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Regions of enhanced light emission rotating in the azimuthal direction are present in various E x B
plasma devices. A kinetic model reveals that these “rotating spokes” are due to electron heating and
enhanced ionization localized along a double layer at the interface between a region of large electric field
and a quasi-equipotential region close to the anode potential. Electrons drifting along this interface are
heated due to VB drift in the large electric field region. The formation of electron vortices due to the
velocity shear in the double layer also contributes to electron heating. The possibility for spoke motion in
the retrograde E x B direction as well as in the E x B direction, observed experimentally, can be

reproduced and explained.
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In plasma devices such as magnetrons [1] and Hall
thrusters [2] an external magnetic field B is placed
perpendicular to the applied electric field E to confine
the electrons and allow ionization and plasma formation at
low gas pressure. These devices are cylindrically symmet-
ric, with E x B in the azimuthal direction to allow efficient
electron confinement. In these “partially magnetized plas-
mas” electrons are strongly magnetized (electron Larmor
radius p, small with respect to the plasma size L, p, < L)
while ions are not (p; 2 L). Turbulence and instabilities
resulting in anomalous transport and in the formation of
coherent structures are present in partially magnetized
E x B plasmas as in fusion or space plasmas but the
physics of these instabilities is specific due to the difference
in the magnetization of electrons and ions [3] and to the
existence of localized ionization regions. An example of
instability that has been thoroughly studied in the recent
years is the electron cyclotron drift instability (ECDI), first
identified in the context of collisionless shocks in space
plasmas [4,5]. Particle-in-cell (PIC) simulations predict that
the ECDI is present and controls electron transport in the
exhaust region of Hall thrusters where a large axial electric
field in the quasineutral plasma extracts and accelerates
positive ions [6-9].

A longer wavelength instability, much easier to observe
experimentally, is characterized by the rotation of a region
of enhanced light emission (“rotating spoke”) at relatively
low velocities. Such moving macroscopic plasma nonun-
iformities have been reported in most E x B plasma
devices. The first studies date back to the 1960s when
rotating-plasma machines were investigated as possible
devices for fusion applications [10]. The goal was to
generate a large radial electric field E in the quasineutral
plasma, for example in a coaxial electrode system with a
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strong axial magnetic field B. The plasma was expected to
rotate at the velocity E/B. It was found experimentally that
there was a maximum “burning voltage” of the discharge,
i.e., a maximum plasma rotation velocity [I11]. This
limitation of the rotation velocity was attributed to an
abnormal ionization mechanism [12] that was related to the
concept of critical ionization velocity (CIV) introduced by
Alfven [13]. In a model proposed by Piel, Mobius, and
Himmel [14], the anomalous ionization was associated with
the formation and rotation of an azimuthal double layer
where electrons were heated by a two-stream instability.
More recently, a PIC simulation [15,16] of a cylindrical
magnetron discharge showed similarities with this model
but the reason for the presence of the double layer was not
elucidated and the question of the nature of electron heating
in the double layer was not clarified.

Rotating spokes have also been observed in Hall thrusters
[17-20] and in pulsed planar magnetrons used in plasma
processing, high power impulse magnetron sputtering
(HiPIMS) [1,21]. In some papers on Hall thrusters [17] or
magnetrons [22] the CIV concept has been invoked to
explain the presence of rotating spokes, but there is no
consensus on the physics of the rotating spokes in spite of
important recent progress in the diagnostic and qualitative
interpretation of these phenomena [23,24]. An intriguing
feature of experiments on E x B devices is that spokes do
not always rotate in the E x B direction. Retrograde motion
(in the —E x B direction) has also been observed in the
low current regime of HiPIMS or in direct current (dc)
magnetrons [23,24].

In this Letter we present simulations of a recently
published experiment by Ito, Young, and Cappelli [25]
on a simple dc magnetron discharge, where self-organized
structures rotating in the —E x B direction were observed
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with a high framing rate camera. On the basis of simulation
results in conditions around this experiment, we propose a
new insight into the physics of rotating spokes. This new
model of the physics of rotating spokes shares some
qualitative aspects with, but is clearly distinct from, the
CIV model of Ref. [14].

The experiment of Ito, Young and Cappelli consists of a
small planar dc magnetron discharge in argon (2 mm gap,
pressure 20 Pa, magnetic field 1 T at cathode, 0.1 T at
anode) where the light emission is observed with a fast
camera through a transparent planar anode. The relatively
large magnetic field and pressure are related to the small
dimensions of the device and according to classical dis-
charge scaling laws similar features should be observed for
dimensions 10 times larger and magnetic field and pressure
10 times smaller.

The two-dimensional (2D) PIC-MCC model described
in previous papers [15,16,26] has been used to simulate this
experiment. The simulation domain is defined by the axial
and azimuthal directions % and J.

The axial cathode-anode distance is d = 2 mm, and the
azimuthal length is w =4 mm. Periodic boundary con-
ditions are assumed in the azimuthal direction for the
particle trajectories and for the electric potential. The
magnetic field is perpendicular to the simulation domain
and pointing inward as shown in Fig. 1. Its magnitude B
varies axially according to B(x) = aexp(—x?/26%) + b,
with ¢ = 0.35d. a and b are chosen so that B(0) = 1 and
B(d) = 0.1 T. The discharge is sustained by ionization
(calculated self-consistently in the Monte Carlo module)
and secondary electron emission at the cathode due to ion
impact. The argon electron-neutral and ion-neutral scatter-
ing cross sections are the same as in Refs. [15,16]. An
effective secondary emission coefficient y is used in the
simulation. The net flux I', of electrons leaving the cathode
is related to the ion flux I'; by I', = —yI';, i.e., an electron
coming back to the cathode is reemitted. y = 0.005 is used
in the simulations. Electrons are emitted according to a
semi-Maxwellian distribution at a temperature 7, = 2 eV.
The cathode is grounded and the anode voltage is set to
U, =260 V. The simulations were started with a uniform
plasma density n, = n; = 2 x 10'® m~>. Most simulations
were performed on a 128 x 256 grid with about 300
particles per cell at steady state (reached in less than 10 us).

In these conditions the simulation predicts the formation
of an ionization instability (region of enhanced ionization,
or spoke) moving in the —E x B direction at a velocity
close to 10 km/s. The calculated average current density is
300 A/m?, not far from the current density of 103 A/m?
deduced from the experiments. When the simulation is
performed with an azimuthal dimension of 8 instead of
4 mm, two similar spokes are present in the simulation
domain and move in the —E x B direction. These features
(retrograde motion, spoke velocity, and periodicity) are
in good agreement with the experiments of Ref. [25].
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FIG. 1. Contours of constant (a) electron density, (b) plasma
potential, (c) electron mean energy, and (d) ionization rate at a
given time in the conditions described in the text, corresponding
to the experiment of Ref. [25]. The maximum values are
respectively 4 x 107 m=3, 267 V, 15 eV, 2 x 10® m—3s7L
The spoke, plasma nonuniformity, and potential structure move
together up in the —E x B direction at about 10 km/s while the
electron vortices (local maxima in the electron temperature,
potential, and ionization rate, and associated ‘“holes” in the
electron density) move down in the E x B direction at a velocity
about 10 times larger. The potential contours above 255 V, shown
in (b) and (a) are at 262, 264, and 266 V. Movies available in the
Supplemental Material [27].

However, the physics of the simulated instability is not
consistent with the theory of Ito ez al. [25], one reason being
that this theory cannot describe ionization instabilities.

Figure 1 shows the space distribution of the main plasma
properties at a given time in the simulation at steady state.
The plasma presents a strong azimuthal nonuniformity that
creates a distortion of the equipotential lines. This dis-
tortion separates the plasma in two regions: one region of
low electric field [lighter color region in Fig. 1(b)] whose
potential is close to the anode potential and a region of large
axial electric field between the cathode and the quasi-
equipotential region.

A double layer is formed at the boundary between the
two regions. We call this boundary [the ABCDE line in
Fig. 1(b)] “the interface” in the following. Note that the
electric field is perpendicular to the equipotential lines so
that the E x B electron drift follows the equipotential
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FIG. 2. Axial profiles of the electron density, ion density, axial
electric field, and electron mean energy at different azimuthal
positions indicated by the dashed lines in Fig. 1(a) and at the
same time as Fig. 1. Same scale for E, and ¢, in the three plots.

contours. The interface is close to the anode along the AB
and DE segments and some electrons flow to the anode in
these regions.

The formation of the double layer at the interface is the
consequence of the electron deficit due to losses at the
anode not being entirely balanced by ionization along this
line. We see on Fig. 1(d) that ionization is enhanced along
the interface and on the cathode side of the equipotential
region (left side of the BC segment). It is interesting to note
that in these conditions, most of the overall ionization takes
place in this region, i.e., the plasma is sustained by the
ionization instability. The breaking of quasineutrality in the
double layer can be clearly seen in Fig. 2, which displays
the axial profiles of the electron density, ion density, axial
electric field, and electron temperature at the three azimu-
thal locations. Note that the sign of the axial electric field
close to the anode in Fig. 2(a) is such that some electrons in
the AB and DE regions can reach the anode through
collisional transport parallel to the electric field.

One reason for the enhanced electron heating and
ionization in the BC region is cross-field electron transport
associated with the axial variations of the magnetic field
(VB drift [28]) in the large electric field region on the left of
the BC line. This is illustrated in Fig. 3. This figure shows
an example of electron trajectory [Fig. 3(a)] in the vicinity
of the interface, on the left side of the BCD segment, and
the variations of the electron energy over the same
trajectory [Fig. 3(b)]. The mean value of the electron
energy increases by about 5 eV when the electron moves
parallel to BC (electron heating) in the spoke front and
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FIG. 3. (a) Equipotential contours, and example of electron
trajectory at a given time (same conditions as Fig. 1), close to the
double layer, on the left side of the BCD line of Fig. 1. (b) Variations
of the electron energy along the same trajectory. The initial electron
velocity, at x = 1.6 mm, y = 3.4 mm, is v, = 10° m/s, v, = 0.
The red line is the average energy calculated assuming electron
heating due to VB drift.

decreases when the electron moves parallel to CD (electron
cooling). The consequence of the electron heating along
BC is the intense ionization that takes place on the left side
of the BC region in Fig. 1(d). The VB electron drift velocity
is given by [28] vy = —1/2 p,v, B x VB/B* = —¢ B x
VB/B3?, where v, is the electron velocity and &, the
electron energy in eV, perpendicular to the magnetic field.
vyp is directed in the azimuthal direction downward. The
electron heating or cooling is given by d,e| = —vyp.E =
e E,/(BL), where L = |B/0,B|. E, is positive along BC
and negative along CD so electron heating takes place
along BC and electron cooling along CD. Note that this
electron heating and cooling is consistent with conservation
of the first adiabatic invariant &, /B along a collisionless
electron trajectory. The electron heating frequency a =
E,/(BL) can be as large as 10° s~! in the vicinity and on
the left side of the BC line (E,/B =5 X 10° m/s and
L =~ 0.5 mm) leading to significant heating (the electron
transit time along BC is several ns). This simple estimation
is confirmed numerically on Fig. 3(b), where the red line
corresponds to the electron mean energy calculated by
integrating the expression above along the electron trajec-
tory: e, =€, — [vyp.Edr.

The electric potential presents local maxima of several
volts above the anode potential in the quasiequipotential
region [Figs. 1(b), 3(a)]. These maxima are associated with
the formation of electron vortices rotating around the
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potential maxima, due to the electron velocity shear in the
double layer. These vortices (apparent as electron density
“holes” and local maxima of the electron mean energy and
ionization rate in Fig. 1) move along the double layer at the
local E/B velocity. The physics is similar to that of the
diocotron instability observed in pure electron plasmas [29]
except that the electron vortices form here in a local
potential maximum rather than potential minimum, due
to the positive space charge of the double layer. This is the
reason why the vortices form ‘“holes” instead of “clumps”
[29] in the electron density, as can be seen in Fig. 1(a). The
local maxima of the potential move with the electron hole
vortices along the double layer (see Supplemental Material
[27]) and this electron-wave interaction also contribute to
electron heating as evidenced by the local maxima of the
ionization rate around the electron vortices [Fig. 1(d)]. The
physics of electron heating in the vortices needs further
investigation. Electron heating due to VB drift is dominant
in the conditions considered here and seems to be respon-
sible for the stability of the spoke.

The reason for the spoke motion in the —E x B direction
in the conditions of Fig. 1 can be understood simply by the
fact that the ionization region is located on the side of the
plasma and potential maxima that is opposite to the E x B
direction. The plasma and ionization region (spoke) appa-
rently “move” in the —E x B direction, i.e., in the region
where new electrons and ions are generated by ionization.
This is illustrated in Fig. 4(a). The question is now, why
spoke rotation is also observed in the E x B direction in
other experiments (HiPIMS [23,24]). We performed sim-
ulations in the same conditions as Fig. 1 but at a pressure of
0.1 torr instead of 0.15 torr, and with B(0) = 0.5 T instead
of 1 T (the electron current density emitted by the cathode
was imposed and equal to 2 A/m? in this simulation). In
these conditions the simulations predict spoke rotation in
the +E x B direction as illustrated in Fig. 4(b). The main
differences between the two cases are (i) the position of the
ionization region with respect to the plasma density, and
(ii) the direction of the ion flow in the spoke front. In
Fig. 4(a) new electrons and ions are generated in and above
the location of maximum plasma density and ions are not
expelled from the front by the electric field. In Fig. 4(b)
ions are expelled azimuthally from the front faster than they
are generated by ionization. This can be simply formulated
by writing the ion continuity equation 9,n; = S — V.n;v; at
the starting point of the arrows representing the ion flux in
the spoke front in Fig. 4 (S is the ionization rate, v; the ion
mean velocity). In Fig. 4(a), S > V.n;v; so 9,n; > 0 and the
front moves in the upward (—E x B) direction. The
opposite is true for Fig. 4(b). This is clearly illustrated
by the color maps of d,n; on top of Fig. 4. Note the sharp
variation and sign reversal of d,n; in Fig. 4(b), correspond-
ing to the acceleration of ions out of the spoke front. This is
similar to what is expected in the CIV concept.

The conditions of Fig. 4(b) are likely to be met when the
azimuthal component of the electric field in the spoke front

(b)

>

FIG. 4. Equipotential contours (gray), and lines of constant
plasma density and ionization rate corresponding to 70% of their
maximum values. The green arrows indicate the ion flux direction
in the spoke front. (a) Spoke rotation in the —E x B direction,
case of Fig. 1, (b) rotation in the +E x B direction, same
conditions as Fig. 1 but at a pressure of 0.1 torr instead of
0.15 torr, and with B(0) = 0.5 T instead of 1 T. The red and blue
color maps on top of the figure represent the space distributions of
9,n; in the spoke region (white to red color scale: 9,n; > 0, white
to blue color scale:0,n; < 0). Movies available in the Supple-
mental Material [27].

is larger than the axial component. In any case the
simulation results indicate that the same physics is respon-
sible of spoke rotation in the retrograde E x B direction as
well as in the E x B direction.

The main results can be summarized as follows. The
small cross-field electron mobility is responsible for an
instability (presumably of the Simon-Hoh type [3,26] in its
initial phase) that leads to an azimuthal distortion of the
plasma potential and density. This distortion allows some
electrons to flow to the anode along an equipotential line
connecting the cathode and anode regions.

A double layer is generated along this line by the drop in
electron density due to electron losses to the anode along
this line. Electrons gain energy due to VB induced cross-
field transport while drifting along the double layer from
anode region to cathode region. The formation of electron
vortices due to the velocity shear in the double layer also
contributes to electron heating. Ionization is enhanced in
that region, leading to the formation of a spoke. The spoke
can rotate in the —E x B as well as in the +FE x B direction
depending on the position of the plasma nonuniformity
with respect to the ionization region and on the relative
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values of the axial and azimuthal components of the electric
field in the spoke.

The main similarities of the mechanism described above
with the CIV model of Ref. [14] are the presence of a double
layer at the spoke front and the enhanced electron heating and
ionization in that region but the reason for the formation of
a double layer, the mechanism of electron heating, and
the spoke velocity are distinct from those invoked in the CIV
model. Finally, we note that the conclusions of recent
experiments [23,24] and of the present model are converging
on a number of points: existence of a double layer at the
spoke front, energization of electrons around the double
layer, and possible rotation in the £E x B direction.
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