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ABSTRACT

This study analyzes the mechanism of electron loss at the discharge chamber wall of a microwave discharge neutralizer via three-dimensional
particle-in-cell simulations with Monte Carlo collisions (PIC–MCCs). The neutralizer employs electron cyclotron resonance discharges with
two ring-shaped permanent magnets and 4.2-GHz microwaves, where the plasma is confined by a magnetic mirror. The PIC–MCC simulation
results show that the electron extraction efficiency of a water neutralizer can be increased by two times in an optimized magnetic field configu-
ration, which is a higher increased rate than that of a xenon neutralizer. However, the efficiency of 20% is still low (e.g., less than half of the
xenon one) because many electrons are lost to the magnet surface. The loss is determined to be due to approximately 5-times higher ratio of
electrons inside the loss cone in the water neutralizer than that in the xenon neutralizer. The electron velocity distributions of each neutralizer
clearly show that the water neutralizer has a larger fraction of electrons parallel to the magnetic field than the xenon neutralizer. This result is
attributed to the large number of electron collisions in the water neutralizer owing to the high neutral gas pressure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002336

I. INTRODUCTION

Plasma discharges of water vapor can be potentially used in a wide
range of applications such as environmental and health problems,1–5

plasma-assisted chemical vapor deposition,6 and space propulsion.7–9 In
space propulsion, several types of thrusters that use water plasma have
been researched and developed such as a pulsed plasma thruster,7 a heli-
con thruster,8 and an electrothermal thruster.9 Compared to other pro-
pellants, water propellant has several advantages such as safety, easy
handling, and low manufacturing cost. Moreover, liquid propellant can
considerably miniaturize a propulsion system by removing a large high-
pressure gas storage system, which occupies most of the weight and
volume of the propulsion system. Because the demand for propulsion
systems for a 10-kg-class spacecraft is considerably increasing,10 water is
a promising propellant for microspacecraft.

As one of the propulsion systems for a 10-kg-class spacecraft to
produce high delta-v and specific impulse (fuel efficiency), a miniature
microwave discharge water ion thruster has been proposed and devel-
oped by the University of Tokyo, which employs electron cyclotron

resonance (ECR) discharges for its ion source and neutralizer. The
water ion thruster has already operated on the ground, and its thrust
performance has been measured.11,12 The measurements showed that
the highest thrust and specific impulse were 164lN and 665 s without
the neutralizer, respectively, where the thrust correction factor was
determined to be 0.92 with a beam acceleration voltage of over
0.80 kV. In addition, previous experiments have indicated that the
water neutralizer needs almost the same mass flow rate as its ion
source for neutralization owing to the small ionization cross section
and light mass of water molecules,12 whereas the xenon neutralizer
needs a half or less mass flow rate of its ion source.13,14 This high con-
sumption of the propellant in the water neutralizer is a critical issue
for space propulsion systems because the propellant cannot be
reloaded in space.

Although it is important to investigate the plasma behavior to
increase the water neutralizer performance, the use of plasma diagnos-
tics is difficult owing to the small size of its discharge chamber (20mm
in diameter and 4mm in height). To address this issue, we conducted
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three-dimensional (3D) fully kinetic particle simulations to analyze
the degradation of the neutralizer performance. Here, we employed
the real electron to ion mass ratio without introducing an artificial
mass ratio to capture the physics of electron motion. In a previous
study,15 3D particle simulations revealed that the electron extraction
efficiency, which is defined as the ratio of the extracted electron cur-
rent to the generated electron current, achieved a 1.5-times higher
value in an optimized magnetic field configuration, where the mag-
netic field lines passed through nearly the entire area of the orifices. In
this study, we attempted to improve the extraction efficiency for the
water neutralizer in a similar way.

In the following section (Sec. II), the numerical model is briefly
described. The simulation results indicated that the electron extraction
efficiency of the water neutralizer was able to be increased by two
times in the optimized magnetic configuration; however, the efficiency
was still less than 20% owing to the large loss of electrons to the mag-
net surface. The loss mechanisms are discussed in Sec. III from the
viewpoint of electron velocity distribution functions. Finally, conclu-
sions are made in Sec. IV.

II. NUMERICAL MODEL
A. Calculation

We employed 3D particle-in-cell simulations with the Monte
Carlo collision (PIC–MCC) algorithm for the kinetics of charged par-
ticles, a finite-difference time-domain (FDTD) algorithm for the elec-
tromagnetic fields of microwaves, and a finite-element analysis using
ANSYSVR Academic Teaching Mechanical and CFD, Release 15.0 for
the magnetostatic fields of permanent magnets. Figure 1 shows the
flow chart of the simulation used in this study. The 3D PIC–MCC
simulations were based on our previous papers.15–19 First, we set the
initial conditions; then, we solved Maxwell’s equations using the
FDTD algorithm for the electromagnetic fields of the microwaves to
obtain a steady-state solution without plasma. Second, we conducted
electrostatic PIC–MCC simulations using the time-varying electric
field of microwaves calculated by the FDTD algorithm, the electro-
static electric field of plasma, and the magnetic fields produced by per-
manent magnets. In this calculation, the magnetic fields of
microwaves are not taken into account because those are negligibly
small compared to the magnetostatic fields of permanent magnets.

For the plasma parameter range calculated in this study, the grid
spacing in the PIC–MCC simulation was set to 0.1mm at regular
intervals in all axial directions in the entire computational domain,
which is sufficiently small to satisfy the condition: the Debye length is
approximately larger than a third of grid spacing.20 On the basis of grid
spacing, the time increment of FDTD, DtEM, was set to 1.49� 10�13 s
to satisfy the Courant–Friedrichs–Lewy (CFL) condition, which was
equal to 1/1600 of a 4.2-GHz microwave cycle employed in this study.
The time steps for PIC were Dte¼ 5.95� 10�12 s (1/40 of a microwave
cycle) for the electrons and Dti¼ 2.38� 10�10 s (one microwave cycle)
for the ions, where Dte and Dti are sufficient to resolve the electron and
ion plasma frequencies, respectively, and are much smaller than the
mean-free time. Here, all time steps were fixed throughout the simula-
tion. Because it is impossible to trace the motion of all charged particles,
the superparticles of ions and electrons were introduced, where a single
superparticle had approximately 1.0� 104 of real charge and mass.
Last, we rescaled the amplitude of the electromagnetic field to adjust
the power absorbed in the plasma, Pabs, to the input parameter of P0.
The above-mentioned procedure was iterated until a steady-state solu-
tion was obtained.

B. Configurations and conditions

Figure 2 shows a schematic diagram of the calculation model for
the neutralizer together with the magnetic fields produced by two
ring-shaped permanent magnets. The red lines in Fig. 2(a) indicate the
resonant magnetic field of 0.15T, which is required to obtain ECR dis-
charge heating for 4.2-GHz microwaves. Here, the electrons generated
by ECR heating are also confined by the magnetic mirror, and most
electrons toward the upstream surface are lost to the permanent mag-
net. Figure 2(a) shows two magnetic field configurations, which are
referred to as MF-1 and MF-2; MF-1 is the conventional magnetic
field used in previous papers,16–19 andMF-2 is the optimized magnetic
configuration, which has a smaller outer diameter of the inner ring-
shaped permanent magnet. To maintain distance between the ECR
layer and the antenna, the gap distance from the magnet surface to the
antenna for MF-2 is 0.3mm, whereas that for MF-1 is 0.8mm. In the
previous study, the electron extraction efficiency of the xenon neutral-
izer with MF-2 was increased by 1.5 times.15 Hence, in this study, we
also conducted simulations for the water neutralizer with MF-1 and
MF-2 and compared the electron extraction efficiency.

A Cartesian coordinate system is employed in PIC–MCC simula-
tions, and the origin is placed at the center of the antenna at the inter-
face between the metal wall and the plasma in the z-direction.
A cylindrical coordinate system, where the radius r is defined as
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and the angle h is set to 0� and 270� for y- and x-axes,

respectively, is also used to describe plasma distributions. The calcula-
tion domain consists of a 20� 20� 4mm3 discharge chamber, a
0.6-mm-thick orifice plate with four circular orifices for electron
extraction, and a 20� 20� 5.4mm3 region to investigate the electron
extraction in the outside region of the discharge chamber. As bound-
ary conditions, the potential on the metal and boron nitride (BN) was
set to zero, and the potential at z¼ 10mm was set to 20V for the elec-
tron extraction voltage. This extraction voltage is the same as that used
in our previous experiment, where a metal mesh plate was placed
downstream of the neutralizer as an electron collector.21 The size of
the plate was much larger than that of the neutralizer; thus, the extrac-
tion voltage was uniform along the radial direction. In addition, allFIG. 1. Calculation flow for the PIC–MCC simulation.
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electrons and ions disappeared at the wall, antenna, and other bound-
aries, where no reflection, secondary electron emission, or charge accu-
mulation was assumed. Here, the ion energy at the boundaries was
below a few tens of volts because the plasma source did not have any
dc bias. Owing to the magnetic mirror configuration, the plasma den-
sity was negligibly small on the BN surface. Moreover, the BN area
was considerably smaller compared with other surfaces (0.94% of the
total surface area excluding the antenna surface); thus, the effect of
charge accumulation on the plasma potential was also negligible. The
effect was already investigated for a micro inductively coupled plasma
source in our previous study, where the voltage on the dielectric was
only 1V (see Figs. 7 and 10 in Ref. 22).

Table I shows calculation conditions for the water and xenon
neutralizers, which are the same as those employed in our previous
studies (see Refs. 15, 16, and 19 for xenon and Refs. 17 and 18 for
water). The above-mentioned table shows that the microwave fre-
quency was set to 4.2GHz for both neutralizers. However, the
absorbed power and the neutral gas pressure of the water neutralizer
were set to higher values than those of the xenon neutralizer to main-
tain the same order of plasma density as that of xenon. We assumed
that neutral particles are spatially and temporally uniform with a
Maxwellian velocity distribution at the gas temperature of 300K,
which is the common assumption for low-pressure plasma
sources.23–25 For the water neutralizer, H2O

þ, OHþ, Hþ, H�, O�,
OH�, and electrons were taken into account, whereas only Xeþ and
electrons were considered for the xenon neutralizer. The collision

reactions and their cross sections for each neutralizer were the same as
those employed in our previous papers (see Ref. 18 for water and Ref.
16 for xenon), where the null-collision method in MCC was used to
reduce the calculation time.26 On the basis of the neutral gas pressures
in Table I and the cross sections used in the simulations, the maximum
frequency of electron- and ion-neutral collisions for the xenon and
water neutralizers was calculated using the above-mentioned method.
The calculation showed that the minimum mean-free time of the
electron-neutral collision was 4.0� 10�8 s for xenon and 3.2� 10�9 s
for water and that of the ion-neutral collision was 2.6� 10�6 s for
xenon and 1.0� 10�6 s for water. The PIC–MCC time steps of Dte
¼ 5.95� 10�12 s and Dti ¼ 2.38� 10�10 s are a few orders of magni-
tude lower than these values. Therefore, the collision of charged par-
ticles can be treated separately from the calculation of motion.27

C. Additional remarks

A previous study on the water plasma source revealed that the
number density of the total negative ions was at least one order of
magnitude smaller than that of electrons under the condition shown
in Table I.18 This result indicates that the extracted negative ion cur-
rents have little effect on the neutralization performance of the water
neutralizer. Hence, we took into account only electrons for the perfor-
mance evaluation. The results of the simulations shown in the follow-
ing section were averaged over 50 000 microwave cycles (11.9 ls) after
the steady-state solutions were obtained. For 3D PIC–MCC simula-
tions, the threads/cores were increased (up to 72/36) for the parallel
computation to reduce the calculation time.

As mentioned in Sec. I, it is difficult to conduct plasma diagnos-
tics for the spatial distribution of plasma parameters owing to the
small size. The Langmuir probe method is very challenging owing to
the strong magnetic field, as shown in Fig. 2(a), and probe insertion
considerably perturbs the electromagnetic field of microwaves, which
leads to completely different plasma profiles. Nonetheless, some com-
parisons between the numerical results and experimental data were
conducted in our previous studies (see Refs. 16 and 21 for xenon and

FIG. 2. Schematic diagram of the calculation model: (a) the z–y plane (x¼ 0mm) together with the magnetic field for MF-1 (upper side) and MF-2 (lower side), (b) the x–y
plane (z¼ 1.0 mm for MF-1 and z¼ 0.5 mm for MF-2) at the antenna, and (c) the x–y plane (z¼ 4.0 mm) at the orifice plate. The thick red lines in panel (a) represent the res-
onant magnetic field of 0.15 T, which is required to obtain ECR discharge heating for 4.2-GHz microwaves.

TABLE I. Calculation conditions for the water and xenon neutralizers.

Propellant H2O Xe

Microwave frequency 4.2 GHz 4.2 GHz
Absorbed power 2.0 W 0.3 W
Neutral gas pressure 6.3 mTorr 1 mTorr
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Ref. 17 for water), which are qualitatively in good agreement with each
other.

III. RESULTS AND DISCUSSION

Figure 3 shows the time evolution of the volume-averaged electron
number density ne, total positive ion density nþ (H2O

þ, OHþ, and Hþ),
total negative ion density n� (OH�, O�, and H�) for the water neutral-
izer together with the volume-averaged electron density ne, and positive
ion density nþ for the xenon neutralizer in a time span of 50 000 micro-
wave cycles (11.9 ls). Here, the value of n� shown in Fig. 3 was multi-
plied by 10. These values were averaged over the entire calculation
domain. As shown in the figure, each density has reached a quasi-steady
state, although there are some periodic oscillations attributed to plasma
instability, as shown in our previous papers,15,18,19 which has been fre-
quently observed in other E�B devices.28–32 The calculation results
shown in Figs. 4–7 were averaged over the time span shown in Fig. 3.

A. Electron extraction efficiency and loss

Figure 4 shows the classification of the neutralizer walls and
time-averaged fractions of the electron currents at each boundary,
where the electron current toward the sidewall is not presented
because it was negligibly small (less than 0.1%). As shown in Fig. 4(b),
the efficiency in MF-2 was increased by approximately two times
(from 10% to 19%) for the water neutralizer, which is the same trend
as that for the xenon neutralizer [Fig 4(c)] but with a higher rate of
increase. However, the electron extraction efficiency of the water neu-
tralizer was still much lower than that of the xenon neutralizer (49%
in MF-2) owing to the high electron loss ratio inside the discharge
chamber of the water neutralizer, where the electrons were dominantly
lost to the upstream surface.

When MF-1 was applied to the neutralizer, the electron loss ratio
at the upstream surface of the water neutralizer was approximately

twice as high as that of the xenon neutralizer, whereas the electron loss
ratios of other surfaces were approximately the same. Hence, we com-
pared the simulation results of the water and xenon neutralizers for
MF-1 by focusing on the electron loss to the upstream surface. By
reducing the upstream loss, we could increase the electron extraction
efficiency of the water neutralizer. The simulation results for MF-1 are
shown in the remainder of this paper.

B. Plasma distribution

Next, we investigated plasma distributions of each neutralizer.
Figure 5 shows the time-averaged distributions of the electron density,
total positive ion density, total negative ion density, electron tempera-
ture, and potential on the z–r plane at h ¼ 45� for the water (upper
side) and xenon (lower side) neutralizers together with the ionization
mean-free path. The black lines and dashed red lines in Fig. 5(a) repre-
sent the magnetic field lines and the resonant magnetic field of 0.15T
to obtain ECR discharge heating for 4.2-GHz microwaves, respectively.
As shown in Fig. 5(a), a high electron density region appeared along
the ECR layer, where the order of the peak electron density in both

FIG. 3. Time evolution of the volume-averaged electron density (blue line), total
positive ion density (H2O

þ, OHþ, and Hþ) (dashed blue line), and total negative
ion density (OH�, O�, and H�) (dotted blue line) for the water neutralizer and that
of the volume-averaged electron density (red line) and positive ion density (dashed
red line) for the xenon neutralizer, which are averaged over the entire calculation
domain. Here, the value of the total negative ion density was multiplied by 10.

FIG. 4. (a) Classification of neutralizer walls and (b) time-averaged fractions of
electron currents at each boundary for water and (c) those for xenon neutralizer.
Here, the electron current toward the sidewall (v) is not shown in panels (b) and (c)
because it was negligibly small.
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neutralizers was the same because the absorbed power and the neutral
gas pressure of the water neutralizer were increased, as mentioned in
Sec. IIB. The distribution of the positive ion density in both neutralizers
shown in Fig. 5(b) was approximately the same as that of the electron
density. However, negative ions, which existed only in the water neutral-
izer, were confined by the plasma potential, as shown in Figs. 5(c) and
5(e). The density of the negative ions was less than a tenth of the electron

and positive ion densities. These distributions indicated that quasi-
neutrality was confirmed in both water and xenon plasma sources.

However, as shown in Fig. 5(d), the electron temperature of the
water neutralizer was higher than that of the xenon neutralizer. The
threshold energy of ionization for water was higher than that for
xenon. Moreover, as shown in Fig. 5(f), the ionization mean-free path
of low energy electrons (<17.5 eV) in the water neutralizer was larger

FIG. 5. Time-averaged distributions of the (a) electron density, (b) total positive ion density, (c) total negative ion density, (d) electron temperature, and (e) potential of the water
(upper side) and xenon (lower side) neutralizers for MF-1, where the black and dashed red lines in panel (a) represent the magnetic field lines and the resonant magnetic field
of 0.15 T to obtain ECR discharge heating for 4.2-GHz microwaves, respectively. The distribution at the z–r plane (h ¼ 45�) is shown, where the y-axis is drawn at 0� and the
x-axis is drawn at 270�. (f) Ionization mean-free path as a function of electron energy for water (blue line) and xenon (dashed red line).
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than that in the xenon neutralizer; although the neutral gas pressure of
the water neutralizer was higher than that of the xenon neutralizer.
Owing to the longer mean-free path and higher absorbed power, as
shown in Table I, the electron temperature of the water neutralizer
reached a higher value than that of the xenon neutralizer. The poten-
tial of the water neutralizer also became high owing to the high elec-
tron temperature [Fig. 5(e)].

Because the peak plasma potential in both water and xenon
plasma sources was higher than the extraction voltage of 20V at
z¼ 10mm, ions were distributed in the entire extraction region (out-
side the plasma source), as shown in Fig. 5(b). The extracted electrons
were also confined by the magnetic field in the extraction region

[Fig. 5(a)]. Here, both the ion and electron densities outside the
plasma sources were in the same range of 1013–1015 m�3.

In the plasma sources, electrons seemed to be confined along the
magnetic fields, which indicated that the magnetic mirror trapped
most electrons. Thus, the electrons that are present within the loss
cone will be lost to permanent magnets placed at the upstream surface.
This mechanism is discussed in the following section.

C. Loss cone of the magnetic mirror

The ratio of electrons inside the loss cone can be evaluated by the
normalized electron velocity distribution function f(vjj, v?), where vjj
represents the electron velocity component in the parallel direction to
the magnetic field, and v? represents that in the perpendicular direc-
tion.33 We calculated f(vjj, v?) at the position where nearly the peak
plasma density was observed (x¼ 0mm, y¼ 5.0mm, and
z¼ 2.0mm). In the velocity phase space, the following relation for the
trapped electron is derived:34

v0;k < 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B1

B0
� 1

� �
v20;? � 2q

/0 � /1ð Þ
me

;

s
(1)

where me is the electron mass, / is the potential, q is the charge of the
electron, B is the magnetic field, subscript “0” represents the value at
the position where f(vjj,v?) was calculated, and subscript “1” repre-
sents the value at the position where the magnetic mirror reflected
electrons. In the water and xenon neutralizers, /1 in Eq. (1) represents
the potential of 0V at the upstream surface, and B1 represents the
magnetic field at the electron loss position. Note that B1 of the inner
and outer ring-shaped magnets are different in the neutralizer, as
shown in Fig. 2(a). Hence, the relation for the trapped electron in the
neutralizer is given as follows:

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bin

B0
� 1

� �
v20;? �

2q/0

me

s
< v0;k <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bout

B0
� 1

� �
v20;? �

2q/0

me
;

s

(2)

where Bin and Bout represent the magnetic field at the electron loss
position on the inner and outer magnets, respectively. Using Eq. (2),
we evaluated the electron loss toward the upstream surface.

Figure 6 shows the distributions of f(vjj, v?) for the water and
xenon neutralizers. These distributions were calculated at the position
of (x, y, z) ¼ (0mm, 5.0mm, 2.0mm), where nearly the peak plasma
density was observed, as mentioned earlier. Here, the thick black lines
represent the boundary obtained from Eq. (2). The electrons, which
did not satisfy Eq. (2), were in the loss cone and, thus, lost to the
upstream surface if the electrons did not collide with the other particles
or the antenna. As shown in Fig. 6, f(vjj, v?) of the water neutralizer
was wider in both vjj and v? directions than that of the xenon neutral-
izer owing to the higher electron temperature. Thus, the ratio of the
number of electrons inside the loss cone to that of all electrons in the
velocity phase space was calculated to be 0.11% for the water neutral-
izer, which was approximately 5-times higher than that for the xenon
neutralizer (0.023%).

In addition, we calculated the electron energy probability function
(EEPF) and the electron energy distribution function (EEDF) in the
peak plasma region (1.5mm � z� 3.5mm and 3mm � r� 6mm).
Here, the definition of EEPF is the same as that in previous

FIG. 6. Normalized electron velocity distribution functions f(vjj, v?) at (x, y, z)
¼ (0 mm, 5.0 mm, 2.0 mm) for (a) the water and (b) xenon neutralizers. Thick black
lines represent the boundary of the loss cone obtained from Eq. (2).

FIG. 7. (a) Normalized EEPF gp(e), (b) normalized EEDF in the perpendicular
direction to the magnetic field gd(e?), and (c) that in the parallel direction gd(ejj) in
the peak plasma region (1.5 mm � z� 3.5 mm and 3mm � r� 6mm) for the
water and xenon neutralizers.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 063505 (2020); doi: 10.1063/5.0002336 27, 063505-6

Published under license by AIP Publishing

https://scitation.org/journal/php


papers.16,22,35 Figure 7 shows the normalized EEPF gp(e), normalized
EEDF in the perpendicular direction to the magnetic field gd(e?), and
that in the parallel direction gd(ejj). Figure 7(a) shows that the electron
temperature evaluated by the gradient of gp(e) was 13–22 eV for the
water neutralizer and 10–17 eV for the xenon neutralizer, which agreed
with the values in Fig. 5(d). As shown in Figs. 7(b) and 7(c), the ratio
of high energy electrons (>10–15 eV) in the water neutralizer was
larger than that in the xenon neutralizer in both perpendicular and
parallel directions. However, the difference in gd(ejj) for water and
xenon neutralizers was larger than the difference in gd(e?) for water
and xenon neutralizers, indicating that the ratio of vjj to v? in the water
neutralizer was higher than that in the xenon neutralizer. Hence, the
number of electrons inside the loss cone of the water neutralizer was
larger than that of the xenon neutralizer, which agreed with the result
obtained from Fig. 6. An increase in the electron loss to the upstream
surface is related to the loss cone of the magnetic mirror.

ECR heating accelerates only v? of electrons, which results in
higher v? than vjj. Therefore, as shown in Eq. (2), the number of elec-
trons trapped by the magnetic mirror increases owing to ECR heating.
However, when electrons collide with other particles, their velocity
components are changed irregularly, and the difference between v?
and vjj becomes smaller. Therefore, with an increase in the number of
electron collisions, the number of electrons within the loss cone tends
to increase. As mentioned in Sec. II B, the neutral gas pressure in the
water neutralizer was set to the higher value than that of the xenon
neutralizer. Therefore, the high neutral gas pressure in the water neu-
tralizer led to a number of electron collisions. Thus, the number of
electrons present within the loss cone in the water neutralizer was
larger than that in the xenon one. The result implies that a decrease in
the neutral pressure may reduce the electron loss to the upstream sur-
face and increase the electron extraction current. However, it was not
possible to increase the extraction current at lower pressures owing to
a decrease in the electron density. Because the neutralizer configura-
tion was originally developed for the xenon propellant, a new chamber
design may be required for the water neutralizer to reduce the electron
loss and to increase the extraction current; this work will be performed
in the future.

IV. CONCLUSIONS

This study presented the 3D PIC–MCC simulations of a 4.2-GHz
water ECR neutralizer to elucidate the electron loss mechanisms
toward the upstream surface, where two ring-shaped permanent mag-
nets are placed for the ECR discharge and electron confinement by the
magnetic mirror. We conducted simulations for the two magnetic field
configurations of MF-1 and MF-2. MF-1 is the conventional magnetic
field, and MF-2 is the optimized magnetic field, where the perfor-
mance of the xenon neutralizer was improved in the previous study.15

Here, the neutralizer performance was evaluated by the electron
extraction efficiency, which is defined as the ratio of the extracted elec-
tron current to the generated electron current.

The simulation results for the water neutralizer showed that MF-
2 led to an increase in the electron extraction efficiency by approxi-
mately two times. However, it was also confirmed that the extraction
efficiency of the water neutralizer was lower than that of the xenon
neutralizer because the electron loss to the upstream surface of the
water neutralizer was much higher than that of the xenon neutralizer,
especially for MF-1. The result implied that the number of electrons

inside the loss cone for the water neutralizer was larger than that for
the xenon one.

The ratio of the electrons present within the loss cone was also
evaluated by the electron velocity/energy distribution functions in the
peak plasma region. The number of electrons inside the loss cone of
the water neutralizer was determined to be approximately 5-times
larger than that of the xenon neutralizer. Therefore, we concluded that
an increase in the electron loss toward the upstream surface for the
water neutralizer was attributed to the larger number of electrons pre-
sent within the loss cone. This mechanism was probably caused by the
higher collision frequency owing to the higher neutral pressure of the
water neutralizer, which decreased the difference between the electron
velocity in the parallel direction to the magnetic field and that in the
perpendicular direction. Future work will include an investigation on
the ways to reduce electron loss toward the upstream surface to
increase the electron extraction efficiency of the water neutralizer.
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