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ABSTRACT

Filamentary structures in low-pressure, low-temperature plasmas are produced when strong magnetic fields are applied parallel to the electric
field defined by parallel electrodes. Filamentary structures are regions within the plasma that have distinct properties such as optical bright-
ness and extend along the magnetic field lines. In our experiments, an argon, radio frequency discharge is exposed to a strong background
magnetic field in the magnetized dusty plasma experiment at Auburn University. Different forms of filamentary structures emerge in the
plasma such as columns, target, or spiral-like structures. To investigate the origin and the characteristics of these patterns, we have developed
a three-dimensional fluid model that can reproduce the experimental observations which enables us to investigate the underlying mecha-
nisms of the filamentation process.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135761

I. INTRODUCTION

Pattern formation and self-organization have been observed in a
variety of natural and laboratory systems.1–11 In plasma systems, self-
organized patterns have been observed in arc discharges,12–17 glow dis-
charges,18–20 streamers,21–23 and dielectric barrier discharges.24–26

Plasma environments that produce self-organized patterns often have
large aspect ratios, the width to the plasma exceeds its height, sugges-
ting that plasma-surface interactions play a dominating role.27 In a
magnetized plasma, the motion of the charged components is further
limited across the magnetic field lines, increasing the effective aspect
ratio of the plasma. In this way, the presence of magnetic field in elec-
tric discharges can support the formation of self-organized structures.
The presence of the magnetic field can also stimulate instabilities that
in return can lead to the formation of self-organized patterns. Kent28

performed experiments and modeling of self-organization triggered by
a transverse Kelvin–Helmholtz instability in a Q-machine. Also, shear-
flow instability in plasmas under the influence of strong magnetic field
can lead to vortex or spiral structure formation.29,30 Driscoll et al.31

reported on how relaxation of a 2D turbulence in a magnetized elec-
tron column can develop filamentary structures.

Multiple numerical and analytical models have been devel-
oped to explain pattern formation in magnetized plasmas.
Evolution and saturation of Kelvin–Helmholtz instabilities at the
interface of a shear flow configuration in the presence of parallel
and antiparallel magnetic fields have been investigated by Keppens
et al.32 Kono et al.33,34 analytically reproduced the formation of
spiral and vortexlike structures in magnetized rotating plasmas
and electron gases based on linear Eigenfunctions. Trelles35,36

explained the formation of self-organized anode patterns in arc
discharges using numerical simulations and showed that the
degree of thermodynamic nonequilibrium and thermal instability
play the main role in this type of pattern formation.

Filamentation and pattern formation have been also observed in
low-temperature radio frequency (RF) plasmas having a high magnetic
field. The first observations of the phenomena were reported by
Konpoka et al.,37 and it was further studied by Schwabe et al.38 and
Bandyopadhyay et al.39 Filaments were observed as optically bright,
elongated structures that formed parallel to the magnetic field. Aspects
of pattern formation in RF-plasmas have been investigated as a func-
tion of pressure and magnetic field strength. More recent experiments
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using the magnetized dusty plasma experiment (MDPX) at Auburn
University40 have confirmed a number of the earlier observations.

Pattern formation has been observed in low-temperature magne-
tized discharges (electron temperatures of few electron volts and room
temperature ions) at pressures below 50Pa. These patterns can be sta-
tionary or dynamic exhibiting strong dependency on pressure and
magnetic field strength. The shape and behavior of the patterns vary
with pressure. By increasing pressure, the patterns alter from discrete
filaments to continuous patterns and disappear at high pressures.38

Also, patterns appear in the plasma at different magnetic field thresh-
olds that depend on discharge power, gas type, and neutral gas pres-
sure. For instance, in an argon plasma at a pressure of 10Pa and
plasma density of 1015 m�3, this magnetic field threshold is on the
order of 1 T.

In the current work, we present recent experimental observations
of pattern formation and filamentation in low-pressure/low-tempera-
ture discharges and discuss their variation with applied power and
conductivity of the electrodes. We also introduce a numerical three-
dimensional (3D) plasma fluid model to investigate the phenomena.
In this model, perturbations in electron and ion densities are intro-
duced to the background plasma in the presence of a high magnetic
field to initiate the filamentary structures.

The reminder of this paper is organized as follows: In Sec. II,
we present recent observations from experiments on the MDPX
device. Section III introduces our numerical approach for the 3D
model and discusses our initial results in the context of experimen-
tal observations. Finally, Sec. IV will give a summary and outlook
of the work.

II. EXPERIMENTAL SETUP AND OBSERVATIONS

The experiments were performed in the octagonal vacuum cham-
ber of MDPX at Auburn University.41 The chamber uses a pair of par-
allel plate electrodes which are 30.5 cm in diameter and separated by
63mm to generate a capacitively coupled plasma (CCP). The bottom
electrode is grounded while the top electrode is powered at an RF fre-
quency of 13.56MHz. A background magnetic field is applied, ori-
ented perpendicular to the electrodes. The plasma is observed through
a 15 cm diameter view port at the top of the vacuum chamber. A sche-
matic drawing and an actual picture of MDPX device are shown in
Fig. 1.

When viewed from the top, the self-organized structures in the
plasma can appear as discrete bright spots, circular, and even spiral-
like patterns as shown in Figs. 2–4. Filamentary structures are persis-
tent phenomena, only slowly varying in time (0.1 s to 10’s of seconds),
which makes them long-lived compared to the typical time scales of
ion or electron phenomena

Dtfilamentation � 1
xpa

;
1
xca

; (1)

where xpa and xca are the electron or ion plasma and cyclotron
frequencies.

To investigate the effect of the plasma density on filamentation,
the discharge power was varied from 0.40 to 4.03W, while keeping the
gas pressure (argon) at 4.7 Pa and the magnetic field at 0.77T con-
stant. The resulting measurements are presented in Figs. 2(a)–2(e).
These results show that the homogeneity of the plasma increases;
therefore the filamentation dissipates as the discharge power and

FIG. 1. Schematic drawing and actual picture of the MDPX device at Auburn University which consists of two superconducting magnets and an octagon plasma chamber.
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plasma density increases. With decreasing discharge power, the fila-
mentary structures appear brighter and transition from continuous
patterns to individual column filaments (bright spots when viewed
from the top) at low discharge powers.

To study the effects of the plasma boundaries on filamentation,
we repeated the experiments shown in Fig. 2, however, with a 2mm
thick glass plate (i.e., dielectric) placed on the lower electrode, effec-
tively reducing the plasma boundary conductivity. As seen in Figs.
3(a)–3(e), this change results partly in the formation of more individ-
ual column filaments (bright spots when viewed from the top) but
overall the filamentation smears out over a larger area and thus seems
to be reduced at higher discharge powers compared to the case with
aluminum (conducting) electrodes.

Finally, while still covering one electrode with a dielectric, we
studied the influence of the neutral pressure for a constant discharge
power of 1.38W and a magnetic field of 0.77T. Changing the pressure
influences the ion–neutral collision mean-free path and the plasma
density, both of which potentially have a strong effect on the filamen-
tation state. These measurements, shown in Figs. 4(a)–4(e), are in

good agreement with previously reported results in Ref. 38 and con-
firm that decreasing the pressure shifts the plasma toward forming
more individual column filaments (bright spots when viewed from the
top) while increasing the pressure results in the formation of continu-
ous (target-like when viewed from the top) patterns in the plasma.
The two observations are comparable even though in this work a glass
plate was placed on the bottom electrode.

III. THE 3D FLUID MODEL

The experimental observations of filamentation in low-pressure
and low-temperature discharges would benefit from computational
modeling to aid in interpreting the experiments and determining the
origin of the filaments. To this end, there have been recent two-
dimensional (2D) simulations reported by Schweigert and Keidar42

and Menati et al.43 In Ref. 42, the formation of filamentary structures
in a magnetized plasma is studied using a 2D kinetic model. In this
model, neutral pressure is assumed to be very low (0.01 Pa) and the

FIG. 2. Top view of pattern formation in an RF argon plasma at a neutral pressure
of 4.7 Pa, magnetic field of 0.77 T, and varying discharge powers. (a) 0.4W, (b)
0.85W, (c) 1.5W, (d) 2.32W, and (e) 4.03W.

FIG. 3. Top view of a patterned RF argon plasma at a neutral pressure of 4.7 Pa
with a glass plate placed on the lower electrode. The plasma is exposed to a mag-
netic field of 0.77 T. The discharge power is varying from (a) to (e). (a) 0.4W, (b)
0.85W, (c) 1.68W, (d) 2.32W, and (e) 4.03W.
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magnetic field (25–50G) is oblique to the electrodes. Although the
article presents a very good discussion on dependency of the filamen-
tary structures on electron’s Larmor radius and Debye length, the ori-
entation of magnetic field with respect to the electrodes and the
magnitudes of pressure and magnetic field in that article are not com-
parable to the experiments presented in the current work. Moreover,
in Ref. 43, Menati et al. have investigated the dependency of the fila-
mentary structures on the dielectric strength and secondary electron
emission from the electrodes. Despite reviling some aspects of filamen-
tation phenomenon, these two models were not able to fully capture
the underlying physics behind the phenomenon. Therefore, to deter-
mine the nature of the observed filamentation instability, we developed
a 3D numerical fluid model. The numerical model is intended to cover
the dynamics of the electrons and ions, subject to neutral collisions, to
understand how those dynamics could give rise to a filamentary struc-
ture in the plasma. The model will show how a density perturbation,

in the form of a single column, aligned to the magnetic field direction,
will form a series of filamentary structures parallel to the magnetic
field.

A. Assumptions and base set of equations for the
numerical model

The development of the model was influenced by choosing the
minimum set of plasma transport equations that would address the
phenomenon of filamentation while also being numerically efficient.
The electric potential / is obtained from the solution of Poisson’s
equation

r2u ¼ q
e
; (2)

where q is the charge density given by e(ni – ne) and e is the electric
permittivity that we have assumed to be constant throughout the plas-
mas. The dynamics of the plasma fluid elements of the individual spe-
cies a (¼ e, i—for electrons and ions) are addressed by the fluid
equation of motion

qana E þ Va � Bð Þ � rP �manata�nVa

¼ mana

�
@Va

@t
þ Va :rð ÞVa

�
; (3)

where qa is the charge, na is the density, E is the electric field vector
given by �$u, Va is the velocity vector, B is the magnetic field vector,
P is the pressure, ma is the mass, and Va-n is the collision frequency
with neutral atoms.

It is assumed that the background neutral gas is stationary and
contributes to the plasma only through collisions with electrons and
ions. We do not consider separate fluid equations for the neutrals,
and we have not included excited states of the gas in the model.
However, in a magnetized dusty plasma experiment, the rotation of
the neutral atoms due to their collisions with the ions together with
azimuthal ionic flow is responsible for the rotation of the dust particles
in the magnetic field.44,45 Additionally, in order to further simplify the
model, the plasma is considered to be isothermal with no heat transfer,
so we do not solve for electron/ion temperatures and assume that they
are constant (Te ¼ 2 eV and Ti ¼ 0.025 eV).46–49 The plasma is sus-
tained by a simple ionization model that will be discussed in detail
later in this section.

Our experiments have shown that the dynamical time scale of
the filamentary structures, once they are established, is on the order of
seconds and thus much slower than the dynamics of electrons and
ions. Therefore, for slow evolution of the phenomenon (steady state)
and by neglecting acceleration and the nonlinear term on the right-
hand side of Eq. (3), we get

qana E þ Va � Bð Þ � rP �manata�nVa ¼ 0: (4)

The flux of each species, (Ua), is then given by

Ua ¼ naVa: (5)

Also, the collision frequencies are calculated using the following
equation:

Va ¼ ngraVth (6)

FIG. 4. The top view of pattern formation in an RF argon plasma at a discharge
power of 1.38W, magnetic field of 0.77 T, and different neutral gas pressures with a
glass plate placed on the lower electrode. (a) 2.7 Pa, (b) 3.9 Pa, (c) 4.7 Pa, (d)
5.8 Pa, (e) 6.9 Pa, and (f) 8.4 Pa.
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in which ng is the neutral gas density, ra is the electron/ion collision
cross section with neutral atoms, and Vth is the electron/ion average
thermal velocity. All collision cross sections are obtained from recent
resources.50–52

Finally, we solve the continuity equation that governs the relation
between the plasma fluxes and the local densities including the sources
and the losses

@na
@t

þr � Ua ¼ rI � rL (7)

in which rI and rL are ionization and recombination rates, respectively.
Unlike Eq. (4), we keep the time derivative term in continuity

equation to cover the slow dynamics of the plasma filamentation.
Without the time derivative in Eq. (7), the whole model will be time
independent and we cannot investigate the time evolution of the pat-
tern formation in the plasma. This approach has been employed in
plasma simulation for a long time.53–61 As our systems are weakly ion-
ized, ionization fraction on the order of 10�6 to 10�8, electron–ion
and electron–electron collisions are neglected. In solving Eq. (7), there-
fore, we assume that electron–ion recombination only takes place on
the surfaces of the discharge while ionization occurs only in the bulk
of the plasma. That is, there is no secondary electron emission from
the walls of the chamber. If the total number of the lost particles at the
walls for a given time interval is assumed to be SL, and the total num-
ber of electrons is Si, our ionization model reads

c ¼ SL
SI � SL

; (8)

rI ¼ cne x; y; zð Þ: (9)

With electrons and ions produced at the same rate proportional to the
local electron density, the continuity equation in the bulk of the
plasma becomes

@na
@t

þr � Ua ¼ cne x; y; zð Þ: (10)

The loss of electrons to the walls is more than the ions due to their
smaller mass and higher mobility. Therefore, in order to sustain the

FIG. 5. Total number of electrons (red line) and ions (black line) in the simulation
over time.

FIG. 6. The multimesh computational grid. The electric potential and electron/ion densities are calculated on the main grid points (black circles), while the electric field and elec-
tron/ion fluxes are obtained at the corresponding midpoints.
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plasma in our simulation, we keep the overall number of electrons con-
stant by replacing any losses of electrons to the walls. For each ionization
process, an electron/ion pair at their target temperatures (Te ¼ 2 eV and
Ti¼ 0.025 eV) is added to the bulk of the plasma. It has to be mentioned
that, in this ionization model, the total number of the ions added to the
plasma in each cycle of the simulation is more than the number of ions
lost at the walls but this slight excess of ions will eventually diffuse
toward the walls and equilibrium will be reached. To show that equilib-
rium will be reached through this model, the total number of electrons
and ions in the simulation as a function of time is depicted in Fig. 5.

B. Algorithm and computational space

We have used a 3D multimesh configuration to simulate a rect-
angular plasma chamber with metal walls on all sides. As shown in

Fig. 6, the electric potential and electron/ion densities are calculated on
the main mesh points (black circles in Fig. 6), while electric field and
electron/ion fluxes are derived at midpoints between two main mesh
points in the X, Y, and Z direction. Since the fluxes and the dynamic
of the charged species parallel to the magnetic field will not be affected
by the magnetic field, the mesh spacing in this direction is considered
larger than the spacing perpendicular to the magnetic field. This is
computationally beneficial, resulting in a reduction of the total number
of grid points.

The successive over-relaxation (SOR) method62 is employed to
solve Poisson’s equation with the boundary condition of zero potential
at the metal walls. The electric field at the midpoints is then calculated
from the potential, which will be plugged in the momentum equation
to evaluate the electron/ion fluxes at halfway between the main mesh
points. A fourth order Runge-Kutta method is used to evaluate conti-
nuity equation, Eq. (10), and update electron and ion densities on the
grid. The last step of one simulation loop is now complete and the sim-
ulation has advanced one step in time. The overall simulation algo-
rithm is depicted in Fig. 7. The equations are solved using a graphics
processing unit (GPU) parallel code using NVIDIA CUDA63 to accel-
erate the simulation.

C. Simulation results reproducing the experimental
findings

It has to be mentioned that typical electron density and tempera-
ture in the MDPX device at B¼ 0 are 4–10� 1014 m�3 and 2–4 eV,
respectively, and there is no reliable probe theory to measure theses
quantities in the magnetized plasma. Therefore, a uniform argon
plasma at a background electron/ion density of 5� 1014 m�3 is con-
sidered in the simulation. The electron and ion temperatures are ini-
tialized at 2 and 0.025 eV, respectively, and are assumed to be
constant. The volume of the simulated plasma is 6.3� 6.3� 4.2 cm2.
The spatial step-size is set to 3.5� 10�4 m in the X/Y direction (per-
pendicular to the magnetic field) and 6� 10�4 m in the z direction
(parallel to the magnetic field), which are a fraction of the Debye
length which is �1mm for the selected plasma density and tempera-
ture values. Since our simulation is explicit, to avoid numerical insta-
bilities, we have used a simulation time step of 10�11 s to ensure that
the time step is not larger than the dielectric relaxation time of the
plasma64

Dtd ¼
e0
r
; (11)

where r is the plasma conductivity. Since the time step in the simula-
tion is very small and the dynamics of the filaments in the experiments
occur at time scales on the order of milliseconds to seconds, currently
it is not feasible to simulate the dynamic of the filaments in the

FIG. 7. The simulation algorithm.

TABLE I. Typical length and time scale in the simulation. In this table, Dx is the step size in the x and y direction, kDe is the electron Debye length, rLi is the ion Larmor radius,
ki is the ion mean-free-path, Lx is the length of the plasma chamber in the X and Y direction, Dt is the time step, xpe is the electron plasma frequency, xci is the ion gyrofre-
quency, Vi is the ion collision frequency, and tf the is typical time scale for the motion of filaments with respect to each other in the experiments.

Dx ¼ 3.5 � 10�4 m kDe ¼ 5.2 � 10�4 m rLi ¼ 2.5 � 10�4 m ki ¼ 7.3 �10�4 m Lx � 6 cm

Dt ¼ 1 � 10�11 s
1
xpe

¼ 9.1 � 10�10 s
1
xci

¼ 2.1 � 10�7 s
1
Vi
¼ 1.3 � 10�6 s tf � 1 ms–1 s
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chamber with respect to each other. Table I presents the typical length
and time scales for the plasma parameters mentioned above.

To trigger the pattern formation, it is obvious that some form of
perturbation is needed. Therefore, we arbitrarily chose to introduce a

high density plasma column along the z-direction (parallel to the mag-
netic field), with ne¼ ni ¼ 5� 1015 m�3 to break the initial homoge-
neity of the background plasma. Although we have considered the
perturbation to be 10 times the background density, a smaller

FIG. 8. Cross section of initial electron density at t5 0 s. (a) side view (Y ¼ 3.2 cm), (b) top view (Z¼ 2.1 cm).

FIG. 9. Side view of the time evolution of pattern formation in the plasma at pressure p¼ 10 Pa and magnetic field B¼ 1 T. (a) t¼ 20 ls, (b) t5 30 ls, and (c) t¼ 40 ls.
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perturbation would give the same results but the smaller the initial
perturbation, the longer it takes for the patterns to appear in the
plasma. In the simulations presented in this work, the introduced
inhomogeneity in the plasma (the enhanced plasma density column
along B) has a diameter of 2mm, as depicted in Fig. 8 for t¼ 0 s.

Simulations are performed under variation of pressure, plasma
density (power), and gas type to compare the results with experimental
observations in the current Letter and those presented in Refs. 37–40.
In all of these cases, the plasma structures are in the X-Y plane across
B, while along B (Z direction) the density behaves like a one dimen-
sional plasma as it is displayed in a representative case in Fig. 9. This is
also in good agreement with the side view pictures of filamentation
presented in Ref. 38. Further, we only look at the pattern formation as
seen from the top (X-Y plane cross section at Z¼ 2.1 cm) and our sim-
ulations are stopped at the same time t¼ 40 ls (4� 106 time steps of
simulation). The filamentary structures are fully formed in the simula-
tion at this time and their shapes do not significantly change after this
time. The experimental time scales of the formation of the filamentary
structures need very high speed cameras and are beyond the scope of
this work.

In Fig. 10, the X-Y cross section of the electron density profile of
the plasma at the center of the chamber is presented for three different

pressures while keeping the background magnetic field at B¼ 1 T. The
plasma density was kept constant too, at the value of 5� 1014 m�3. It
should be noted that this is usually not possible in an experiment as a
pressure change also induces a plasma density change. The simulation
results confirm the general observation that the filamentary patterns
appear in a magnetized plasma at lower pressures (typical pressures
P< 20Pa for B¼ 1 T), while they are suppressed and the plasma
becomes homogeneous at higher pressures (typical pressures
P� 20Pa for B¼ 1 T). For comparison see the experimental results
presented in Fig. 4 and observations in Refs. 37–40. The ion density
and plasma potential profiles also follow the same patterns as the elec-
tron density and are therefore not shown here.

Moreover, the continuous patterns formed in this simulation are
rectangular closer to the walls and more curved in the center of the
discharge, suggesting that the rectangular boundary condition in this
simulation is imposing its shape to the filamentary patterns. It is noted
that for the images shown in Figs. 2–4, a circular ring was placed on
the electrode which may be enforcing the observed circular patterns.

In addition to that, the whole plasma rotates due to the presence
of magnetic field as it was also observed in the experiments. The
flow of the plasma along the walls and the strong electric field due
to the plasma sheath in that region result in instabilities such as

FIG. 10. X-Y cross section of electron density at t¼ 40 ls for different pressures in the presence of 1 T magnetic field. (a) p¼ 5 Pa, (b) p¼ 10.0 Pa, and (c) p¼ 20.0 Pa.
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Kelvin–Helmholtz and Rayleigh–Taylor instabilities which are respon-
sible for the roughness of the plasma near the walls. These instabilities
are suppressed at higher pressures due to neutral collisions as it can be
noticed in Fig. 9(c).

The change in the pattern formation by changing the plasma
density at a constant gas pressure of 10Pa is shown in Fig. 11. This is
equivalent of changing discharge power in an experiment. When
increasing the plasma density, first the filamentary patterns get nar-
rower and closer to one another, then they form unorganized filamen-
tary structures, and finally the patterns disappear at higher plasma
densities. These results are also qualitatively in agreement with experi-
mental observation presented in Figs. 2 and 3. The electron Debye

length (kDe ¼
ffiffiffiffiffiffiffiffiffiffi
e0KBTe
qe2ne

q
, where KB is Boltzmann’s constant and Te is

electron temperature) depends on the electron density, and the fact
that its variation can affect the configuration of the filamentary struc-
ture shows that the electron Debye length is also an important factor
in the filamentation phenomenon.

Finally, the formation of patterns in different gas types (Ne, Ar,
Kr) at a constant plasma density of 5� 1014 m�3, pressure of 10Pa,

and B¼ 1 T is shown in Fig. 12. The filamentary patterns appear in
the plasma for lighter ions but for the heavier ions, they tend to disap-
pear and plasma becomes smoother. The current work is not focused
on quantitative description of the filamentation phenomenon and that
aspect of the phenomenon will be discussed in a future article. Since
the collision cross sections for heavier atoms are higher, the ion–neu-
tral collision mean-free-path will be shorter for heavier atoms at the
same electron/ion temperatures. The mass of the ions also affects the
ion gyroradius, suggesting that the dynamics of the ions is an impor-
tant factor in the formation and characteristics of the patterns which
was also pointed out by Schwabe et al. in Ref. 38.

The results displayed in Fig. 12 along with other simulations pre-
sented in the current work revealed that the three characteristic lengths
of electron/ion Debye length, ion mean-free-path, and ion gyroradius
play an important role in the filamentation of the magnetized plasmas.
For magnetic fields on the order B� 1 T, the electrons are strongly
magnetized and their diffusion is primarily parallel to the magnetic
field. On the other hand, although ions also diffuse mainly parallel to
the magnetic field, they still have a limited diffusion across the mag-
netic field with the help of their larger mass which results in a

FIG. 11. X-Y cross section of electron density, ne, at t¼ 40 ls for different electron densities in the presence of 1 T magnetic field. (a) ne¼ 5� 1014 m�3, (b) ne ¼ 1015 m�3,
(c) ne¼ 5� 1015 m�3, and (d) ne ¼ 1016 m�3.
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nonambipolar diffusion mechanism in strongly magnetized plasmas.65

Among the three characteristic lengths mentioned above, the Debye
length is an important factor in the diffusion of the electrons and ions
parallel to the magnetic field and the ions’ mean-free-path and gyrora-
dius affect the cross magnetic field diffusion of the ions.65 Therefore,
the nonambipolar diffusion of the electrons and ions in magnetized
plasmas is mainly controlled by these characteristic lengths. This non-
ambipolar diffusion (as compared to ambipolar diffusion in nonmag-
netized plasmas) is the main consequence of the applied magnetic
field and therefore may be responsible for the filamentation phenome-
non. Further investigation is needed to study the detail of this hypoth-
esis more precisely which will be the subject of future works.

IV. SUMMARY

The effects of power deposition, neutral pressure variations, and
electrode conductivity were investigated experimentally on the behav-
ior of filamentary pattern formation in a plasma under the influence
of a strong magnetic field. In addition, we have set up a self-consistent,
three-dimensional fluid simulation model that allowed us to study the
observed filamentation instability in more details. Simulations were
performed with the goal to reproduce the observation and to study
dependencies that are not accessible in the experiment. We could vali-
date that increasing pressure and increasing molecular weight results

in a decrease in the filamentary strength consistent with the experi-
mental observations from this paper and Refs. 37–40. Our simulations
were further able to study the dependency of the plasma density alone,
which was not possible in any so far performed experiments. The
results indicate that beyond the assumed influence of the ion–neutral
collision mean-free-path and the Larmor radius, a third parameter, the
Debye length, might play an important role. The latter was not yet
considered in earlier, experiment driven works. Overall, the performed
simulations were able to shine a new light on the physical influences
that cause the here investigated structures.

Additional experiments and specifically detailed simulation are
necessary to explore if parameters, beyond the mean-free-path,
Larmor radius and Debye length such as the geometry of the chamber
can affect the filamentary instability. Through this work, it was pro-
posed that the filamentation phenomenon might be an outcome of
nonambipolar diffusion mechanisms in magnetized plasmas.
Simulations are specifically suitable since, different than in the experi-
ment, they allow to investigate the influence of individual parameters
one-by-one. For instance, pattern formation in thermalized plasmas
(Te¼Ti) can be studied which might have an impact on plasma envi-
ronments such as space plasmas (solar prominence and solar protu-
berances) and fusion plasma. Discovering the underlying physics
would allow us to derive an analytical description and potentially give

FIG. 12. Pattern formation in Ne and Kr at plasma density of 1014 m�3 and pressure of 10 Pa exposed to 1 T magnetic field. (a) Ne, (b) Ar, and (c) Kr.
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an insight into pattern formation and self-organization for other envi-
ronments which are governed by a similar set of equations. Potential
environments include those based on anisotropic heat transfer.
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