simulated region. The force 
~Fz ! qi~Ez originates from the interaction of the ions with the axial 
electric field Ezẑ . ~Fin is the force due to the ion-neutral collisions, 
which is calculated using the null-collision method. Ion-neutral colli-
sions affect the ion wake formation by modifying the downstream ion 
focusing behind the dust grains. In collisionless Kows, ions can follow 
more coherent trajectories along the Kow direction, producing more 
elongated wakes. In contrast, ion-neutral collisions interrupt the 
directed ion motion, leading to more compact wakes, as shown in 
Cou!edel et al.30

In order to account for the effects of the time-evolving plasma 
conditions due to the ionization waves, plasma conditions from a 
point at the center of the PIC/MCC simulation are modeled, which 
includes data of the ion temperature (Ti), ion number density (ni), 
electron temperature (Te), electron number density (ne), axial electric 
field (Ez) and Mach number (M), defined as M ! vi;z=vB, where vi;z is 
the drift velocity of the ions in the z-direction and vB !

%%%%%%%%%%%%%%%%%
kBTe=mi

p
is 

the Bohm velocity. A portion of these evolving conditions (covering 
two ionization waves, blue-shaded areas in Fig. 7) is used to provide 
repeated boundary conditions. The segment has a duration of 106 ls 
in the 40 Pa case and 86 ls for 60 Pa. Figure 8 shows a 600 ls repre-
sentative segment of the axial electric field in its original units (non- 
normalized) for both the 40 and 60 Pa conditions. The direction of 
the electric field is reversed every half-cycle (1=2f ! 1 ms). The rest 
of the plasma parameters are repeated cyclically through the simula-
tion. The time-average of each plasma parameter over the selected 
portion of the PIC/MCC simulation are detailed in Table I. The aver-
age electron and ion Debye lengths (kDe, kDi) are calculated using the 
corresponding average number density and temperature.

B. Ion wake and dust potential model
The spatial distribution of the electric potential can be used to 

propose a model for the potential of dust mediated by the ion wake in 
filamentary structures. Because the ion wakes are aligned in the axial 
direction, the electric potential distribution around the dust chains 
exhibits approximate axial symmetry. Under these circumstances, the 

variations in the azimuthal direction are negligible compared with the 
radial and axial variations, making any slice that contains a chain of 
dust grains representative of the full three-dimensional structure. For 
this reason, the analysis focuses on data on the xz plane, where the 
most relevant features of the potential are fully captured. 
Consequently, the model will be formulated directly in two dimen-
sions, which preserves all physically significant information while 
increasing the stability of the fitting procedure.

Figure 9 shows a representative electric potential along the z axis 
for a chain of four dust grains located along the cylinder axis, under 
60 Pa gas pressure, a discharge current of 2.0 mA and a DC voltage of 
770 V.23 As expected for negatively charged dust particles, the poten-
tial exhibits highly negative values near the dust grain and increases 
rapidly toward zero as the distance from the dust grains increases, 
interpreted as the presence of a term in the potential model that is 
negative and inversely proportional to the distance from each grain. 
Between the grains, one sees the presence of elevated electric potential 
(local maxima), suggesting the presence of a positive contribution to 
the electric potential from the ion wake. As the electric potential 
approaches zero at long distances, both contributions should be 
decaying functions. Considering these aspects, we propose a potential 

FIG. 7. Representative segment of the time-evolving plasma parameters used in 
the simulation at (a) 40 and (b) 60 Pa, covering a 300 ls time interval. The 
selected portion from the PIC/MCC simulation (blue-shaded area) is repeated 
cyclically. All magnitudes are normalized by their corresponding maxima.

FIG. 8. Representative segment of the time-evolving axial electric field (Ez) used 
in the simulation, covering a 600 ls time interval. The polarity of the electric field 
switches at t ! 1000 ls.

FIG. 9. Electric potential at (x ! 0; z) for a chain of four dust grains located along the 
cylinder axis, separated by a distance D ! 250 lm (p ! 60 Pa, Tg ! 25:9 meV, 
V ! 770 V). Positions of the dust grains are indicated by black stars.
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model consisting of a screened Coulomb potential from each grain 
and an anisotropic Gaussian function centered at each dust grain, 

U"x; z$ !
XND

d!1

Qd
4p!0

e−j~r−~r dj=kd

j~r −~rdj
% ad

jQdj
4p!0

e− x−xd
rx;d

& ’2

e− z−zd
rz;d

& ’2
" #

; (4) 

where Qd and ~rd ! "xd; zd$ are the charge and position vector of the 
d-th dust grain and ND is the number of dust grains. The coefficients 
kd, ad, rx;d, and rz;d are all positive. The coefficient kd represents the 
isotropic shielding of the negative dust grain by the ions. A small 
value of this coefficient represents a greater isotropic shielding. The 
coefficient ad represents the scaling factor for the positive contribu-
tion to the wake potential. A greater value of this coefficient indicates 
a stronger ion wake. The coefficients rx;d and rz;d control the decay 
of this positive contribution in the x and z directions, respectively. A 
smaller value for these parameters represents a shorter decay length. 
This potential model is a modified and more general version of the 
model presented in Ref. 23. In the present case, we include the abso-
lute value of the charge as a multiplicative factor that controls the 
maximum of the Gaussian term along with the coefficient ad. This 
takes into account that a higher dust charge implies that more ions 
will be focused on the ion wake for a given external electric field, den-
sity, and pressure, resulting in a more prominent ion wake. The pre-
sent formulation of the model improves its generalizability, which will 
be addressed in Secs. V A and V B.

This model for the potential can be naturally extended to three 
dimensions [Eq. (5)] by including a y-dependent term and an extra 
coefficient ry;d in the asymmetric Gaussian in Eq. (4). Coefficients 
rx;d and ry;d are expected to be equal due to the symmetry of the sys-
tem around the z-axis. The two-dimensional case [Eq. (4)] is recov-
ered when Eq. (5) is evaluated at y ! 0; yd ! 0 (xz plane). 

U"x; y; z$ !
XND

d!1

Qd
4p!0

e−j~r−~r dj=kd

j~r −~rdj
%ad

jQdj
4p!0

e− x−xd
rx;d

& ’2

e
− y−yd

ry;d

h i2

e− z−zd
rz;d

& ’2

" #

:

(5) 

IV. RESULTS
A. Numerical modeling

To examine the electric potential distribution near a dust chain 
and determine how the model coefficients evolve as dust grains 
approach each other, we conducted simulations with DRIAD using 
chains of four melamine formaldehyde (MF) spherical dust grains 
with radius RD! 1.69 lm under 40 and 60 Pa neon gas pressures. 
The neutral gas temperature is 25.9 meV. The dust mass is 
3:05# 10−14 kg according to its radius and density (1510 kg=m3). 
Four different cases were examined, corresponding to the interparticle 
distances D! 250, 350, 450, and 550 lm. The number of superions 
considered in the simulations is 150 000 and 100 000, respectively. 
The simulation geometry for both pressures is a cylinder of radius 
2.0kDe, while the length was set to 6.0kDe (8.02 mm) at 40 Pa and 
12kDe (5.22 mm) at 60 Pa. These cylinder sizes and number of superi-
ons were chosen to ensure that dust particles remain at least 2.0kDe 
away from the simulation boundaries and that each superion has 
about 200 ions in both cases. From the spatial profiles of the ioniza-
tion waves (Fig. 4), the distance between consecutive peaks is esti-
mated to be in the range of 5–10 cm. Therefore, the simulation 

domain is much smaller than the wavelength of the ionization waves. 
The ion time step is Dti ! 0:01ls. For reference, the ion plasma 
frequency xi under these conditions is of order 106 rad/s, with 
estimated values of xi & 4:35# 106 rad/s for the 40 Pa case and 
xi & 10:4# 106 rad/s for 60 Pa. The representative segments in the 
shaded areas shown in Fig. 7 from the PIC/MCC simulation are used 
to account for the time-evolving boundary conditions in the simula-
tion for the two pressures. The evolving plasma parameters are 
updated every 1 ls (100 ion time steps). The external electric field ~Ez, 
in the axial direction, switches direction every 1 ms given f ! 500 Hz 
with a 50% duty cycle. The total time simulated is 600 ms. The result-
ing ion electric potential and dust charge are averaged over the last 
580 ms after the system is in equilibrium, covering 290 complete 
cycles of the switching electric field.

Figure 10 shows the ion density distributions of the ion wake 
(nw) from the simulations at each interparticle distance (D) under 
both pressures. These distributions were calculated by subtracting 
the ion density of the simulation without dust particles from that of 
each case, in order to isolate the ion distribution caused by the 
presence of the dust. The average charge of the dust grains at equi-
librium is shown in Fig. 11 for both pressures as a function of the 
dust position. The charge Kuctuations, quantified as the relative 
standard deviation rQ=hQdi for each dust particle, remained within 
5.0%–12% across all cases. The dust charge at 40 Pa is about 15% 
lower than at 60 Pa. In the 40 Pa case, ions have a slightly lower 
temperature, making it easier to capture them. In addition, there is 
a greater difference between the average electron and ion number 
densities ne and ni (see Fig. 6 and Table I), implying an enhanced 
ion current for this pressure. Together, these effects increase the 
probability of capturing ions. In a given chain, the two inner dust 
grains tend to collect less negative charge than the two outer dust 
grains, with a more marked difference in the 40 Pa cases, since the 
ion current is enhanced in this region. This difference increases as 
D decreases since the ion density is enhanced as dust grains move 
closer (see Fig. 10). The dust charge tends toward that for an iso-
lated grain as D increases. This is an expected result since ions 
approaching a given grain experience a reduced inKuence from 
neighboring grains. As a result, each grain charges under condi-
tions that are increasingly independent and are closer to the single 
dust case.

The electric potential maps are shown in Fig. 12. The potential 
distributions show a highly negative potential in the region close to 
the dust grains. In the 40 Pa cases [Figs. 12(a)–12(d)] the potential 
takes small positive values between the farthest spaced grains 
[Fig. 12(a)] and becomes more negative as grains approach each 
other [Fig. 12(d)]. On the other hand, the potential in the 60 Pa 
cases [Figs. 12(e)–12(h)] reaches positive values between dust 
grains and becomes more positive as D decreases. This is consistent 
with a higher ion density in the 60 Pa case compared to the 40 Pa 
case (see Table I).

V. ANALYSIS AND DISCUSSION
A. Data-driven model simplifications

The potential model Eq. (4) is formulated with independent 
coefficients for each dust grain and for each interparticle distance, 
yielding a total of 64 free coefficients (4 parameters per dust grain # 4 
dust grains # 4 configurations) for each pressure. The resulting 
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coefficients from preliminary fittings of this fully independent formu-
lation to the data showed no significant variation in the coefficients 
for grains within the same chain and only minor differences between 
configurations. Moreover, no trend was observed with the interparti-
cle distance, i.e., the coefficients did not exhibit a consistent increase 
or decrease as D changed. As shown in Fig. 12, the functional shape of 
the potential is essentially the same in all cases for a given pressure. 
The only noticeable difference is a gradual change in the ion wake 
intensity as the interparticle distance decreases. The ion wake inten-
sity is regulated by the dust charge (the higher the absolute value of 
the charge, the more ions are attracted by the dust grain) and by the 
distance between the grains, since wakes tend to overlap more 
strongly as the particles move closer together. This dependence is 
already built into the potential model, where the wake intensity scales 
proportionally with charge and depends explicitly on the particle posi-
tions. The Mach number of the ion Kow also inKuences the wake 

intensity by controlling the degree of ion focusing behind the grain. 
Since all four simulations considered for each pressure were per-
formed using the same plasma conditions, the Kow regime remains 
the same across cases for a given pressure. Such numerical behavior 
suggests that the additional degrees of freedom might not correspond 
to real physical differences, but rather to redundant parameters within 
the model.

Guided by these results, the model was progressively simplified 
in two steps. First, the coefficients were assumed to be identical for all 
grains within a chain (ad ! a; rx;d ! rx; rz;d ! rz; kd ! k). 
Second, the same set of coefficients was extended to all cases for a 
given pressure. This two-step simplification reduced the number 
of free parameters from 64 to only 4 for each pressure, resulting 
in a more compact formulation. This reduction greatly improves 
the numerical stability of the fitting process while preserving the 
model’s ability to capture the essential features of the data. The 
resulting analytical form of the potential model after these sim-
plifications is 

U"x; z$ !
XND

d!1

Qd
4p!0

e−j~r−~rdj=k

j~r −~rdj
% a
jQdj
4p!0

e− x−xd
rx’ (

2

e− z−zd
rz’ (

2
" #

: (6) 

B. Potential model fitting
The positions of ND equally spaced dust grains in a chain 

arranged symmetrically about the origin along the z-axis (xd ! 0, 
yd ! 0) can be fully described by the interparticle distance instead of 
their four individual positions. For practical implementation, the 
simplified expression of the potential model Eq. (6) was written in 
terms of the interparticle distance D rather than the positions of the 
dust grains as 

FIG. 10. Ion density distribution of the ion 
wake obtained from DRIAD for: (a)–(d) 
40 and (e)–(h) 60 Pa gas pressure. The 
positions of the dust grains are repre-
sented by white stars.

FIG. 11. Charges of the four dust grains for 40 and 60 Pa pressures as a function 
of the dust position. Marker colors indicate the different cases considered, corre-
sponding to a specific interparticle distance. The horizontal dashed lines represent 
the charge obtained from simulations for a single dust grain at each pressure.

Phys. Plasmas 33, 093701 (2026); doi: 10.1063/5.0339932                                                                                                                                                              33, 093701-7 
Published under an exclusive license by AIP Publishing

Physics of Plasmas                                                                                             ARTICLE pubs.aip.org/aip/pop 

 16 Septem
ber 2026 10:23:49

pubs.aip.org/aip/pop


U"x;z$!
XND

d!1

Qd
4p!0

e
−
%%%%%%%%%%%%%%%
x2%"z−kdD$2
p

k

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
x2%"z−kdD$2

q %a
jQdj
4p!0

e− x
rx’ (

2

e− z−kdD
rz

& ’2

2

64

3

75;

kd!−2d−ND −1
2 :

(7) 

This choice was made purely for computational simplicity, since 
expressing the potential model as a function of D reduces the number 
of input parameters required by the fitting routine. In order to deter-
mine the model coefficients, we fit the expression Eq. (7) to the data 
obtained from DRIAD (Fig. 12). In general, it is important to prevent 
the model from overfitting the data, as this compromises its generaliz-
ability and degrades its performance when applied to different condi-
tions.31 To prevent these limitations, we used the Leave-p-Out Cross- 
Validation (LpO CV) technique.32 In this method, the data (which 
includes n samples) is split into a training set and a validation set (p 
samples). The training set (n − p samples) is the data that is used in 
the model fitting to determine the coefficients. The validation set is 
not employed in obtaining the coefficients and is used just to evaluate 
the quality of the fit. This procedure is repeated until all possible sub-
sets of size p have been used for validation. As a result, multiple sets 
of coefficients [specifically, n!="n − p$!p! sets] are obtained from the 
different fitting cases. Here we define the resulting model coefficients 
as the set for which the validation data are reproduced with the high-
est Coefficient of Determination (R2), which was calculated according 
to Ref. 33. The implementation of the LpO CV method supports the 
model’s generalizability to new dust configurations.

In this specific case, we used the n ! 4 data sets for each pres-
sure to generate all possible combinations of p ! 2 validation sets. 
The remaining n − p ! 2 sets for a given combination were used as 
training sets. As a result, six sets of coefficients were obtained from 
the different fitting cases. Exploratory fittings were performed to iden-
tify the order of the coefficients. Based on this, normalizations were 
applied to the potential expression to bring all coefficients to the order 
of 1.0 and improve numerical stability during the fitting. The original 
coefficients were then recovered by reversing the normalizations.

The potential distributions obtained from the model Eq. (6) are 
shown in Fig. 13. The potential closely reproduces the simulation data 
in the entire simulation region. These results appear smoother and do 
not exhibit the variations caused by numerical noise observed in the 
simulated data.

The absolute value of the differences between the potential distri-
bution predicted by the model Eq. (6) and the data obtained from the 
simulation (Fig. 12) is shown in Fig. 14 for the eight cases under con-
sideration. Table II shows the values of R2 and Root Mean Squared 
Error (RMSE). The difference plot indicates a good agreement 
between the data and the model, as the maximum absolute differences 
remain below 2 mV in all the cases. These differences are small when 
compared to the maximum absolute value of the potential in the 
vicinity of the dust grains ()31 mV for 40 Pa and )12 mV for 60 Pa) 
and the dust surface potential (−1.4 V for 40 Pa and −1.7 V for 60 Pa). 
The values of R2 remain above 99% and the RMSE is below 0.5 mV 
for all the cases. This suggests that the model accurately reproduces 
the fundamental features of the data. The potential in the vicinity of 
the dust grains is more accurately represented in the 40 Pa cases, as 
the difference is less in this region. For both pressures, the absolute 
deviation between the model and the simulation data increases as the 
interparticle distance decreases. When particles are separated at lon-
ger distances, local errors around each dust grain contribute indepen-
dently to the absolute difference maps. As the interparticle distance 
decreases, these errors spatially overlap, leading to a higher discrep-
ancy between the model and the data.

Table III presents the original coefficients obtained for both 
pressures and the ratio between them to compare the characteristics 
of the ion wakes and evaluate how their properties vary for the two 
pressures. The obtained coefficients are valid only for the set of 
plasma conditions considered in the simulations, including the pres-
sure, ion density, electric field strength, particle size, and Mach num-
ber. For different plasma conditions, a new set of coefficients must be 
determined using simulations performed with the corresponding 
parameters. According to Table III, the coefficient k is greater at 40 Pa 
than at 60 Pa, implying a stronger symmetric shielding of the dust at 

FIG. 12. Potential distribution for the dust 
and ion wake system obtained from 
DRIAD for: (a)–(d) 40 and (e)–(h) 60 Pa 
gas pressure. The positions of the dust 
grains are represented by white stars.
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60 Pa pressure. The scaling factor for the positive contribution a is 
greater for the 60 Pa case than for the 40 Pa case, indicating a stronger 
ion wake at 60 Pa. This agrees with the higher ion density and lower 
Mach number obtained in the PIC/MCC simulation for the higher 

pressure (see Table I). The ratio between the coefficients rz and rx 
quantifies the degree of asymmetry of the ion wake and the direction 
of its elongation. For 60 Pa, the value of rz=rx is slightly greater than 
1, suggesting an ion wake that is approximately circular but 

FIG. 14. Absolute difference between the 
potential distribution obtained with the 
potential model in Eq. (6) and the data 
obtained from DRIAD for: (a)–(d) 40 and 
(e)–(h) 60 Pa gas pressure. The positions 
of the dust grains are indicated by black 
stars. The red dot indicates the position 
where the maximum difference is 
reached, while the adjacent red label 
shows its value.

TABLE II. Coefficient of Determination (R2) and Root Mean Squared Error (RMSE) 
for the training cases. 

D "lm$

40 Pa 60 Pa

R2 (%) RMSE (mV) R2 (%) RMSE (mV)

550 99.91 0.212 99.82 0.323
450 99.88 0.238 99.80 0.349
350 99.90 0.214 99.75 0.383
250 99.52 0.386 99.71 0.416

TABLE III. Coefficients obtained from data fitting for 40 and 60 Pa gas pressures, 
and the ratios of the values for the two cases (C40=C60). 

40 Pa 60 Pa. C40=C60

a (m−1) 400 1760 0.227
rx (lm) 284 337 0.842
rz (lm) 840 436 1.93
k (lm) 114 41.5 2.76
rz=rx 2.96 1.29 …

FIG. 13. Potential distribution obtained 
with the potential model in Eq. (6) for: 
(a)–(d) 40 and (e)–(h) 60 Pa gas pres-
sure. The positions of the dust grains are 
represented by gray stars.
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moderately elongated along the axial direction. At 40 Pa, this ratio is 
significantly greater than 1, revealing a much more pronounced elon-
gation. This behavior is consistent with the stronger axial electric field 
in this case compared to the 60 Pa case (see Fig. 8).

C. Potential model evaluation on independent test 
cases

We assess the generalizability of the potential model by applying 
it to test cases. We consider configurations that differ significantly 
from the ones used in determining the coefficients, with different par-
ticle numbers, interparticle spacing, and orientation relative to the 
direction of the ion Kow. These structures also correspond to physi-
cally relevant dust arrangements observed in complex plasmas, such 
as interacting dust-grain pairs, filaments, and zigzag chains. These 
cases allow us to verify whether the model and the assumptions made 
remain valid for different scenarios and can accurately reproduce the 
electric potential distribution for a variety of relative dust positions. 
We used DRIAD to simulate the cases shown in Fig. 15: a chain of six 
dust grains with D ! 300 lm (Test case 1), two dust grains separated 
by D ! 325 lm but at an angle to the axial electric field direction 
(Test case 2), and a six-grain zigzag chain with D ! 400 lm (Test 
case 3), with the same simulation parameters as the training cases.

The electric potential distributions obtained from DRIAD for 
the test cases are presented in Fig. 16 for both pressures. The potential 
maps generated by the model Eq. (6), using the coefficients from 
Table III and the dust charges predicted by DRIAD, are displayed in 
Fig. 17. The potential model reproduces the main features of the elec-
tric potential distribution with good accuracy for all the test cases, 

with differences below 2.0 mV (see Fig. 18), confirming that the sim-
plified model closely matches the simulation data. Table IV presents 
the R2 and RMSE values for all test cases. The R2 values are above 
99%, indicating that the model reproduces the test cases with high 
accuracy. The low RMSE values (mostly below 0.5 mV) also confirm 
the validity of the predictions, suggesting that the model effectively 
captures the trends in a variety of scenarios.

D. Implementation of the potential model in dust 
dynamics simulation

We test the utility of the potential model in a simple particle 
dynamics simulation. The simulation consists of eight dust grains 
with radius RD ! 1:69lm and mass mD ! 3:05# 10−14 kg, matching 
those used in the DRIAD simulations presented in Secs. IV A and 
V C. Larger dust clouds will be investigated in future work using 
GPU-accelerated codes. For simplicity, we assume a uniform charge 
for all dust grains, corresponding to the charge obtained from the 
single-grain DRIAD simulation at each pressure (QD ! 1760e− for 
40 Pa and QD ! 2007e− for 60 Pa). As shown in Fig. 11, dust charge 
depends on the interparticle distance, an effect that will be addressed 
in future work. The equation of motion of the dust grains is: 

mD!~r d !~FD;d %~Fz %~Fn %~FB: (8) 

The dust–dust interaction ~FD is calculated using the three- 
dimensional form of the potential model given in Eq. (6), with the 
coefficients listed in Table III 

FIG. 15. Schematic representation of the dust configurations used as test cases. 

FIG. 16. Electric potential distribution 
obtained from DRIAD for the test cases 
under: (a)–(c) 40 and (d)–(f) 60 Pa gas 
pressures. The positions of the dust grains 
are indicated by white stars.
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~FD;d ! −QD
XND

j6!d

~rUj"r!d $: (9) 

The force ~Fz ! QD~Ez is due to the interaction of the charged 
dust grain with the axial DC switching electric field Ez, which matches 
the time-averaged field of the ionization waves used in the DRIAD 
simulations (see Table I) with f ! 500 Hz. No external electric field 
was applied for confinement.

The neutral drag force ~Fn ! −bmD~vD, where b 
! 4

3 dpR2
D
%%%%%%%%%%%%%%%%%%%%%%%%%%%
8pmn="kBTn$

p
=mD, accounts for the friction due to the col-

lisions of neutral gas atoms on the dust surface and is proportional to 

the dust velocity ~vD. The coefficient d represents how the gas atoms are 
reKected from the dust surface and takes a value of 1.44 for MF spheres.1 

The molecular mass of the neutral gas (neon) mn is 3:35# 10−26 kg 
and the temperature Tn is 25.9 meV.

Finally, the Brownian force ~FB !
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
2bkBTnmD=DtD

p
~n repre-

sents the random kicks exerted on the dust grains by neutral par-
ticles.16 The dust time step used is DtD ! 10−4 s and ~n is a vector of 
normally distributed random numbers between −1 and 1.

This is a simplified model, since the dust charge is assumed to be 
fixed, while simulations with DRIAD showed that dust charge varies 
by about 5% for dust particles in close proximity (see Fig. 11). The 
total time simulated is 50 s (5# 105 dust time steps). Figure 19 shows 
snapshots of the simulations at t ! 0 s (initial positions), t ! 5 s and 
t ! 50 s (final positions) under 40 and 60 Pa gas pressures. Initial 
positions of dust particles are randomly distributed within a finite 
region where the dust-dust interaction is active [see Figs. 19(a) and 
19(e)], while neutral gas friction damps their response to the interac-
tion forces. In the 40 Pa case, the dust cloud expands [Fig. 19(b)] while 
dust grains remain clustered for 60 Pa [Fig. 19(f)]. In the final time 
step, dust particles exhibit the formation of a string-like structure in 
the 40 Pa case [Fig. 19(c)], with an average interparticle distance of 
)350 lm. This distance falls within the range of interparticle separa-
tions observed in the PK-4 experiment ()200 − 350 lm),3,26 

FIG. 17. Electric potential distribution 
obtained with the potential model in Eq. 
(6) for the test cases under: (a)–(c) 40 and 
(d)–(f) 60 Pa gas pressures. The positions 
of the dust grains are indicated by white 
stars.

FIG. 18. Absolute difference between the 
potential distribution obtained with the 
potential model in Eq. (6) and the data 
obtained from DRIAD for the test cases 
at: (a)–(c) 40 and (d)–(f) 60 Pa gas pres-
sures. The positions of the dust grains 
are represented by black stars. The red 
dot indicates the position where the maxi-
mum difference is reached, while the 
adjacent red label shows its value.

TABLE IV. Coefficient of Determination (R2) and Root Mean Squared Error (RMSE) 
for the test cases. 

Test case

40 Pa 60 Pa

R2 (%) RMSE (mV) R2 (%) RMSE (mV)

1 99.73 0.393 99.79 0.434
2 99.85 0.194 99.78 0.302
3 99.87 0.284 99.94 0.383
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indicating that the implemented interaction model produces physi-
cally reasonable dust-dust separation scales. For the initial configura-
tions examined, the final chain alignment was robust with respect to 
the initial particle positions. The resulting interparticle distances var-
ied by only about 20 lm, mainly due to Brownian motion. We note, 
however, that much larger initial separations could lead to different 
outcomes because no external confinement is included. In that case, 
some particles may remain isolated or only partial chains may form if 
Brownian motion brings a subset of particles close enough to interact. 
In the 60 Pa case [Fig. 19(f)], the dust cloud does not form an ordered 
structure, and dust particles remain fixed with random vibrations 
around their equilibrium positions.

The different behavior of the dust cloud in the two cases can be 
attributed to the intensity of the axial electric field in the ionization 
waves (see Fig. 8). Although the values of Ez for both pressures are 
comparable between ionization waves, the magnitudes of the peaks of 
Ez in the 40 Pa case ()2000 V/m) are approximately twice that for 
60 Pa ()1000 V/m) (see Fig. 8). In Ref. 9, the isotropic-to-string phase 
transition in dusty plasmas was studied experimentally and numeri-
cally for different electric fields under microgravity conditions, finding 
that 6.8 lm-diameter grains under 10 Pa gas pressure form string-like 
structures at electric fields of about 1800 V/m. In addition, higher elec-
tric fields lead to more ordered dust filaments. The dust cloud returned 
to the isotropic state when the electric field was reduced. The same 
trend was observed in simulations of dust in the PK-4 environment 
performed in Ref. 14. Thus, while the present eight-particle simulation 

is not intended as a direct quantitative reproduction of a specific PK-4 
experiment, it is qualitatively consistent with PK-4-related observa-
tions in that stronger axial electric fields favor the formation of string- 
like dust structures. A dedicated quantitative comparison with PK-4 
observations is planned for future work, using simulation conditions 
for which corresponding experimental data are available.

To test this behavior, we analyzed the interaction energy for con-
figurations of two and three dust particles to find configurations that 
minimize the potential energy. The total interaction energy of a system 
of N charged particles is Uint ! "1=2$

PN
i
PN

j6!i QiUj"~ri$, where Qi is 
the charge of the i-th dust grain and Uj"~ri$ is the electric potential gen-
erated by particle j at the position of particle i. For U, we use the poten-
tial model given in Eq. (6), generalized to three dimensions, with the 
corresponding coefficients determined in Sec. V B (Table III). For two 
dust grains, we vary the interparticle distance (d) and the angle (h) of 
their connecting axis with respect to the ion Kow direction [Fig. 20(a)]. 
For three dust grains, we fix two particles along the z-axis separated at 
a distance d. The third particle is located at the same distance d from 
the second particle, but at an angle h relative to the z-axis, as shown in 
Fig. 20(b). If the system is prone to form a filament, the total interac-
tion energy should naturally be minimized when all three particles are 
collinear, exhibiting a clear minimum near h ! 0*.

Figure 21 shows the normalized interaction energy of a system 
of two dust grains as a function of the interparticle distance d and the 
angle h. In the 40 Pa case [Fig. 21(a)], two regions of minimum energy 
appear at h ! 0* and h ! 180* at a distance dm & 460 lm. At 60 Pa 

FIG. 19. Snapshots of the simulations for: (a)–(d) 40 and (e)–(h) 60 Pa neutral gas pressures, showing the temporal evolution of the system at: (a) and (e) t! 0 s; (b) and 
(f) t! 5 s; and (c), (d), (g), and (h) t! 50 s. Panels (d) and (h) represent a view along the x axis of the structure at t! 50 s.
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[Fig. 21(b)], the interaction energy distribution also exhibits two 
energy minima near h ! 0* and h ! 180*, but at a shorter interparti-
cle distance dm & 175 lm. This indicates that for a two-particle sys-
tem, the preferred orientation of the dust grains is parallel to the 
direction of the ion Kow. Figure 22 shows the interaction energy of 
the three dust grain system as a function of the particle positions. As 
shown in Fig. 22(a), the system at 40 Pa achieves its minimum energy 
configuration when h & 0*, which means that all three particles are 
aligned with the ion Kow, forming a string-like structure. In contrast, 
the minima for the 60 Pa case [Fig. 22(b)] occur near h ! 122* and 
h ! 238*. Hence, the equilibrium structure for this scenario is not a 
filament, but a triangular lattice.

To isolate the role of ion-neutral collisions, the DRIAD simula-
tions were repeated without collisions. Removing collisions changed 
the ion density distribution and the magnitude of the interaction 
energy, but not the locations of the energy minima: the 40 Pa case 
remained near a collinear configuration, whereas the 60 Pa case 
retained a triangular equilibrium configuration. This indicates that 

FIG. 20. Schematic representation of the dust configurations used for the interac-
tion energy distribution analysis: (a) two-particle system; (b) three-particle system.

FIG. 21. Interaction energy of a system of two dust grains governed by the poten-
tial model Eq. (6) as a function of their separation distance (d) and the angle (h) 
between their connecting axis and the direction of the ion flow [see Fig. 20(a)], at: 
(a) 40 and (b) 60 Pa. All dust grains are assumed to have charge QD. Data nor-
malized by jQDj. The positions of the energy minima are represented by white 
stars.

FIG. 22. Interaction energy of a system of three dust grains governed by the 
potential model Eq. (6) as a function of the interparticle distance (d) and the angle 
(h) of the third particle relative to the z-axis [see Fig. 20(b)], at: (a) 40 and (b) 
60 Pa. All dust grains are assumed to have charge QD. Data normalized by jQDj. 
The positions of the energy minima are represented by white stars.
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ion-neutral collisions affect the strength and spatial extent of the ion 
wake, while its anisotropic structure is governed mainly by the axial 
electric field characteristic of ionization waves.

VI. CONCLUSIONS
In this work, we developed a compact formulation of the electric 

potential produced by dust particles and their associated ion wakes 
under PK-4-like conditions. The model was constructed from the 
analysis of key features of the potential distribution in the vicinity of 
dust chains obtained from numerical simulations.

Based on the analysis of the simulation data, the fully independent 
formulation of the shielded dust potential and Gaussian wake centered 
on each dust grain [Eq. (4)] was simplified, yielding a compact formula-
tion with a fixed and reduced set of coefficients [Eq. (6)]. This compact 
formulation, Eq. (6), retains the essential physical features of the dust 
and ion wake potential while improving computational efficiency and 
reducing the risk of overfitting. In contrast to previous Gaussian-based 
formulations, in which the number of fitting coefficients increases with 
the number of dust particles, the present model retains a fixed set of 
parameters that remains applicable to different dust configurations.

The model’s coefficients (k, a, rx, and rz), were determined using 
a data-driven procedure based on nonlinear fitting and cross-validation 
applied to a few representative linear dust configurations with varying 
interparticle distances. The resulting expression for the interaction 
potential, Eq. (6), accurately reproduces the potential distributions 
obtained from numerical simulations of the ion dynamics, capturing 
the essential features of the ion wake in a DC switching electric field.

The predictive capability of the formulation was further vali-
dated by showing that the same set of coefficients successfully repro-
duces the electric potential for diverse dust configurations. This 
confirms that the parameters retain their validity in different geome-
tries and demonstrates the model’s generalizability. The agreement 
between the model and the simulation data remained high for both 
training and test cases, with R2 values exceeding 99%. These results 
show that the proposed compact formulation provides an accurate 
and generalizable description of the dust and ion wake electric poten-
tial for different dust configurations.

We used the resulting expression for the wake-mediated dust 
potential to model the dust dynamics without modeling the ions 
directly. This approach is efficient, as it reduces both the complexity 
of the code and computational cost compared to explicitly modeling 
the dust and ions. A simplified simulation of eight dust grains was 
performed, resulting in a chain-like structure in the 40 Pa case and a 
compact cluster in the 60 Pa case (Fig. 19). The difference in the 
dynamical behavior of the dust at the two pressures was explained in 
terms of interaction energy. In the 40 Pa case, the interaction energy 
is minimized when the particles are aligned with the ion Kow, favor-
ing the formation of string-like structures. In contrast, in the 60 Pa 
case, the energy minimum is shifted, leading to a non-filamentary 
equilibrium configuration (Fig. 22). This difference in behavior is 
mainly due to the greater magnitude of the electric field associated 
with the ionization waves in the 40 Pa case. This underscores the 
importance of the nature of the ionization waves for a given set of 
plasma conditions in the formation of strings and the ER behavior.

The model used here is applicable to alternating electric fields, 
where a symmetric ion wake forms on both sides of a dust grain. In 
unidirectional electric fields, such as those present in the plasma 
sheath of a capacitively coupled plasma cell, the wake forms 

predominantly on one side of the dust grain.22 Therefore, the present 
model must be adapted to account for the resulting asymmetries.

One limitation of the simplified dust dynamics model presented 
in Sec. V D is that it neglected the variations of the dust charge in 
proximity to other grains (Fig. 11). This variation will be taken into 
account in future work, in which we plan to model large populations 
of dust grains for various PK-4 plasma conditions to help explain the 
experimentally observed structures.
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