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Abstract

The density profile transition and high-energy electron transport in a magnetically expanding radio frequency (RF)
plasma were investigated using particle-in-cell and Monte Carlo collision techniques, where both the plasma source and
diffusion region were simulated self-consistently. The simulation results show that the density profile changes from
center-peaked to bimodal plasma with increasing magnetic field strength, where bimodal plasma was observed in previous
experiments. Then, the density profile transition is discussed with respect to ionization, electron temperature, and high-
energy electron density. This indicates that the electrons were heated by the RF field and transported radially inward across
the magnetic field lines. The moving distance of high-energy electrons is explained by an electron-neutral elastic collision.
Therefore, the density formation depends on where the electrons are heated and how far the high-energy electrons are
transported by an elastic collision, implying the longer existing time of high-energy electrons that move radially inward
away from the RF antenna.

I INTRODUCTION

Magnetically expanding radio frequency (RF) plasmas have been widely used, for example, in the plasma processing
of materials and plasma thrusters for space applications.1–4 In magnetically expanding RF plasmas, high-density conics
were observed in the diffusion region,5–7 which were also mentioned as bimodal or hollow density profiles. Subsequent
experiments showed that the magnetized electrons were heated near the RF antenna and transported mainly along the
magnetic field lines that passed through the edge of the dielectric tube, generating peripheral high-temperature electrons
and a conical density structure.7–9 The relationship between the high-temperature electrons and magnetic field lines was
investigated by changing the position of the RF antenna or the solenoid.10,11 In addition, the effect of off-axis ionization
due to the grad-B drift in the diffusion region has also been discussed.12,13 In a numerical simulation, the power absorption
density map inside the laboratory vacuum chamber was obtained using a plasma-wave model, indicating where the RF
power was deposited in the plasma plume downstream of the source.14 Several particle-in-cell (PIC) simulations in the
diffusion region implied that the electrons were heated by the plasma instability.15,16

The downstream density profile, according to a model of magnetically expanding thrusters, affects the formation of
internal plasma currents owing to E ×B and diamagnetic drifts, as well as the resultant axial Lorentz force and the thruster
performance.17–19 Therefore, for improving the thruster performance, it is essential to understand the formation of density
profiles. The hollow density profile implies that the high-energy electrons generated by peripheral RF heating are less
likely to be transported to the radial-center region across the magnetic field lines. However, high-energy electron transport
is not fully understood. To investigate the formation of the density profile with high-energy electron transport, particle
simulations with self-consistent plasma generation are required, and several plasma dynamics must be analyzed: power
absorption, ionization, high-energy electron confinement, and collisional particle transport.

Previous PIC simulations of magnetically expanding plasmas have focused on the diffusion region downstream of
the plasma source.15,16,20 However, both the plasma source and the diffusion region have to be simulated to accurately
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FIG. 1: A schematic of the two-dimensional calculation model. The thruster consists of a radio frequency (RF) antenna,
a dielectric wall, and a solenoid coil. The color map depicts the magnetic field intensity at IB = 2.0 kA. Solid black lines
show the magnetic field lines.

understand the electron heating, the electron transport along and across the magnetic field lines, and the structural
formation.

In this study, two-dimensional particle-in-cell simulations with Monte Carlo collisions (PIC-MCCs) were employed,
and a magnetically expanding RF plasma was kinetically simulated, including the plasma source and diffusion region. The
objective of this paper is to describe where high-energy electrons are generated by RF heating and how they are transported
in magnetically expanding plasma. Here, only the inductive RF fields are considered to eliminate the complicated power
absorption profile caused by the plasma-wave interaction, and only the magnetic field strength is modified. By fixing the
discharge mode, the density profile formation depending on the magnetic field strength and high-energy electron transport
can be discussed, where inductive heating and high-energy electron transport along the magnetic field lines have been
implied in previous experiments.11 Therefore, it is expected that the density profile formation can be reproduced even
in a two-dimensional ICP model. As a result of the PIC-MCC simulations, the bimodal density profiles measured in
previous experiments were generated by changing the magnetic field strength, implying that the inductive RF fields can
reproduce the density transition independent of the plasma-wave interaction. In the remainder of this paper, the formation
of high-density conics was also investigated from the perspective of electron heating and high-energy electron transport.

II NUMERICAL MODEL

Figure 1 shows the schematic of the calculation model. The calculation model is based on a previously used thruster
with two open-source exits, in which space debris removal by bidirectional plasma ejection was demonstrated.21 It should
be noted that similar ion acceleration characteristics are obtained on the upstream and downstream sides of thrusters in
both experiments and simulations,22,23 implying that the bidirectional configuration has no effect on the essential physics
of plasma expansion. The calculation area was assumed to be symmetric for the x- and y-axes. Symmetric and continuous
boundary conditions were applied to the particle and field solvers on the x- and y-axes, which are described in detail
later. The calculation area was set to approximately one-sixth of the scale of the experimental plasma source, reducing the
calculation cost and avoiding central anomalies. In addition, the calculation area was set to a two-dimensional xy-plane
with a 2.5 cm × 0.56 cm region and had an infinite length in the z-direction, which was perpendicular to the xy-plane.
The two-dimensional model can significantly reduce the calculation cost of solving Poisson’s equation compared with the
axisymmetric model because the fast Fourier transformation can be applied in both x- and y-directions.

The magnetically expanding RF plasma source consists of an RF antenna, solenoid coil, and dielectric wall, as shown
in Fig. 1. The RF current induces electromagnetic fields and heats electrons. The lateral dielectric wall radially (y)
confines low-energy electrons by the sheath.

For a charged particle, the equations of motion are as follows:

m
dv

dt
= q(Ees + Eem + v × (B + Bem)), (1)

v =
dx

dt
, (2)
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where m is the particle mass; v is the particle velocity; t is the time; q is the particle charge; x is the position of the particle;
Ees is the electrostatic field generated by the charged particles; Eem and Bem are the electromagnetic fields induced by
the RF and plasma currents, respectively; and B is the magnetostatic field produced by the solenoid. The equations of
motion are solved using the Boris method.24 Particles incident to the outer boundaries (x = 2.5 cm and y = 0.56 cm) are
assumed to disappear and thus excluded from the simulations. Particles incident on the dielectric are also excluded, but
they accumulate as a surface charge on the dielectric, which is used in Poisson’s equation for the electrostatic field Ees .
Particles incident on x- and y-axes were specularly reflected to ensure that the particle rotation was conserved. In the
x-axis reflection, the velocity in the x-direction vx is conserved, and the velocities in the y- and z-directions vy and vz are
inverted. In the y-axis reflection, vx is inverted, and vy and vz are conserved. Electron-neutral collisions were calculated
using the null collisions method,25 which is composed of elastic, excitation, and ionization collisions (see Table 2).

The surface charge density σs can be written as:

σs =
e(Ns,i − Ns,e)

∆S
, (3)

where e is the elementary charge; Ns,i and Ns,e are the accumulated numbers of single ions and electrons in the dielectric
cell, respectively; and ∆S is the cell area. Then, the potential φt is calculated as:

∇2φt = −
e(ni − ne) + σs/∆y

ε0
, (4)

where ni and ne are the ion and electron number densities, respectively; ∆y is the cell size in the y-direction; and ε0 is the
vacuum permittivity. Equation (4) is solved using a fast Fourier transformation. Subsequently, the polarization charge σp

is obtained from

σp =
χε0Ees,t ,⊥

∆y(1 + χ)
, (5)

where χ is the susceptibility and Ees,t ,⊥ is the perpendicular electrostatic field generated by φt . Here, it is assumed that
the electrostatic field by φt is perpendicular to the dielectric surface and does not exist in vacuum. The susceptibility χ

was set to 2.8, which is a typical value for glass tubes. The potential φp generated by σp was calculated as follows:

∇2φp = −
σp

ε0∆y
. (6)

Equation (6) can also be solved using fast Fourier transformation. Finally, the sum of the potentials φ is obtained from

φ = φt + φp, (7)

and the electrostatic field Ees is calculated as follows:

Ees = −∇φ. (8)

Considering Gauss’s law, the electrostatic field on the dielectric at y = 0.5 cm is obtained from

∇ · Ees =
e(ni − ne) + (σs + σp)/∆y

ε0
. (9)

From Maxwell’s equations, the electromagnetic field Eem induced by the RF antenna can be described as follows:
(

∂2

∂x2
+

∂2

∂y2
+ µ0ε0ω

2
)

Ẽem = iωµ0 j̃p, (10)

where µ0 is the vacuum permeability; ω is the RF angular frequency; Ẽem is the complex electric field; i is an imaginary
unit; and j̃p is the complex plasma current density.26,27 The complex plasma current j̃p is obtained from

j̃p = −

∑

qWvz

∆V
ei∆ψ, (11)

where W is the particle weight; ∆V is the cell volume; vz is the particle velocity in the z-direction; and ∆ψ is the phase
difference between the RF and plasma currents.26,27 The electromagnetic field Bem is also calculated from Faraday’s law.
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The calculation area for the RF field was set to 1.5 cm × 0.5 cm only for the plasma source. As boundary conditions, we
set Ẽem = 0 on the x-axis and ∂Ẽem/∂x = 0 on the y-axis. The electric fields Ẽem on the dielectric at y = 0.5 cm and
the right boundary at x = 1.5 cm were calculated using Biot-Savart’s law and Faraday’s law.28 Note that the RF discharge
model employed in this study considers only the inductively coupled mode and does not contain capacitively coupled or
wave modes.

The magnetostatic field produced by a solenoid B was calculated using Maxwell’s equations. The calculation area for
the magnetostatic field was set as 25 cm × 5.6 cm to ignore the outer boundary effects. Az = 0 on the x-axis and the outer
boundaries, and ∂Az/∂x = 0 on the y-axis are assumed as boundary conditions.

Table 1 summarizes the calculation conditions used in this study. Xe+ and e− were employed as charged particles,
and multiply-charged ions were not considered for simplicity. The time steps of the charged particles are set to 125 ps for
ions (1/100 RF period) and 3.57 ps for electrons (1/35 time step for ions). Electron-neutral collisions consist of elastic,
excitation, and ionization collisions. The cross-sections employed in the simulations are summarized in Table 2 and
plotted in Fig. 2. The neutral density and temperature were assumed to be uniform, 3 × 1019 m−3 and 300 K, respectively,
corresponding to a pressure of 83 mPa. The RF frequency was set to 80 MHz under the same conditions as those in our
previous simulations.29,30 The RF current is controlled to keep the power absorption at 3.5 W. In this study, the power
absorption of the plasma was defined as the sum of the changes in the particle kinetic energies.26 The calculation area is
divided by cells of 50 µm × 50 µm to satisfy the limitation of Debye length. The initial ions and electrons were uniformly
placed in the calculation area, and the initial number of particles per cell was set to 100. The particle weight was 2.5 × 106.
A steady state was obtained after 5,000 RF cycles (62.5 µs) from the beginning of the simulations, and the electron number
density was within ±5%. Then, the simulation results were averaged over 37.5 µs from the steady state, which is equivalent
to 3,000 RF periods. To investigate the dependency on the magnetic field strength, three solenoid currents of 0.1, 0.4, and
2.0 kA were employed while unchanging the structure of the field lines. The magnetic field strength and magnetic field
lines at 2.0 kA are shown in Fig. 1.

Note that the neutral pressure and the size of the vacuum chamber are not expected to affect the density profile formation
because in many experiments with various conditions, a bimodal density profile has been observed.6,31 However, the density
profile was modified by changing the magnetic field strength;32 therefore, only the magnetic field strength is changed in
this study.

III RESULTS AND DISCUSSION

Figure 3 shows x-y profiles of the electron number density ne for the three solenoid currents of 0.1, 0.4, and 2.0 kA.
It can be seen that ne increases as the solenoid current increases, owing to electron confinement by the magnetic field. In
addition, the radial (y) density profiles were significantly affected by the magnetic field strength. To compare the y profile
of the density in greater detail, Fig. 4 shows y profiles of the electron number density ne for three solenoid currents of 0.1,
0.4, and 2.0 kA at x = 0 and 1.5 cm. The densities were maximized at y = 0 and decreased along the y-axis for the 0.1 and
0.4 kA cases. The density profiles correspond to the center-peaked plasmas due to the symmetric calculation model for
x-axis. However, for the 2.0 kA case, the density is maximized at y = 0.1 cm, and the hollow region is generated around
y = 0. This density profile is bimodal plasma owing to the symmetry, which is consistent with the previous experimental
results.5–10,12,13

Figure 5 shows x-y profiles of the electron temperature Te for the three solenoid currents of 0.1, 0.4, and 2.0 kA.
Figure 6 also shows y profiles of the electron temperature Te for three solenoid currents of 0.1, 0.4, and 2.0 kA at x = 0

TABLE. 1: Calculation condition.
Parameters Values
Particles Xe+ and e−

Time step for ions 125 ps (1/100 RF period)
Time step for electrons 3.57 ps (1/35 time step for ions)
Neutral density 3 × 1019 m−3

Neutral temperature 300 K
RF frequency 80 MHz
Power absorption 3.5 W
Cell size 50 µm × 50 µm
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FIG. 2: Xenon cross-sections employed in the simulations: (a) elastic and (b) excitation and ionization.
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FIG. 3: x-y profiles of the electron number density ne for the three solenoid currents of (a) 0.1, (b) 0.4, and (c) 2.0 kA.
Solid black lines show the magnetic field lines.
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TABLE. 2: Xenon cross-sections employed in the simulations.
Reactions References
Xe + e− → Xe + e− 33Heer, et al.
Xe + e− → Xe∗ + e− 34Hayashi, et al.
Xe + e− → Xe+ + 2 e− 35Rapp, et al.
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FIG. 4: y profiles of the electron number density ne for the three solenoid currents of 0.1, 0.4, and 2.0 kA at (a) x = 0 and
(b) x = 1.5 cm.

and x = 1.5 cm. Te was calculated using

Te =
meNe

3kB(Ne − 1)

(∑

v
2
e

Ne

− u
2
e

)

, (12)

where me is the electron mass; Ne is the number of electrons; kB is Boltzmann’s constant; ve is the electron particle
velocity; and ue is the electron flow velocity. As shown in Figs. 5 and 6, the electron temperature is relatively high in the
peripheral region near the dielectric and low in the central region because the electrons are well heated near the RF antenna
owing to the inductively coupled mode. For strong magnetic fields of 0.4 and 2.0 kA, a similar electron temperature is
distributed along the magnetic field lines, indicating electron confinement by the magnetic field.

The mean free path l of the high-temperature electrons is estimated from l = (nnσ)
−1, where nn represents the neutral

density and σ represents the cross section. When σ is approximately assumed to be 1 × 10−19 m2 from Fig. 2, l becomes
33.3 cm using the calculation condition nn = 3 × 1019 m−3 (see Table 1). Therefore, l is sufficiently larger than the plasma
source size, and most electrons move along the magnetic field lines without collisions. Because the electrons are repelled
by the potential drop in the diffusion region or the magnetic mirror at the magnetic throat, they are heated by the inductive
field under the RF antenna, and a high-temperature region is produced, as shown in Fig. 5.

The ionization rate was analyzed in the simulations to investigate the formation of the density profiles. Figure 7 shows
the x-y profiles of the ionization rate Giz for three solenoid currents of 0.1, 0.4, and 2.0 kA. The y profiles of the ionization
rate Giz at those solenoid currents at x = 0 and x = 1.5 cm are also shown. From Figs. 3, 4, 7, and 8, it is observed that
the region with a high ionization rate corresponds to the high-density region. Thus, most electrons generated through
ionization move mainly along the magnetic field lines and are transported across the magnetic field lines to a less extent.

The electron Larmor radius was estimated using the electron temperature Te shown in Fig.5 and the magnetic field
strength B. The electron thermal velocity is employed, and the electron Larmor radius can be expressed as

rL =

√

8meTe

eπB2
. (13)

Figure 9 shows the x-y profiles of the electron Larmor radius rL for three solenoid currents: 0.1, 0.4, and 2.0 kA. The
electron Larmor radius rL at 0.1 kA is 1–5 mm, which is comparable to the thruster height of 0.5 cm. However, rL at 0.4
and 2.0 kA is sufficiently smaller than the thruster size, indicating electron magnetization.

Sufficiently high-energy electrons are required for ionization. In this study, the simulations were performed considering
xenon gas, and an energy of 12.1 eV or more was required to ionize neutrals. Here, the number density of electrons with
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FIG. 5: x-y profiles of the electron temperature Te for the three solenoid currents of (a) 0.1, (b) 0.4, and (c) 2.0 kA. Solid
black lines show the magnetic field lines.
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x = 1.5 cm.
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FIG. 7: x-y profiles of the ionization rate Giz for the three solenoid currents of (a) 0.1, (b) 0.4, and (c) 2.0 kA. Solid black
lines show the magnetic field lines.
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FIG. 8: y profiles of the ionization rate Giz for the three solenoid currents of 0.1, 0.4, and 2.0 kA at (a) x = 0 and (b) x =
1.5 cm.
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FIG. 9: x-y profiles of the electron Larmor radius rL for the three solenoid currents of (a) 0.1, (b) 0.4, and (c) 2.0 kA.
Solid black lines show the magnetic field lines.
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FIG. 10: x-y profiles of the high-energy electron number density ne,h for the three solenoid currents of (a) 0.1, (b) 0.4,
and (c) 2.0 kA. Solid black lines show the magnetic field lines.

energies above 12.1 eV was extracted from ne shown in Fig. 3. Figure 10 shows the x-y profiles of the high-energy electron
number density ne,h for three solenoid currents: 0.1, 0.4, and 2.0 kA. The y profiles of the high-energy electron number
density ne,h for those currents at x = 0 and x = 1.5 cm are also shown. From Figs. 7 and 10, it can be confirmed that ne,h
is high when the ionization rate is high. Therefore, the presence of high-energy electrons determines the probability of
ionization in the plasma source.

Figure 12 shows the x-y profiles of the high-energy electron ratio ne,h/ne for three solenoid currents: 0.1, 0.4, and
2.0 kA. The y profiles of the high-energy electron ratio ne,h/ne for those at x = 0 and x = 1.5 cm are also shown. There
are clear differences between the high-energy electron ratio and density profiles. The high-energy electron ratio increases
in the outer region (y > 0.3 cm), whereas the high-energy electron density increases in the inner region (y < 0.3 cm).
Additionally, the profiles of the high-energy electron ratio were roughly consistent with those of the electron temperature,
as shown in Fig. 5. Thus, the high-energy electron density profiles directly affect the ionization rate and density profile
formation.

For ionization, electrons must be heated to a sufficient energy, which should be greater than the ionization energy
of 12.1 eV. In magnetically expanding RF plasma, energy is supplied only from the RF field, and the power absorption
under the RF antenna is expected to be high in the presence of inductive fields. Figure 14 shows x-y profiles of the power
absorption per electron pabs,e for three solenoid currents (0.1, 0.4, and 2.0 kA), where pabs,e is calculated from the change
in the electron kinetic energy. As seen in Fig. 14, pabs,e is high in the peripheral region near the dielectric, indicating
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FIG. 11: y profiles of the high-energy electron number density ne,h for the three solenoid currents of 0.1, 0.4, and 2.0 kA
at (a) x = 0 and (b) x = 1.5 cm.
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FIG. 12: x-y profiles of the high-energy electron ratio ne,h/ne for the three solenoid currents of (a) 0.1, (b) 0.4, and (c)
2.0 kA. Solid black lines show the magnetic field lines.

11

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
2
6
9
0
1



0.00.5
y (cm)

0.0

0.5

1.0

1.5

2.0

n e
,h

/n e

(a) x = 0 cm

0.1 kA
0.4 kA
2.0 kA

0.00.5
y (cm)

0.0

0.5

1.0

1.5

2.0

n e
,h

/n e

Dielectric
RF

Away from RF

Dielectric
RF

Away from RF

Dielectric
RF

Away from RF

(b) x = 1.5 cm

FIG. 13: y profiles of the high-energy electron ratio ne,h/ne for the three solenoid currents of 0.1, 0.4, and 2.0 kA at (a) x

= 0 and (b) x = 1.5 cm.

inductively coupled heating by the RF field. In addition, the large positive values of pabs,e appear to be very similar to
those obtained in previous studies,6–10,12 which have discussed the possible interpretations of electron heating by inductive
fields. The results obtained at 0.4 and 2.0 kA in this study indicate that the electrons are energized at the axial location
of the solenoid rather than at the RF antenna. Although the detailed energizing process is not yet understood, this result
might explain the non-local generation of plasma in the convergent magnetic field.11

The electrons heated in the peripheral region mainly moved along the magnetic field lines; therefore, the electron
temperature was high in the peripheral region, as shown in Fig. 5. However, the high-temperature region shown in Fig. 5
is different from that in the high-energy-density region shown in Fig. 10. This implies that high-energy electrons heated
by the RF field are also transported to the inner region (negative y-direction) across the magnetic field lines.

Figure 15 shows x-y profiles of the high-temperature and high-energy-density lines for three solenoid currents (0.1, 0.4,
and 2.0 kA), where the high-temperature and high-energy-density lines are extracted by taking the maximum values in the
y-profiles from Figs. 5 and 10. The calculation model was symmetric with y = 0. On average, high-energy electrons were
expected to be transported from the high-temperature line (solid blue line) to the high-energy-density line (dashed orange
line). Because the two-dimensional calculation model does not have an electric field in the z-direction, E × B drifts in the
xy-plane do not occur. In addition, the cyclotron frequency ωc is sufficiently larger than the collision frequency ν, where
ωc and ν are roughly estimated to be 109 Hz and 105 Hz, respectively. Therefore, only electron-neutral elastic collisions
can transport high-energy electrons across magnetic field lines while conserving their energies. Here, an electron exists
in the width of 2rL in the direction perpendicular to the magnetic field, and an elastic collision can shift the guiding center
by 2rL , as shown in Fig. 15(d). Thus, the maximum probable moving distance from an elastic collision is estimated to be
4rL .

To estimate the maximum probable moving distance, the Larmor radius was calculated using the magnetic field strength
on the high-temperature line and the minimum required energy of 12.1 eV for high-energy electrons. The green regions
in Fig. 15 correspond to a distance of 4rL from the high-temperature line (solid blue line) in the negative y-direction.
A high-energy electron on the high-temperature line can be transported in the direction along the green arrow by an
elastic collision. Notably, the negative y-direction (not accurately perpendicular to the magnetic field) and the magnetic
properties on the high-temperature line are considered for this estimation.

At 0.1 kA, the 4rL region occupies almost the entire calculation area (−0.5 cm < y < 0.5 cm), indicating that high-
energy electrons on the high-temperature line can be transported across the high-energy-density line by an elastic collision.
However, at 0.4 kA, the 4rL region occupies approximately the upper half region (0 < y < 0.5 cm). Although high-energy
electrons on the high-temperature line can be transported around y = 0 by an elastic collision, fewer of them are transported
across y = 0. Finally, at 2.0 kA, the 4rL region is relatively small and does not reach approximately y = 0. Transporting
high-energy electrons on the high-temperature line to the region around y = 0 is difficult; therefore, a hollow density profile
is obtained, as shown in Fig. 3(c).

The distance 4rL increases in the downstream region because the magnetic field strength rapidly decreases. Therefore,
high-energy electrons can move over long distances in the downstream region. The high-temperature and high-energy-
density regions have variations around each maximum line, and a minimum ionization energy of 12.1 eV is assumed in
this estimation. Because of the limitations of this estimation, it is reasonable that the high-energy-density lines are roughly
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FIG. 14: x-y profiles of the electron power absorption density pabs,e for the three solenoid currents of (a) 0.1, (b) 0.4, and
(c) 2.0 kA. Solid black lines show the magnetic field lines.
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FIG. 15: x-y profiles of the high-temperature and high-energy-density lines for the three solenoid currents of (a) 0.1, (b)
0.4, and (c) 2.0 kA. The elastic collisional moving distance 4rL from the high-temperature line is also plotted. Solid black
lines show the magnetic field lines. (d) A schematic of the electron exiting width in the magnetic field and the maximum
probable moving distance by an elastic collision.
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determined by the collisional moving distance from the high-temperature lines.
To explain why the high-energy electrons are transported in the negative y-direction, two patterns of high-energy

electrons are assumed: (i) high-energy electrons that do not collide with neutrals in the high-temperature region and
remain heated under the RF antenna, and (ii) high-energy electrons that collide with neutrals in the high-temperature
region and move in the negative y-direction away from the RF antenna. In pattern (i), the high-energy electrons are heated
under the RF antenna because of magnetic confinement, even though the electrons already have enough energy to ionize a
neutral. The energy of the electrons (i) continues to increase and is likely to be lost to the wall by overcoming the sheath
potential. However, in pattern (ii), the high-energy electrons move in the negative y-direction after being heated by the
RF field. Although their energies are less likely to increase by RF heating, the energies are sufficient to ionize a neutral,
and high-energy electrons away from the RF antenna can be prevented from overheating. Therefore, high-energy electron
energies (ii) are unlikely to exceed the sheath potential and are less likely to be lost to the wall. Consequently, the number
of high-energy electrons increased. The high-energy electrons mentioned in (ii) are expected to have longer existing times
than those in (i) and increase the ionization probability. Note that a high temperature implies a high ratio of high-energy
electrons, whereas a high-energy electron density indicates a large number of high-energy electrons.

The least heated region is the center of the plasma source (on the x-axis around y = 0 in this study), which corresponds
to the center-peaked plasma for the weak magnetic field strength in Figs. 3(a) and 3(b). Increasing the intensity of the
magnetic field restricts the radial electron transport and is expected to produce the bimodal plasma profile shown in
Fig. 3(c). The density profile transition observed in magnetically expanding RF plasmas can be explained by the extent to
which high-energy electrons are transported by an elastic collision.

Previous studies have shown that the density profile transition depends on the discharge mode and power absorption.36,37

However, PIC-MCC simulations in this study demonstrates that the significant change in the radial density profile depends
on the magnetic field strength and the high-energy electron transport. As mentioned in Sec. II, only inductive mode
discharge is considered, and the wave effect is artificially eliminated. Here, the center-peaked profiles are detected for the
0.1 and 0.4 kA cases, whereas the bimodal density profile is formed by increasing the magnetic field strength to 2.0 kA.
Therefore, the density profile formation depends not only on the discharge mode and power absorption but also on the
magnetic field strength and the radially high-energy electron transport across the magnetic field lines.

The Dirichlet boundary condition was assumed to be x = 2.5 cm in the simulations, and the sheath was generated
near the boundary. Thus, the electrons reflected by the sheath may move to the inner magnetic field lines. This effect
can be eliminated by employing an open boundary condition, but numerical convergence is an issue to be addressed for
obtaining a steady plasma. To fully understand high-energy electron transport, further numerical investigation with an
open boundary condition is required.

IV CONCLUSION

Two-dimensional PIC-MCC simulations for magnetically expanding RF plasma were conducted to investigate the
density profile transition and high-energy electron transport. The density profile changed from center-peaked to bimodal
plasma with increasing magnetic field strength, and bimodal density profiles were reproduced in the simulation, as
observed in previous experiments. The density profile transition was discussed with respect to the ionization, electron
temperature, and high-energy electron density. The high-temperature region was different from the high-energy-density
region, indicating that high-energy electrons were generated in the peripheral region and transported to the high-energy-
density region across the magnetic field lines by electron-neutral elastic collisions. The high-energy-density line was
determined based on the moving distance of the high-energy electrons by an elastic collision, whereby a hollow density
region was generated for the strong magnetic field condition. The density profile formation depends on the regions where
the electrons are heated and how far the high-energy electrons are transported by an elastic collision. This implies that
high-energy electrons that move radially inward away from the RF antenna exist for a longer time.

The density profile transition is reproduced in the two-dimensional ICP model without wave effects, demonstrating the
dependence of the magnetic field strength and high-energy electron transport across the magnetic field lines on the density
profile formation. These numerical results support the conclusion derived in previous experiments, where inductive
heating and high-energy electron confinement produced a bimodal density profile.

Although a bimodal density profile was observed in the two-dimensional ICP model, the plasma instabilities and
anomalous transport reproduced in the three-dimensional model may have a relevant role in the density profile formation.
Recently, electron detachment due to instabilities was discussed;38–40 this detachment might also affect the density profile
formation. present PIC-MCC simulations cannot treat three-dimensional models because of the calculation cost, but these
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effects will be analyzed in the future.
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