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ABSTRACT
This study analyzes the dependence of electron extraction eﬃciency, which is deﬁned as the ratio of the extracted electron current to the
generated electron current, on the oriﬁce shapes and magnetic ﬁelds of a miniature microwave discharge xenon neutralizer via three-dimensional particle-in-cell simulations with Monte Carlo collisions (PIC–MCCs). The PIC–MCC simulation results show that the oriﬁce shapes
do not signiﬁcantly aﬀect the discharge characteristics or the electron extraction eﬃciency. However, the eﬃciency achieves a 1.5-times
higher value in a new magnetic ﬁeld conﬁguration, referred to as MF-2, where the magnetic ﬁeld lines pass through nearly the entire area of
the oriﬁces. This improvement is attributed to the reduction in the electron backﬂow and the electron loss toward both the downstream
inside surface and the outside wall of the discharge chamber. In addition, there are relatively small plasma ﬂuctuations in the discharge
chamber for MF-2 due to its low Bohm diﬀusion coeﬃcient, where no rotating spokes, which are often seen in other E × B devices, are
observed. As a result, the electron loss toward the downstream surface inside the discharge chamber is reduced, and this decrease in the
electron loss also contributes to the increase in the extraction eﬃciency.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5127805

I. INTRODUCTION
Research and development activities concerning microspacecraft
have drastically increased worldwide, and a number of microspacecraft have been successfully launched and operated in space, with
more than 300 nano/microsatellites launched in 2017.1 The uses of
microspacecraft are diverse, and ambitious missions, such as satellite
constellations and deep-space exploration, are already being planned
and conducted.2–4 To accomplish such advanced missions, micropropulsion systems are indispensable, and such propulsion systems
are used to obtain a high delta-v; to make changes in the velocity for
orbit transfers; and to conduct short-time, high-thrust maneuvers for
trajectory corrections. Because the available size and power are
limited for a microspacecraft, it is desirable to obtain high eﬃciency
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propulsion with a high delta-v and speciﬁc impulse (fuel eﬃciency)
in addition to having a small size and lightweight system.5
To satisfy such requirements, a miniature ion propulsion
system (MIPS) that uses xenon as a propellant was developed by
the University of Tokyo and mounted on a 50-kg microspacecraft;
the propulsive performance of this system was successfully demonstrated in space in 2014.4,6,7 MIPS employs electron cyclotron resonance (ECR) discharges for its ion source and neutralizer and has a
thrust of 220–361 μN, a speciﬁc impulse of 700–1120 s, and a
power consumption of 28.1–36.5 W.6 One of the reasons for its relatively low speciﬁc impulse is that its neutralizer operates using,
at minimum, one-third of the gas ﬂow rate for the ion source.
The electron extraction eﬃciency of the neutralizer is as low as
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32%, where the eﬃciency is deﬁned as the ratio of the extracted
electron current to the generated electron current. Therefore, the
electron extraction eﬃciency needs to be improved to enhance the
performance of the neutralizer.
When the size of the discharge chamber decreases, the electron loss to the chamber walls increases owing to the increasing
ratio of the surface area to the volume. A key technique to
eﬃciently reduce the loss and sustain the plasma discharge is electron conﬁnement via a magnetic ﬁeld. Compared to a large discharge chamber, however, it is nearly impossible to create a
B-ﬁeld-free region for electron extraction in a small discharge
chamber. Therefore, it is also important to examine the electron
transport mechanisms along and across the magnetic ﬁeld to
increase the electron extraction currents.
To address this issue, we developed a three-dimensional (3D)
fully kinetic particle-in-cell code because it is diﬃcult to obtain the
electron motion across a magnetic ﬁeld in experiments. Here, we
employed the real mass ratio of an electron to an ion, without
introducing an artiﬁcial mass ratio, to capture the physics of electron transport across the magnetic ﬁeld. Using a 3D particle model
in a previous study, we found that the ﬂuctuations in the azimuthal
electric ﬁeld and the mirror magnetic conﬁnement in the radial
direction caused an E × B drift velocity in the positive z-direction,
contributing to the electron transport across the magnetic ﬁeld
inside the discharge chamber.8 This type of result cannot be
obtained using two-dimensional models, which have often been
employed to model other E × B devices, such as Hall thrusters9–14
and magnetron discharges.15,16
In addition, we numerically investigated the electron extraction mechanisms through the oriﬁces of the neutralizers, which is
also diﬃcult to measure experimentally, and found that the E × B
drift caused electron extraction mainly on one side of each oriﬁce17
and that electrons were also extracted along magnetic ﬁeld lines.18
Therefore, it was implied that the electron extraction eﬃciency
depends on the oriﬁce shapes and the magnetic ﬁelds. In this
study, we attempted to improve the electron extraction eﬃciency of
the MIPS neutralizer by changing the oriﬁce shapes and magnetic
ﬁelds and investigated the eﬀects of these changes on the electron
extraction and the discharge characteristics.
We brieﬂy describe the numerical model in Sec. II. In Sec. III,
the simulation results are shown, indicating that the electron
extraction characteristics were strongly aﬀected by the magnetic
ﬁelds, whereas the oriﬁce shapes did not signiﬁcantly contribute to
an improvement. The electron extraction eﬃciency in a new magnetic ﬁeld was determined to be 1.5-times higher than that in the
conventional magnetic ﬁeld, and diﬀerent plasma ﬂuctuations were
observed depending on the magnetic ﬁeld conﬁguration. Even
though the conﬁguration of the MIPS is not the same as those of
other E × B devices, this investigation into the discharge characteristics of the MIPS neutralizer should also contribute to research
concerning other devices.19–21
II. NUMERICAL MODEL
A. Calculation
We employed 3D particle-in-cell simulations with Monte
Carlo collisions (PIC–MCCs) algorithm for the kinetics of the
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charged particles, a ﬁnite-diﬀerence time-domain (FDTD) algorithm for the electromagnetic ﬁelds of the microwaves, and a
ﬁnite-element analysis using ANSYS Emag™ software for the magnetostatic ﬁelds of the permanent magnets. The 3D PIC–MCC simulations were based on our previous papers.8,22–24 In the
simulations, we employed the following assumptions: (i) only
singly charged xenon ions and electrons are treated as particles; (ii)
neutral particles are spatially and temporally uniform with a
Maxwellian velocity distribution at a gas temperature of 300 K; (iii)
the collision reactions between electrons and neutrals are elastic
scattering, excitation, and ionization collision, and those between
ions and neutrals are elastic scattering and charge exchange collision; and (iv) the magnetic ﬁelds of the microwaves are negligibly
small compared to the magnetostatic ﬁelds of the permanent
magnets.
Figure 1 shows a ﬂow chart of the simulation employed in this
study. First, we set the initial conditions, and then we solved
Maxwell’s equations using the FDTD algorithm for the electromagnetic ﬁelds of the microwaves with a time increment of
ΔtEM = 1.49 × 10−13 s (1/1600 of a microwave cycle at 4.2 GHz) to
obtain the steady-state without a plasma. Second, we conducted
electrostatic PIC–MCC simulations using the time-varying electric
ﬁeld of the microwaves calculated by the FDTD algorithm, the electrostatic electric ﬁeld of the plasma, and the magnetic ﬁelds produced by the permanent magnets. In the simulation, the power
absorbed in the plasma Pabs was set to 0.3 W (=P0) as an input
parameter, where we modiﬁed the amplitude of the electromagnetic
ﬁelds to maintain Pabs equal to P0. The above procedure was iterated until a steady-state solution was obtained.
B. Conﬁguration
Figure 2 shows a schematic of the benchmark calculation
model for the MIPS neutralizer. A Cartesian coordinate system is
employed in PIC–MCC simulations, and its origin is placed at the
center of the antenna at the interface between the metal wall and
the plasma in the z-direction. A cylindrical coordinate system is
also used for describing various distributions p
inﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the rest
ﬃ of this
paper, where the radius r is deﬁned as r ¼
x2 þ y2 . The red
and blue dashed semicircles in Fig. 2(c) represent the clockwise
and counterclockwise sides of the oriﬁce, respectively. The calculation domain consists of a 20 × 20 × 4 mm3 discharge chamber, a
0.6-mm-thick oriﬁce plate with four circular oriﬁces for electron
extraction, and a 20 × 20 × 5.4 mm3 region to investigate the electron extraction in a vacuum. Here, the oriﬁce position and diameter
were determined in the previous experiment with diﬀerent positions (r = 0, 3.0, 4.0, 5.0, 6.0, and 8.0 mm) and diameters (1.0–
5.0 mm).25 As boundary conditions, the potential on the metal and
boron nitride (BN) was set to zero and the potential at z = 10 mm
was set to 20 V for the electron extraction voltage, which is the
same voltage as in our previous experiment.18 In addition, all electrons and ions disappeared at the wall, the antenna, and other
boundaries, where no reﬂection or charge accumulation was
assumed.
To improve the electron extraction eﬃciency, we ﬁrst focused
on the oriﬁce shapes. In previous studies,17,18 the E × B drift
induced not only electron extraction on the clockwise-side of each
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FIG. 1. Calculation ﬂow for the PIC–
MCC simulation.

oriﬁce but also electron backﬂow on the counterclockwise side, and
some electrons were also extracted along the magnetic ﬁeld lines
through the oriﬁce, which primarily occurred in the region approximately |r| ≥ 5 mm inside the oriﬁces. Figure 3 shows schematics of
the conventional and two redesigned oriﬁce plates, which are
referred to as the cases with four circular oriﬁces, four arc oriﬁces,
and two arc oriﬁces. In the cases with four and two arc oriﬁces, we
placed the arc-shaped oriﬁces at 5.0 mm ≤ r ≤ 6.5 mm to promote
electron extraction along the magnetic ﬁeld lines, whereas the conventional circular oriﬁces were placed at 3.9 mm ≤ r ≤ 6.1 mm. In
the previous experiment, the extracted current increased with r,

reached the maximum at r = 5.0 mm, and then decreased with r
again.25 Therefore, in this study, we moved the center position of
the oriﬁces between 5.0 and 6.0 mm. Figure 4 shows the magnetic
ﬁeld lines together with the circular and arc oriﬁces, where the
magnetic ﬁeld lines passing through the oriﬁce are denoted by solid
lines and the others by dotted lines. For the arc oriﬁces, a large
fraction of the magnetic ﬁeld lines are extended in the z-direction
without intersecting the oriﬁce plate. Here, to investigate the dependence of the oriﬁce shape on the electron extraction eﬃciency at the
same neutral gas pressure inside the discharge chamber, the aperture
areas of all the oriﬁce plates were set to be the same.

FIG. 2. Schematic of the benchmark calculation model: (a) the z–x/y plane (y/x = 0 mm), (b) the x–y plane (z = 1.0 mm) at the antenna, and (c) the x–y plane (z = 4.0 mm)
at the oriﬁce plate. The red and blue dashed semicircles in panel (c) represent the clockwise and counterclockwise sides of the oriﬁce, respectively.
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FIG. 4. Magnetic ﬁeld lines together with the circular (r > 0 mm) and arc-shaped
(r < 0 mm) oriﬁces, where the magnetic ﬁeld lines passing through the oriﬁce
are denoted by solid lines and the others by dotted lines.

FIG. 3. Schematics of the three types of examined oriﬁce plates: (a) four circular oriﬁces, (b) four arc oriﬁces, and (c) two arc oriﬁces.
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Second, we focused on the magnetic ﬁeld conﬁguration.
Figure 5 shows schematics of the conventional and two redesigned
magnetic ﬁelds, which are referred to as MF-1, MF-2, and MF-3,
respectively. For these magnetic ﬁelds, the red lines represent the
resonant magnetic ﬁeld of 0.15 T for 4.2-GHz microwaves to
obtain ECR discharge heating. Note that we employed conventional circular oriﬁces [Fig. 3(a)] in each magnetic ﬁeld conﬁguration. In the conventional magnetic ﬁeld shown in Fig. 5(a), the
magnetic ﬁeld lines pass through the oriﬁces at approximately
|r| ≥ 5 mm, and these magnetic ﬁeld lines are expected to promote
the along-line electron extraction, as mentioned earlier.
Accordingly, it is expected that the electron extraction eﬃciency
will be improved by forming magnetic ﬁeld lines passing through
the entire oriﬁce region (3.9 mm ≤ r ≤ 6.1 mm). To form such
magnetic ﬁeld lines, we changed the outer diameter of the inner
ring-shaped magnet in MF-2 (from 8 mm to 6 mm) and added
an external ring-shaped magnet in MF-3, as shown in Figs. 5(b)
and 5(c), respectively. In MF-2, because the plasma was not sustained in the calculation for the same antenna conﬁguration as in
the conventional case, the gap distance from the magnet surface
to the antenna was also changed from 0.8 mm to 0.3 mm so that a
similar distance could be maintained between the ECR layer
and antenna.
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C. Additional remarks
The grid spacing in the PIC–MCC simulation was set to
0.1 mm. The time steps for PIC were Δte = 5.95 × 10−12 s (1/40 of a
microwave cycle) for the electrons and Δti = 2.38 × 10−10 s (one
microwave cycle) for the ions. The PIC–MCC simulations were conducted under a microwave frequency of f = 4.2 GHz and a power
absorption of Pabs = 0.3 W. Corresponding to a mass ﬂow rate of
15 μg/s,26 the neutral gas pressure in the discharge chamber was set
to 1.0 mTorr. The results of the simulations were averaged over
50 000 microwave cycles unless otherwise noted. These calculation
conditions are the same as those in our previous paper.8 In this study,
however, we conducted calculations over the entire region without
using a quarter symmetry with respect to the center of the x–y origin
because the calculation time was signiﬁcantly reduced by increasing
the threads/cores for the parallel computation (up to 72/36).
III. RESULTS AND DISCUSSION
A. Dependence on the oriﬁce shape

FIG. 5. The three types of magnetic ﬁeld conﬁgurations: (a) MF-1, (b) MF-2,
and (c) MF-3 on the z–r plane. The thick red lines represent the resonant magnetic ﬁeld of 0.15 T for 4.2-GHz microwaves to obtain ECR discharge heating.
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Figure 6 shows the time-averaged distributions of the electron
number density and the potential on the z–r plane passing through
the center of the two oriﬁces for each oriﬁce plate in Fig. 3. The
black lines in Figs. 6(a)–6(c) represent the magnetic ﬁeld lines.
When the angle θ is set to 0° and 270° for the y- and x-axes,
respectively, on the x–y plane, the distributions at θ = 45°
are shown in Figs. 6(a), 6(b), 6(d), and 6(e), while those at θ = 90°
are shown in Figs. 6(c) and 6(f ). As shown in Figs. 6(a)–6(c), the
peak-density region was located in front of the ring-shaped
antenna at r = 5 mm for each oriﬁce conﬁguration, where the
antenna and the magnetic conﬁgurations were all the same. The
oriﬁces were placed at the same radial position as the high-density
region for the four circular oriﬁces, while the radial positions of the
oriﬁces slightly deviated from the high-density region for the four
and two arc oriﬁces. Nearly the same trend was observed in the
potential distributions, as shown in Figs. 6(d)–6(f ). Therefore, the
results show that the oriﬁce shapes do not signiﬁcantly aﬀect
the discharge characteristics. The extracted electron currents in the
cases with four circular oriﬁces, four arc oriﬁces, and two arc
oriﬁces were determined to be 1.71 mA, 1.68 mA, and 1.89 mA,
respectively; the diﬀerence was approximately within 10%. The
plasma parameters ﬂuctuated temporally and spatially (details are
given in Sec. III C). When the current was averaged over every
100-microwave cycle and its averaged value was traced in time over
50 000 microwave cycles, the standard deviation was calculated to
be approximately 10%. Therefore, there were no notable diﬀerences
in the extracted current between the oriﬁce conﬁgurations.
Figure 7 depicts the classiﬁcation of the MIPS neutralizer
walls and the time-averaged fractions of the electron currents on
each boundary for all of the oriﬁce shapes, where the electron currents toward the sidewall and BN are not presented because they
were negligibly small (less than 0.3%). In the case with four circular
oriﬁces, which represent the conventional conﬁguration, the electron losses toward the upstream and downstream surfaces were
dominant and the electron extraction eﬃciency was calculated to
be 32%. Moreover, the electron loss toward the outside wall of the
discharge chamber was unexpectedly 8%. In comparison with these
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FIG. 6. Time-averaged distributions of
the electron density (upper side) and
potential (lower side) for the (a) four
circular oriﬁces, (b) four arc oriﬁces,
and (c) two arc oriﬁces, where the
black lines in panels (a)–(c) represent
the magnetic ﬁeld lines. Note that the
distributions at the z–r plane are given
at θ = 45° for the four circular oriﬁces
and the four arc oriﬁces and at θ = 90°
for the two arc oriﬁces, where the y-axis
is drawn at 0° and the x-axis is drawn
at 270°.

results, the electron loss toward the outside wall of the discharge
chamber in both arc-shaped oriﬁces was reduced to approximately
one-third. This diﬀerence was attributed to the magnetic ﬁeld lines
passing through the oriﬁces. As shown in Fig. 4, for the four circular oriﬁces, all magnetic ﬁeld lines passing through the oriﬁces
returned to the outside wall. However, for the arc oriﬁces, some
magnetic ﬁeld lines did not return to the outside wall once they
passed through the oriﬁces. Conversely, the electron loss inside the
discharge chamber increased for both arc-shaped oriﬁces. This
increase is likely due to the radial displacement between the peak
plasma density and the oriﬁce positions, as shown in Figs. 6(b)
and 6(c). Because the electrons tend to be lost to the outside wall
for the conventional oriﬁce conﬁguration and to the inside wall for
both arc-shaped oriﬁces, the electron extraction eﬃciencies of each
oriﬁce plate were nearly the same. Consequently, these results indicate that these oriﬁce conﬁgurations did not signiﬁcantly contribute
to an increase in the electron extraction eﬃciency.
B. Dependence on the magnetic ﬁeld
The time-averaged distributions of the electron number
density and potential on the z–r plane at θ = 45° are shown in
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Fig. 8. The black lines and dashed red lines in Figs. 8(a)–8(c) represent the magnetic ﬁeld lines and the resonant magnetic ﬁeld of
0.15 T for 4.2-GHz microwaves to obtain ECR discharge heating,
respectively. As shown in the ﬁgure, electrons were conﬁned by the
mirror magnetic ﬁelds, and a high-density region appeared along
the ECR layer. Comparing each electron density distribution, we
see that similar results were obtained for MF-1 and MF-3, whereas
the high-density region in MF-2 was extended in the z-direction
because of the longer distance from the antenna to the oriﬁce plate
than that in the others. The peak plasma densities appeared at
r = 5.0 mm and z = 2.2 mm in MF-1, r = 4.0 mm and z = 1.4 mm in
MF-2, and r = 4.2 mm and z = 2.2 mm in MF-3, where the electron
density in MF-2 was somewhat higher than those in MF-1 and
MF-3 because its higher mirror ratio, which is deﬁned as the ratio
of the maximum to the minimum magnetic ﬁeld in mirror magnetic ﬁelds, produced an eﬀective magnetic conﬁnement, as shown
in Fig. 5. The potential distributions depicted in Figs. 8(d)–8(f)
were formed according to the electron density distributions.
The time-averaged fractions of the electron currents on each
boundary and through the oriﬁces for all the magnetic ﬁeld conﬁgurations are depicted in Fig. 9, where the legends for each graph
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1%). Moreover, the improvement in the electron extraction
eﬃciency was also attributed to the decrease in the electron
backﬂow, as shown in Fig. 9(b).
Figure 10 shows typical trajectories of extracted electrons (red
lines), backstreaming electrons (blue lines), and electrons lost to
the outside wall of the discharge chamber (green lines) to examine
the mechanisms leading to the decrease in the electron backstreaming and the loss to the outside wall. The tracing plane was set such
that the plane always passed through both the position of the electron and the z-axis while tracking the electron. The red line in
Fig. 10(a) shows an electron in MF-1 that moved along the magnetic ﬁeld line, experienced cross-B ﬁeld transport due to the E × B
drift inside the oriﬁce,17 and was then extracted through the oriﬁce
into the vacuum. As shown by the blue line in Fig. 10(a), another
electron was reﬂected by the sheath potential at the outside wall of
the discharge chamber and ﬂowed back inside the discharge
chamber owing to motion along the magnetic ﬁeld lines or to E × B
drift.17 When an electron had suﬃciently high energy to overcome
the sheath barrier at the outside wall, it was lost to the outside wall
(green line). The red line in Fig. 10(c) shows an electron in MF-3
that traveled along the magnetic ﬁeld lines and was extracted to the
vacuum. However, when an electron was extracted through the
outer side of the oriﬁce, it was reﬂected by the magnetic mirror on
the external magnet and ﬂowed back into the discharge chamber,
as shown by the blue line in Fig. 10(c). Moreover, energetic electrons were lost to the external magnet cusp through the loss cone
(an example is shown by the green line). For MF-1 and MF-3,
these mechanisms caused electron backstreaming and electron loss
toward the outside wall of the discharge chamber. Conversely,
because most electrons in MF-2 were extracted along the magnetic
ﬁeld lines as shown in Fig. 10(b), the electron backstreaming and
electron loss toward the outside wall of the discharge chamber were
suppressed. Consequently, forming magnetic ﬁeld lines that do not
return to the outside wall of the discharge chamber after passing
through the oriﬁces signiﬁcantly contributes to the suppression of
electron losses to the outside wall or backstreaming. The net
extracted current of MF-2 was determined to be 2.6 mA, which was
1.5 times higher than that of MF-1.
C. Time evolution of the plasma distribution

FIG. 7. (a) Classiﬁcation of the MIPS neutralizer walls and (b) the timeaveraged fractions of the electron currents on each boundary for each oriﬁce
plate, where the electron currents toward the sidewall (v) and BN (vi) are not
shown because they were negligibly small. The backﬂow of the electron current
(viii) in panel (a) is used in Fig. 9.

correspond to those in Fig. 7(a). As shown in Fig. 9(a), the electron
extraction eﬃciency of MF-2 was approximately 1.5-times higher
than that of MF-1, while those of MF-1 and MF-3 were nearly the
same. The eﬃciency increased because the electron loss toward
the downstream surface was reduced by half and that toward the
outside wall of the discharge chamber was nearly zero (less than
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Because we changed the antenna and magnetic ﬁeld conﬁgurations in MF-2, the electron transport mechanism across the magnetic ﬁeld inside the discharge chamber might be diﬀerent from
the previously found mechanism,8 where the temporal electric ﬁeld
in the azimuthal direction produced by plasma ﬂuctuations played
an important role in the electron transport and extraction.
Accordingly, we analyzed the time evolution of the electron
number density distributions for each magnetic ﬁeld conﬁguration.
Figure 11 shows the time evolution of the electron number density
along the θ-axis in the high-density region together with typical
electron density distributions at the x–y plane for each magnetic
ﬁeld conﬁguration, where the results were averaged over 100 microwave cycles. Here, the θ-axis is set to the radial and axial position
where the peak plasma density is obtained: r = 5.0 mm and
z = 2.2 mm for MF-1, r = 4.0 mm and z = 1.4 mm for MF-2, and
r = 4.2 mm and z = 2.2 mm for MF-3, as indicated in Sec. III B.
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FIG. 8. Time-averaged distributions of
the electron density (upper side) and
potential (lower side) for (a) MF-1, (b)
MF-2, and (c) MF-3 at the z–r plane
(θ = 45°), where the y-axis is drawn at
0° and the x-axis is drawn at 270°.
The black lines and dashed red lines
in panels (a)–(c) represent the magnetic ﬁeld lines and the resonant
magnetic ﬁeld of 0.15 T for 4.2-GHz
microwaves to obtain ECR discharge
heating, respectively.

Similarly, the distributions at the x–y plane were placed at
z = 2.2 mm for MF-1, z = 1.4 mm for MF-2, and z = 2.2 mm for
MF-3. As shown in Fig. 11(a), two types of spokes, which were not
observed in the previous paper because the simulation was conducted for the quarter region of the neutralizer,8 rotated opposite
to the θ-direction (clockwise): a triangular spoke with a narrow
trailing edge and a broad and sharp leading edge was observed at
t = 0.6180 μs and a diﬀuse spoke with a diﬀuse trailing and leading
edge was observed at t = 4.2356 μs. These rotating spoke phenomena are similar to those of high-power impulse magnetron sputtering (HiPIMS) plasmas, even though the triangular spoke in
HiPIMS had a narrow leading edge and a broad and sharp trailing
edge.27 The phase velocity of the triangular spoke was calculated to
be −4.35 × 103 m/s, which was nearly the same value as the critical
ionization velocity of xenon,28 while that of the diﬀuse spoke was
−1.52 × 104 m/s. The phase velocity of the diﬀuse spoke was faster
than that of the triangular spoke, and this tendency was qualitatively consistent with that in HiPIMS.29 In addition to these rotating spokes, we observed azimuthal-striped ﬂuctuations rotating
primarily opposite to the θ-direction; these ﬂuctuations were
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caused by the electron drift instability.8,14,20 Similarly, diﬀuse
spokes and striped patterns were formed in MF-3; the
diﬀuse spokes were unstable, and no triangular spokes were seen
[Fig. 11(c)]. Conversely, only striped patterns were observed in
MF-2 as shown in Fig. 11(b).
The cross-B ﬁeld transport has been investigated in various
E × B devices, such as Hall thrusters20,30,31 and magnetron discharges,19,32 and is often interpreted using the Bohm diﬀusion
coeﬃcient DBhom = kBTe/16qB, where kB is the Boltzmann constant,
Te is the electron temperature in eV, q is the elementary charge,
and B is the magnetic ﬁeld strength. Figure 12 depicts the time evolution of the Bohm diﬀusion coeﬃcient in each magnetic ﬁeld
conﬁguration, where the θ-axis is the same as in Fig. 11. The rotating spokes induced high electric ﬁelds, which caused local electron
heating. Therefore, the Bohm diﬀusion coeﬃcients of MF-1 and
MF-3 were high, in particular for MF-1, where triangular spokes
appeared. Conversely, the Bohm diﬀusion coeﬃcient of MF-2 was
relatively low and rotating spokes were absent. These results indicate that the number of electrons moving across the magnetic ﬁeld
in MF-2 was relatively small. As shown in Fig. 8(b), electrons were
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FIG. 9. Time-averaged (a) electron current ratio on each boundary and (b) electron currents exiting the discharge chamber through the oriﬁces (including backﬂow and the loss to the outside wall) for each magnetic ﬁeld conﬁguration.
Here, the legends of each graph correspond to those in Fig. 7(a).

well conﬁned by the mirror magnetic ﬁeld, and the magnetic ﬁeld
lines were almost parallel to the downstream surface around
r = 3 mm. Therefore, the electron loss toward the downstream
surface was suppressed, as shown in Fig. 9(a). Conversely, electrons
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FIG. 10. Typical trajectories of extracted electrons (red lines), backstreaming
electrons (blue lines), and electrons lost to the outside wall of the discharge
chamber (green lines) for (a) MF-1, (b) MF-2, and (c) MF-3, where the tracing
plane was set such that the plane always passed through both the electron position and the z-axis while tracking the electron.
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FIG. 11. Time evolution of the electron
density in the high-density region on
the θ-axis together with typical electron
density distributions at the x–y plane
for (a) MF-1, (b) MF-2, and (c) MF-3.
The θ-axis is drawn at r = 5.0 mm and
z = 2.2 mm for MF-1, r = 4.0 mm and
z = 1.4 mm for MF-2, and r = 4.2 mm
and z = 2.2 mm for MF-3. Distributions
at the x–y plane are given at
z = 2.2 mm for MF-1, z = 1.4 mm for
MF-2, and z = 2.2 mm for MF-3, where
the results were averaged over 100
microwave cycles.
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mentioned in Sec. III B. In terms of the magnetic ﬁeld conﬁguration outside the discharge chamber, MF-2 was the best of the three
resulting in the highest extracted currents. Even though there
appears to be a trade-oﬀ between the electron conﬁnement by the
magnetic ﬁeld and the diﬀusion across the magnetic ﬁeld inside
the discharge chamber, we might be able to further increase the
extracted current of MF-2 if we can identify the discharge condition where the Bohm diﬀusion becomes large; this is left to future
work.
IV. CONCLUSIONS

FIG. 12. Time evolution of the Bohm diffusion coefﬁcient in the high-density
region on the θ-axis for (a) MF-1, (b) MF-2, and (c) MF-3, where the θ-axis
is the same as that in Fig. 11.

also need to move across the magnetic ﬁeld from the position
where the electrons are generated to the vicinity of the oriﬁces to
exit the discharge chamber. Because the Bohm diﬀusion coeﬃcient
of MF-2 was low, the total number of electrons exiting the discharge chamber in MF-2 was also low, which is equivalent to the
summation of (i), (vii), and (viii) in Fig. 9(b). The reason why the
extracted electron current, (vii) in Fig. 9(b), for MF-2 was higher
than those for MF-1 and MF-3 was that there were few backﬂow
and lost electrons at the outside wall of the discharge chamber, as
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This study presented 3D PIC–MCC simulations to analyze the
dependences of the electron extraction eﬃciency, which is deﬁned
as the ratio of the extracted electron current to the generated electron current, on the oriﬁce shapes and magnetic ﬁelds of a
4.2-GHz xenon ECR neutralizer. In addition to the conventional
oriﬁce plate and magnetic ﬁeld conﬁguration used in our previous
study,8 we employed two other types of oriﬁce plates and two new
magnetic ﬁeld conﬁgurations for this investigation.
We conducted simulations for three diﬀerent oriﬁce plates:
four circular oriﬁces, four arc oriﬁces, and two arc oriﬁces. The
results show that the eﬀect of the oriﬁce shape on the discharge
characteristics was small. From the investigation of the electron
loss ratio and the electron extraction eﬃciency, the electron loss
toward the outside wall of the discharge chamber was approximately 8% for the conventional oriﬁce plate with four circular
oriﬁces. Even though the arc-shaped oriﬁces were able to reduce
the electron loss toward the outside wall of the discharge
chamber, the electron loss inside the discharge chamber
increased. Therefore, the extracted currents were nearly the same
and the oriﬁce shapes had only a small impact on the electron
extraction eﬃciency.
Simulations for diﬀerent magnetic ﬁeld conﬁgurations were
also conducted, where two new types of magnetic ﬁelds were
formed such that the magnetic ﬁeld lines passed through nearly the
entire region of the oriﬁces; this was achieved either by reducing
the size of the ring-shaped magnet inside the discharge chamber
(MF-2) or by adding another ring-shaped magnet outside the
chamber (MF-3). As a result, the electron extraction eﬃciency in
MF-2 achieved an approximately 1.5-times higher value than that
in the conventional magnetic ﬁeld (MF-1) or MF-3. This improvement was primarily attributed to the reductions in both the electron backﬂow from outside the discharge chamber and the electron
loss toward both the downstream surface and the outside wall of
the discharge chamber owing to the magnetic ﬁeld conﬁguration
outside the discharge chamber.
In a further investigation of the time evolution of the electron
density, we observed characteristic plasma structures in the
diﬀerent magnetic ﬁelds, i.e., rotating spokes similar to the phenomena observed in HiPIMS27 and the striped pattern ﬂuctuations
observed in our previous studies.8,22,23 In MF-1 and MF-3, both
rotating spokes and striped pattern ﬂuctuations were seen, while
only striped patterns were observed in MF-2; these diﬀerences can
be explained by the Bohm diﬀusion coeﬃcient, where the coeﬃcient in MF-2 was smaller than that in MF-1 and MF-3. Therefore,
in MF-2, the anomalous diﬀusion loss toward the downstream
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surface of the discharge chamber was suppressed and the electron
extraction eﬃciency was improved. However, because the total
number of electrons exiting the discharge chamber, which included
backﬂow and the loss to the outside wall, was higher in MF-1 and
MF-3, we expect a further increase in the electron extraction
eﬃciency in MF-2 when the operational condition where rotating
spokes exist is identiﬁed. Future work will include an investigation
of the mechanisms and occurrence factor of rotating spokes to
improve the electron extraction eﬃciency.
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