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Formation of turing patterns in strongly magnetized
electric discharges

Mohamad Menati® 1, Stephen Williams!, Behnam Rasoolian?, Edward Thomas Jr.® ' & Uwe Konopka L

Pattern formation and self-organization in many biological and non-biological systems can be
explained through Turing's activator-inhibitor model. Here we show how this model can be
employed to describe the formation of filamentary structures in a low-pressure electric
discharge exposed to a strong magnetic field. Theoretical investigation reveals that the fluid
equations describing a magnetized plasma can be rearranged to take the mathematical form
of Turing's activator-inhibitor model. Numerical simulations based on the equations derived
from this approach could reproduce the various patterns observed in the experiments. Also, it
is shown that a density imbalance between electrons and ions exists in the bulk of the
magnetized plasma that generates an electric field structure transverse to the applied
magnetic field. This electric field is responsible for the stability of the filamentary patterns in
the magnetized plasma over time scales much longer than the characteristic time scales of
the electric discharge.
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possess an extensive capability for supporting self-

organization and pattern formation and consequently,
these phenomena have been reported in various plasma
systems!~13, In this context, patterns in a plasma are defined as
regions within the discharge that are different from the rest of the
plasma in terms of properties such as optical brightness and
density. The study of self-organization in plasmas is important
not only from the phenomenological point of view to discover the
physics behind the phenomenon but also, due to its technological
applications. Pattern formation in electric discharges can be
favorable in the process of nanoparticle synthesis!®1%, plasma
etching!®17, localized heating!3, and surface treatment!$19. On
the other hand, if the self-organized patterns result in decreasing
the electrodes life, or nonuniformity and defects in the surface of
the substrates wunder treatment, they are extremely
undesirable®13:20:21,

Plasma systems at different operating conditions have been
observed to support pattern formation; including high-power
high-pressure, high-power low-pressure, low-power low-pressure,
and low-power high-pressure discharges!3. Of particular interest
to this work is the formation of three-dimensional (3D) fila-
mentary structures in strongly magnetized (B> 1T) low-pressure
electric discharges (filamentation phenomenon)22-27, Neutral gas
pressure and magnetic field strength are the most influential
parameters on the properties of filamentation phenomenon
where the patterns tend to disappear at high pressures or low
magnetic fields. As an example, for the specific geometry of our
set up829, the filamentary patterns do not form in the discharge
exposed to 1 T magnetic field if the neutral gas pressure is of the
order P> 20 Pa. Moreover, depending on the discharge proper-
ties, different shapes of filamentary structures can form in the
magnetized plasma.

Figure 1 shows the formation of filamentary patterns in a
strongly magnetized Argon plasma and their variation with dif-
ferent discharge parameters. The appearance of these various
filamentary patterns including concentric rings, spirals, maze-like,
and individual spots suggests that there is a complex formation
mechanism for them. Figure 1f shows a side view of the fila-
mented plasma, i.e., the magnetic field is pointing from the top to
the bottom of this image while in Fig. la-e, the magnetic field
direction is into the page. Therefore, the filamentary structures
extend vertically into the plasma along the magnetic field. All of
these images were taken from experiments performed using the
Magnetized Dusty Plasma Experiment (MDPX) device at Auburn
University?$2%. The MDPX device consists of two parallel plate
electrodes which are 30.5cm in diameter and there is a gap of
6.3 cm between them. To generate a capacitively coupled plasma
(CCP), the bottom electrode is grounded while the top electrode
is powered at an RF frequency of 13.56 MHz. A background
magnetic field is applied, oriented perpendicular to the electrodes.
The plasma is observed through a 15 cm diameter view port at the
top of the vacuum chamber23:29,

Despite being known for over a decade, there has been no
explanation for filamentation phenomenon. Therefore, finding an
explanation for the formation and stability mechanism of this
phenomenon would be a big step towards better understanding of
charged particles transport in strongly magnetized plasmas. In the
current work, we show that magnetized low-pressure plasmas can
be categorized under activator-inhibitor systems, which are
understood to support self-organization3. In such systems, the
activator amplifies the production of both the inhibitor and itself
while the inhibitor suppresses the production of the activator3l.
Moreover, the inhibitor diffuses faster than the activator in such
systems.

D ue to the nonlinear nature of electric discharges, they

It will be also shown that the presence of the strong magnetic
field in the discharge and its effect on the cross-field transport of
the charged species imposes the activator-inhibitor properties on
the electrons and ions. In this context, the electrons, which are the
main source of ionization through collision with neutral atoms,
will be the activator and the ions that can spread faster than the
electrons in the cross-field direction will be the inhibitor.

In the current work, we not only show that pattern formation
in magnetized plasmas can be explained through Turing’s
activator-inhibitor model but also discuss the underlying physics
behind their long-term stability. It is illustrated that the presence
of the strong magnetic field in the discharge causes a density
imbalance between electrons and ions in the filamentary struc-
tures. This density imbalance results in a plasma potential profile
and consequently an electric field structure that maintains the
filamentary patterns over time scales much longer than the
characteristic time scales of the plasma.

Results and discussion

Formation of self-organized structures in magnetized plasmas
as an activation-inhibition process. Activator-inhibitor is the
two-component class of the reaction-diffusion model for self-
organization which was proposed in 1952 by Allan Turing as a
basis for morphogenesis’®. The two components of activator-
inhibitor systems have different diffusion rates, and the inhibitor
diffuses faster than the activator30. Also, the activator amplifies
the production of both species (activation and autocatalysis)
while the inhibitor slows down the growth of the activator to
bring the system to an equilibrium (inhibition)32-34, Figure 2
shows a schematic drawing of an activator-inhibitor system in
which the activator has a positive feedback on the inhibitor but
the feedback of the inhibitor on the activator is negative. It has
been shown that a system exhibiting these behaviors can support
self-organization and the model has been successfully adopted to
explain the pattern formation process in a variety of geographical,
biological, chemical, and physical entities3>=4°.

The activator-inhibitor model can be expressed using two
coupled partial differential equations (PDEs) through which the
time variations of the activator and inhibitor concentrations are
given as functions of the concentrations and position30-46:

aa”tﬂ =f(ng, n;) +Q,Vn, (1)
on; N
5t = g(n,, m;) + Q;Vn @

in which n, is concentration of the activator, n; is concentration
of the inhibitor, and Q, & ; are isotropic diffusion coefficients of
the activator and inhibitor, respectively (€2; ) Q,). The functions
f(n,, n;) and g(n,, n;) carry the expressions of amplification and
inhibition.

There are extended versions of Turing’s framework for pattern
formation that predict self-organization through scenarios that
are not anticipated by the classical activator-inhibitor model47->1,
In particular, Busiello et al.>! propose a mathematical model for
pattern formation in an activator-inhibitor system undergoing
anisotropic diffusion. The general form of Busiello model in the
two-dimensional (2D) space for species of n, (activator) and #;
(inhibitor) reads:

on *n *n

a = . a a 3
e = m) + DL 54 D @
on; *n, *n,
e , , i e} 4
ot g(nm nl) +Df axz +Dy ayz ( )
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Fig. 1 Different filamentary patterns observed in a magnetized Argon plasma under different operating conditions in the MDPX device at Auburn

University. Operating conditions are displayed on each pattern in which P stands pressure and B stands for magnetic field strength. a-e display the top-
view of the experiment, and (f) displays the side-view for the pattern observed in c. In a-e, the magnetic field direction is into the page, while it is pointing
from the top to the bottom in f. The scale of the pictures is shown in the upper left corner of a.

in which D¥ & D¥ are diffusion coefficients along X axis, D/, & D/
are diffusion coefficients along Y axis, and f (nu, ni) & g(n,, n,)
carry the expressions of amplification and inhibition. Along other
circumstances that could lead to pattern formation, Busiello et al.
have shown that a system in which D¥>D* while D!< D’, will be
capable of supporting self-organized patterns that are extended
along Y axis’l.

In the presence of strong magnetic field, the electrons
Larmor radius is so small that they practically cannot diffuse
across the magnetic field lines. On the other hand, the ions that
are much heavier than the electrons have a much larger Larmor
radius that enables them to have a limited diffusion across the

magnetic field lines. Moreover, in the direction parallel to the
magnetic axis, the dynamics of the electrons and ions will not
be affected by the magnetic field, and electrons can move much
faster than the ions. In magnetized electric discharges, the
directions perpendicular and parallel to the applied magnetic
field can be assumed to correspond to X and Y directions in the
Busiello model. Therefore, this model appears to be suitable for
describing the formation of filamentary patterns in strongly
magnetized plasmas.

In order to derive the mathematical framework that describes a
magnetized plasma as an activator-inhibitor system, we start with
the continuity equation that gives the time variation of the

COMMUNICATIONS PHYSICS | (2023)6:221| https://doi.org/10.1038/s42005-023-01337-3 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01337-3

electron/ion densities:

%+V~Fa=I—R (5)
ot
where n, is the density of each species a (= e, i - for electrons and
ions), I', is the flux vector of each species a, I is the ionization
rate, and R is recombination rate of the electrons and ions.
For an isothermal plasma in the presence of a magnetic field,
the fluxes of electrons/ions in the directions perpendicular and

parallel to the magnetic axis are given by®2-3:
r,.+rT
r= i.uvu_nszJ_ - szJ_VJ_nu + «E v thD (6)
1+ 0.
Ty = %4y n.E) — Doy V) g (7)

in which, for each species a (electrons or ions), 4, is mobility, E
is the cross-field component of electric field, E; is the component

Autocatalysis Activation

(-_I-1 +

Activator Inhibitor

Inhibition

Fig. 2 Schematic drawing of activator-inhibitor model. In this model the
activator accelerates the production of the inhibitor (activation) and itself
(autocatalysis), but the inhibitor decelerates the production of the activator
(inhibition). This process can lead to self-organization and pattern
formation.
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Fig. 3 The variation of cross-field mobility and diffusion coefficients of
the electrons and ions with pressure, for magnetized Argon plasma
exposed to 1.0 T magnetic field. In this figure, D, is electron diffusivity,
D;, is ion diffusivity, g, , is electron mobility, and g is ion mobility in the
direction perpendicular to the magnetic field orientation. The electron and
ion temperatures are assumed to be 2.5 eV and 0.025 eV, respectively. The
vertical dashed line placed on the graphs indicates the critical pressure
beyond which the filamentary patterns do not form in the simulated plasma
for the aforementioned discharge parameters.

of electric field parallel to the magnetic field, D, is diffusion
coefficient, V | n is gradient of density in cross-field direction, V\n
is gradient of density parallel to the magnetic field, I, is the flux
due to Ex B drift>>>3, I, is the flux due to diamagnetic drift
(Vnx B)>2%3, v is collision frequency with neutral gas atoms,
and w_, is cyclotron frequency. Also, in the first terms, the “+”
sign applies to the ions, and the “-” sign applies to the electrons.

The anisotropic coefficients of mobility and diffusion, the flux due
to Ex B drift, and the flux due to diamagnetic drift are defined below:

9«

Moy = o ®)
K,T
D, b e )
Il mava
= (10)
- 2
xL 1+ Ozmz
D, = 1
L 1+ wmzz ( )
Ull
ExB
Ly =n, B.2 (12)
0
Tap == g2 VB (13)

where, for each species of plasma, m, is mass, g,, is electric charge, T,
is temperature, K, is Boltzmann constant and By is the magnitude of
the applied magnetic field.
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Fig. 4 The computational space and its discretization in REMAPS code.
a Schematic drawing of the rectangular plasma chamber considered in the
code for the simulations of filamentary patterns in magnetized plasmas, and
(b) the corresponding discretization of the computational space in
cartesian coordinate system.
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Fig. 5 The simulation results for filamentation phenomenon in magnetized Argon plasma. a Top-view of the electron density profile (n.), (b) top-view of
the ion density profile (n;), and (¢) side-view of the electron density profile (the color bars next to the graphs represent the magnitude of the densities). The
plasma gas was Argon. The initial uniform plasma density was assumed to be 5.0 x 1014 m—3, the neutral pressure was 9.0 Pa, electron temperature was
2.5eV, ion temperature was 0.025 eV, and the magnetic field strength (B) was 1.0 T applied in negative Z direction. The electron and ion density profiles
seem to be similar, and the filamentary patterns are extended in the plasma parallel to the applied magnetic field. These results are consistent with the
experimental observation presented in Fig. 1. The regions enclosed in the black boxes on the top-view graphs are magnified and explained in the next

figures.

As mentioned, the magnetic field does not affect the behavior
of plasma along the magnetic axis. Therefore, the parallel
component of the electric field in the bulk of the magnetized
plasma (away from the sheath regions) is very weak and it can be
neglected compared to the electric field component perpendicular
to the magnetic field (E; <« E;)>>°3. Plugging the fluxes from
Egs. 6 and 7 into Eq. 5 and doing simple vector algebra yields:

on,
ot

=1- R:F.uothaV . EJ_ :FHaLEJ_ . VJ_na + DaLVJ_Zna + Drx"V"zn“
(14)

Since the component of electric field parallel to the magnetic
axis is equal to zero, Poisson’s equation can be written as:
qini —en

‘ (15)

in which, E is the electric field, e is the unit charge, g; is the charge
of the ions, and ¢ is the electric permittivity of free space.
By plugging in from Eq. 15, Eq. 14 becomes:

V-E =V-E= "
0

on n; —en
- =1~ R¥H0¢J_na (%>$M0U_EL : VJ_na + Dalvlzna +Da‘|VH2na
0

ot
(16)

In a weakly ionized plasma (ionization fraction of the order
<107°), similar to the electric discharges in the MDPX, the
ionization and recombination rate of the electrons and ions can

be written as>2:53;

I=1n, 17)

(18)

where, 77 and y are coefficients of ionization and recombination,
respectively. To view the plasma as an activator-inhibitor system,
the ionization term in the fluid equations of plasma (I = n,) can
be considered as the activation and autocatalysis mechanism by the
electrons, ie., upon the collision of electrons with the neutral gas
atoms an electron/ion pair can be produced. Also, the recombina-
tion term (R = y#,n;) can be assumed as the inhibition mechanism.

By plugging Egs. 17 and 18 into Eq. 16 for electrons and ions, we
get the final form of continuity equation for magnetized plasma as:

R = yn,n;

on, U €
a_teznne_ el

nez - (X - %) nn; +nueLEJ_ . VJ_ne + Deivznz + Deuv\lznz
0

(19)

; HiLd, He
- = nn,— % ni — <X - j) nen;—p By - Vong+ Dy, Vi +DiHV|\2ni

(20)

By considering the first few terms on the right-hand side of
these equation as activation/inhibition functions, these equations
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Fig. 6 Formation of different filamentary pattern in the simulation of filamentation phenomenon in magnetized Argon plasma by varying different
plasma parameters and the similar patterns observed in the experiments. It has to be noted that we are not directly simulating any of the experiments
and they are only displayed side by side to emphasize the resemblance of the patterns. The electron temperature in the simulations was 2.5eV, and ion
temperature was 0.025 eV. In a, the initial plasma density was 5.0 x 1014 m—3, the neutral gas pressure was 12.0 Pa, and the magnetic field strength was
0.8 T. In b, the initial plasma density was 5.0 x 101> m=3, the neutral pressure was 6.0 Pa, and the magnetic field strength was 1.0 T. In ¢, the initial plasma
density was 5.0 x 10" m=3, the neutral gas pressure was 5.0 Pa, the magnetic field strength was 1.0 T, and a high-density column as a perturbation was
added at the center of the plasma chamber. The color bars next to the simulation graphs represent the magnitude of the electron density. The discharge
parameters in the experimental figures (d-f) are displayed on each figure in which P stands pressure and B stands for magnetic field strength. In general,
changing the initial condition in the simulations can result in the formation of a different filamentary pattern as variation of the discharge parameters in the

experiment would have the same effect.

can be re-written as:

on

a_te = f(n,n;) +p, EoVn + D, V’n,+ D, V\’n,  (21)
on, 2 2

T g(ng,n)—p; \E-Vn, +D; Vn; + D; Vy'n; (22)

which have the exact same form as Egs. 3 and 4 except for the
drift terms for electrons and ions due to the presence of the
electric field in the bulk of magnetized plasma (u, E - Vn,). It
has to be noted that unlike other natural and controlled activator-
inhibitor systems, the spreading of the particles in plasmas can

occur not only due to gradient of density but also due to the
presence of electric field. Also, the activation and inhibition
functions (f(n,,n;) and g(n,,n;)) derived in Eqs. 19-22 are
similar to Segel-Jackson activator-inhibitor model which was
introduced to describe the formation of dissipative patterns
through predator-prey interactions®’.

The variation of cross-field mobility and diffusion coefficients
of the electrons and ions with neutral gas pressure for a
magnetized argon plasma exposed to 1.0 T magnetic field is
shown in Fig. 3. This figure can be employed to demonstrate the
analogy between Eqs. 21-22 and Eqs. 3-4. It can be seen in this
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Fig. 7 X-Y cross section of the electron density profile in the simulation of an argon plasma exposed to different magnetic fields (B). a 0.10 T, (b)
0.25T, (c) 0.75T, (d) 1.50 T. The color bar next to the graphs represent the magnitude of the electron densities (ne). In all these simulations, the initial
plasma density was 5.0 x 10 m—3, the neutral gas pressure was P =6 Pa, T.=2.5eV, and T;=0.025 eV. It can be seen that at lower magnetic fields no
filamentary pattern forms in the plasma. By increasing the magnetic field, the patterns appear in the plasma and by further increasing the magnetic field the
patterns get narrower and closer to one another. The results are consistent with the experimental observations of the phenomenon.

figure that the cross-field mobility and diffusion coefficient of the
ions increase with pressure up to a maximum point at a pressure
that we shall call critical pressure. It is noticed that for this range
of pressure, y; | > u,,, while D;| 2D, . It will be shown later
that the cross-field component of the electric field in the bulk of a
magnetized plasma can be non-zero. Therefore, it is the drift due
to the electric field that guarantees the criterion of faster cross-
field transport of the ions compared to the electrons which is
crucial for pattern formation in magnetized plasmas. As a result,
Eqs. 19-22 are describing the magnetized plasma as an activator-
inhibitor system in which electrons are the activator and ions are
the inhibitor. This also explains the disappearance of the
filamentary patterns at high pressures as for pressures far
beyond the critical pressure, neither of the required conditions
for self-organization (u;| > u,, or D;; > D, ) are satisfied.
In Eq. 19, the first two terms represent the self-activation by
the electrons and the third term gives the suppression of the
electrons production by the ions. The last terms in Eqs. 19 and
20 give the transport of electrons/ion parallel and perpendicular
to the magnetic axis. The mobility and diffusion coefficients as
well as other factors in these equations depend on the geometry
of the plasma chamber and different discharge parameters. As
long as the necessary conditions for self-organization are
satisfied, variation of these parameters can produce different

structures of self-organized patterns across the magnetic field
lines.

Reproducing filamentary patterns through numerical simula-
tion. Exact analytical solutions to Egs. 19 and 20 cannot be
obtained, and numerical simulations must be employed. Instead
of directly solving these two equations, we solved their parent
equations (Egs. 5, 6, 7, 15, 17, and 18) using our 3D REctangular
Model for mAgnetized Plasma Simulations (REMAPS) that has
been extensively described in refs. 26:54,

REMAPS is a 3D fluid model in which the governing equations
for the fluid motion of both electrons and ions are taken into
account. Since the temperatures of electrons/ions are assumed to
be constant in the model, it only solves Poisson’s equation along
with conservation of momentum and continuity equation for
electrons and ions. The full set of equations in REMAPS for
individual species a (= e, i - for electrons and ions) is given
below:

(23)

qunq(E+ V xB) — VP

oV
a manzxvtx—nva = Myhy ( ata + (Va . V)"a)

(24)
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Fig. 8 The imbalance between electron and ion densities in the bulk of
the magnetized plasma and its resultant potential structure. a Variation
of electron/ion density in the regions indicated by the black boxes on
Figs. 5a and 5b. (b) Top-view of the plasma potential profile in the
simulation of a magnetized argon plasma in the middle of the plasma
chamber (the color bar next to the graph represents the magnitude of the
plasma potential). In the depletion regions of the filamentary pattern, the
density of the ions is higher than the electrons. This density imbalance
between electrons and ions results in a plasma potential profile similar to
the density pattern. The region enclosed in the black box on b is magnified
and explained in the next figure.

=n,V

« a @

(25)

M G Ta=1-R

ot
where p is the charge density given by e(n; - n.), and ¢ is the
electric permittivity, q, is charge, n, is density, E is electric field
vector given by -V, V, is velocity vector, B is magnetic field
vector, P, is pressure, m, is mass, U, is collision frequency with
neutral atoms, T', is flux vector, I is ionization rate, and R is
recombination rate of electrons and ions.

Figure 4 shows a schematic drawing of the simulated plasma
chamber as the computational space in REMAPS. The back-
ground plasma conditions in the simulations were chosen to be
similar to the experimental conditions that were measured in the
MDPX device, but it is important to note that we are not
performing a full simulation of the experiment. The chamber has
grounded metal walls and is uniformly filled with electrons and
ions (plasma) at target temperatures of 2.5e¢V and 0.025eV,
respectively. The plasma gas is assumed to be Argon. A uniform
magnetic field is applied to the plasma in negative Z direction.
Through implementing this condition, the filamentary patterns
form self-consistently in the computational space.

(26)

ne (m)
o = o 1x10'
: : T
— - r 0.0
E Plasma Potential (v) E i
(b) = - =
- - . L 8.7
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Fig. 9 The electron density, plasma potential, and electric field structure
in the middle of the plasma chamber. a The electron density (ng), (b) The
plasma potential, and (c) the electric field (E,). The graphs are drawn along
the X axis for the regions indicated by the black boxes on Figs. 5a, 5b and
8b. d gives the resultant of (a) and (¢) in which the filament regions are
masked with a dark color. d shows how the electric field points away (in
negative and positive directions) from the depletion regions where the
plasma potential peaks. This electric field structure maintains the
filamentary patterns in magnetized plasmas.

Figure 5 displays the top-view of the electron/ion density
profiles and side-view of the electron density profile in the middle
of the plasma chamber. The initial uniform plasma density was
set to be 5x 1014 m~3, the neutral pressure was 9.0 Pa, and the
applied magnetic field strength was 1.0 T. It can be seen in Fig. 5a,
b that target-like filamentary patterns appear in the density
profiles of electrons and ions. Similar to the experimental
observations, these observed patterns in the simulations are
extended through the plasma along the magnetic axis (see
Fig. 5c). The filamentary patterns are more curved towards
the center of the plasma chamber while they are rectangular near
the sheath regions due to the imposed boundary condition by the
rectangular walls. For future references, we call the regions of the
patterned plasma with higher density compared to the initial
plasma density “filament”, while the regions in between the
filaments with lower density will be called “depletion region”.

By changing the initial conditions and the plasma parameter in
the simulation, it is possible to generate different structures of
filamentary patterns in the magnetized plasma. Figure 6 displays
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Fig. 10 Schematic drawing of the proposed formation mechanism for self-organized patterns in a low-pressure magnetized plasma. a Diffusion of the
ions parallel and perpendicular to the magnetic field and the diffusion of the electrons parallel to the magnetic field in the filaments and depletion region.
b Current channels created due to the parallel and cross-field diffusion of electrons and ion (note that both of the electrodes are assumed grounded in the
model). In our proposed model, a depletion region is created by parallel diffusion of the electrons and parallel/cross-field diffusion of the ions from it. Also,
the population of electrons/ions increases in a filament through ionization, cross-field diffusion of the ions from the depletion region, and the feedback of
the diffused electrons from the depletion region through the electrodes as Simon currents. These transports of electron/ions create a closed loop of current
that results in self-organization in magnetized plasmas. In b, the contribution of the electrons motion to this current loop (from depletion region to the
electrodes and through the electrodes) is shown in green and the contribution of the ions motion and secondary electron emission from the electrodes into

the filaments is shown in red.

variation of the filamentary patterns appearing in electron density
profile by changing plasma parameters in the simulations compared
to the results presented in Fig. 5. Therefore, we have been able to
reproduce various filamentary patterns that were observed in the
experiments on magnetized plasmas. By comparing these graphs to
the experimental pictures that are displayed next to them, it can be
seen that the simulation results are in good agreement with the
experiments. Variation of the emerging patterns in a medium due to
changing the initial conditions is a general characteristic of reaction-
diffusion systems>C.

Moreover, Fig. 7 shows the variation of filamentation phenom-
enon in magnetized electric discharges with the strength of the
applied magnetic field. It can be noticed in this figure that no
significant pattern forms in the plasma exposed to 0.1 T magnetic
field. By increasing the applied magnetic field to 0.25 T, filamentary
patterns seem to start appearing in the plasma although the
formation of the patterns in the plasma is not the dominant
phenomenon. Further increasing the applied magnetic field results
in the formation of filamentary patterns in the plasma and at
higher magnetic fields, the filamentary patterns become narrower
and closer to one another. These results were also observed
in the experimental studies of the phenomenon reported by
Schwabe et al.?3.

Stability of the self-organized structures in a strongly magne-
tized plasma. The activator-inhibitor model is mostly focused on
the formation mechanism rather than the stability of the self-

organized patterns3’. On the other hand, considering the fact that
electric discharges are very nonlinear media, it is compelling to
discover the physics of the long-lived equilibrium of the fila-
mentary structures in magnetized plasmas. While these patterns
can be mobile or stationary, various sets of operating conditions
can be found for which the patterns endure in the experiment or
simulation much longer than characteristic time scales of the
plasma such as time period of the plasma oscillations and elec-
trons/ions gyro-rotation?2~27.

Although the filamentary patterns that appear in the electron
and ion density profiles seem to be very similar (see Fig. 5a, b),
these patterns are not exactly identical. It can be seen in Fig. 8a
that in the depletion regions (regions at lower plasma density
in the patterned plasma), the density of the electrons is less than
that of the ions. This density imbalance results in a plasma
potential structure that reproduces the spatial patterns observed
in electron/ion density profiles as shown in Fig. 8b (also see
Fig. 5a, b). By taking derivative of the plasma potential, the
electric field vector in the bulk of the magnetized plasma can be
obtained. Figure 9 shows the electron density, plasma potential,
and the electric field along X axis in the middle of the plasma
chamber for the region indicated by the black box on Figs. 5a, b
and 8b. The electric field vector points away from the depletion
regions (where the plasma potential peaks) in negative and
positive directions. Therefore, unlike a regular unmagnetized
electric discharge, a localized electric field exists in the bulk of a
patterned magnetized plasma®2->3,
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The presence of a patterned localized electric field in the bulk
of the magnetized plasma is a very interesting finding which can
explain the stability mechanism of the filamentary patterns in
magnetized plasmas. For the ions, the transverse electric field that
is oriented from the depletion region toward the filaments causes
an electric force that counterbalances the force from the gradient
of density that points from the filaments toward the depletion
regions. On the other hand, although both gradients of density
and electric field tend to push the electrons from the filaments
towards the depletion region, the intense trapping of the electrons
in the strong magnetic field maintains the filamentary structure in
the magnetized plasma.

The self-organization mechanism in magnetized plasmas.
Based on the results from the numerical simulations and the
presented analytical description of low-pressure magnetized
plasmas, we can propose a formation mechanism for filamenta-
tion phenomenon. The diffusion and mobility coefficients of the
electrons/ions along the magnetic axis do not get affected by
the magnetic field, and the transport of electrons parallel to the
magnetic field occurs much faster than the ions. On the other
hand, in the cross-field transport of the charged particles, the
species with larger mass will have a higher mobility and diffusion
coefficients (see Fig. 3). As a result, in a strongly magnetized
plasma where electrons cannot travel perpendicular to the mag-
netic axis, ions can still have a non-zero transport across the field
lines, mostly due to their much higher cross-field mobility
compared to the electrons.

In a magnetized plasma, the electrons leave the ions behind
through their fast diffusion along the magnetic axis and the whole
plasma becomes electropositive. Accordingly, if there is a
fluctuation in the plasma density, the density of ions in the
fluctuation and the rest of the plasma will be different after the
fast diffusion of the electrons parallel to the magnetic field. This
will result in a transverse electric field that initiates the pattern
formation by transporting the ions across the magnetic field lines.
This transverse flux of the ions is enabled due to their much
higher cross-field mobility compared to the electrons. Therefore,
from the viewpoint of an activator-inhibitor model, the
filamentary patterns get triggered in magnetized plasmas due to
the disability of the activators (electrons) and ability of the
inhibitors (ions) to travel perpendicular to the magnetic field in
the presence of a local fluctuation/perturbation.

In order to establish regions of high and low density (filament
and depletion regions), the electrons leave the depletion region
parallel to the magnetic axis while ions leave the depletion region
both parallel (largely) and perpendicular to the magnetic field
(partially). The electrons that leave the depletion region to the
walls of the plasma chamber parallel to the magnetic axis can be
fed back into the filaments through secondary electron emission
by traveling through the electrodes as Simon currents®. This
transport of the electrons through the electrodes along with the
transverse diffusion of the ions from the depletion regions to the
filaments create a closed circuit that leads to the formation of
filamentary patterns in magnetized plasmas. This process is
schematically drawn in Fig. 10.

The formation process and stability mechanism proposed
above suggest a reduced parallel diffusion for the electrons in the
filaments and a continuous parallel diffusion in the depletion
regions. The loss of more electrons to the top/bottom electrodes
in the depletion regions compared to the filaments would mean
that the direction of the electric field in the electrodes should be
in opposite direction of horizontal electric field in the bulk of
plasma. Figure 11 displays the horizontal electric field in the
middle of the top electrode and in the bulk of the plasma along X
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Fig. 11 Orientation of the horizontal element of electric field (E,) along X
axis. a In the middle of the top electrode, and (b) in the bulk of the plasma.
The color bars next to the graphs represent the magnitude of the electric
field element (E,). The black arrows on the graphs display the orientation of
the electric field. These electric field elements are pointing in opposite
direction, confirming the presence of a closed loop of current in the plasma
as it was proposed and depicted in Fig. 10b.

axis which is consistent with the expected orientation. Since the
direction of the electric field in the bulk of the plasma is from
the depletion region to the filaments, the observed orientation of
the electric field would create a short-circuit giving a closed
current path in the magnetized plasma. This transport mechan-
ism of charged particles in magnetized electric discharges is
known as a Simon current.

Data availability
The datasets generated and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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