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Numerical Analysis of a Miniature Microwave-discharge Ion Thruster
Using Water as the Propellant™

Kengo NAKAMURA," Yuichi NAKAGAWA,? Hiroyuki Koizumi,» and Yoshinori TAKAO®T

YDepartment of Systems Integration, Yokohama National University, Yokohama, Kanagawa 240-8501, Japan
DDepartment of Aeronautics and Astronautics, The University of Tokyo, Tokyo 113-8656, Japan
DDepartment of Advanced Energy, The University of Tokyo, Kashiwa, Chiba 277-8561, Japan
“Division of Systems Research, Yokohama National University, Yokohama, Kanagawa 240-8501, Japan

We have conducted three-dimensional particle-in-cell simulations with Monte Carlo collisions method (PIC/MCC)
to investigate the discharge characteristics of water for a microwave-discharge ion thruster, which can replace a high-pres-
sure gas storage system. In the calculation model, three ion species (H,O", OH™, and H") are taken into account. The PIC/
MCC results indicate that the electron density, the potential, and the electron temperature are the highest near the ECR
region, and in order to obtain a similar electron density, high absorbed power is required compared to the results using
xenon as the propellant. For the ion composition ratio of the water discharges, H,O' and OH* dominate over HT and
occupy more than 97%. However, about 10% of the ion current density is derived from H™ because of its lightweight
and the effect of hydrogen ions would not be negligible for ion beam extraction.
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1. Introduction

Commercial use of CubeSats has increased recently be-
cause the development costs and prelaunch preparation time
can be reduced. Even deep space exploration missions can be
carried out by CubeSats? or microspacecraft.?) However,
CubeSats have limits of weight, volume, and power, and
thus, thrusters mounted on them must be miniaturized signif-
icantly. Ion thrusters are one of the candidates for a small and
high-performance propulsion system. The research of a min-
iature ion propulsion system (MIPS) for 50-kg-class micro-
spacecraft such as HODOYOSHI-4 was conducted in Japan
and its operation in space was successfully performed in
2014 for the first time in the world. The MIPS employs elec-
tron cyclotron resonance (ECR) discharges with ring-shaped
permanent magnets for its ion source and neutralizer.’
Since the MIPS utilizes xenon as the propellant, just as con-
ventional ion thrusters, the high-pressure gas storage and
feed system comprise most of the weight of the total propul-
sion system, which is difficult to miniaturize further. To re-
move the gas storage system, a small ion thruster using water
as a liquid propellant has been proposed. Although water
propellant has some problems, such as low-performance
and oxidation characteristics, water also has the strong ad-
vantages of storage, safety, easy handling and availability
compared to other propellants, which is important for micro-
spacecraft. Moreover, oxidation is not a critical issue for the
MIPS because it does not use a hollow cathode or electrodes
for its ion source and neutralizer. The preliminary operation
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of the thruster has already been demonstrated at the Univer-
sity of Tokyo,® while the details of the discharge character-
istics are not well known yet. Since it is difficult to perform
plasma diagnostics and to identify what ion species are dom-
inant in a small discharge chamber, we analyzed discharge
characteristics of water using three-dimensional particle sim-
ulations in this study. Dependence on the power absorbed
and influence of ionized ions are discussed. A comparison
of the simulation results between water and xenon propel-
lants, which was investigated in a previous study,” is also
conducted.

2. Numerical Model

The numerical methodology is basically the same as that
employed in our previous paper” except for the propellant,
grid spacing, and time step; and thus, the model is briefly de-
scribed below.

2.1. Configuration

Figure 1 shows the flow chart of the simulations. We em-
ployed a three-dimensional particle-in-cell method with
Monte Carlo collisions (PIC/MCC) to analyze the kinetics
of charged particles, together with the finite-difference
time-domain method (FDTD) for the microwave electromag-
netic field Egy, and finite element analysis using ANSYS
Emag™ software for the magnetostatic field of the perma-
nent magnets Bgr.

Figure 2 shows the calculation model, where the size of
the discharge chamber is 20 x 20 x 4mm® with a ring-
shaped antenna located at z = 1.0 mm. The inside of the co-
axial waveguide is filled with the dielectric of boron nitride
(BN). The 4.2 GHz microwave power is fed to the ring anten-
na through the four spokes. It should be noted that the BN
region is also included in the electromagnetic field calcula-
tion of microwaves, although the simulation area for the
three-dimensional motion of charged particles is only the
plasma region. Furthermore, the part of BN is in the center
of the model as shown in Fig. 2, and the plasma density in
this region is significantly small.” Therefore, the effect of
charging seems to have little effect on the discharge charac-
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Fig. 1. Calculation flow of the PIC/MCC simulation.
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teristics. In order to reduce the calculation time, we con-
ducted the simulation for only one-quarter of the region of
the calculation model, as shown in Fig. 2. Figure 3 shows
contour plots of the strength of the magnetic field of the
ring-shaped permanent magnets in the z—y plane. The thick
lines in red represent the resonant magnetic field of 0.15T
for 4.2 GHz microwaves.

2.2. Numerical assumptions

The present model has the following assumptions.

i) Singly-ionized water H,O™, hydroxide OH™, hydrogen
H™, and electrons are treated as particles.

ii) Neutral particles are spatially and temporally uniform
with a Maxwellian distribution at a gas temperature of
300K in the plasma region.

iii) The magnetic fields of microwaves are negligibly
small compared to the magnetostatic fields Bgr.

iv) The motion of excited-state atoms is not considered.

v) Coulomb collisions are not taken into account.

vi) Since the power of microwaves is low in this simula-
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Fig. 2. Schematic diagrams of the calculation model: (a) Side view (z—y/x
plane at x/y = Omm) and (b) front view (x—y plane at z = 1.0 mm).
The red, yellow, and cyan regions represent the metal, plasma, and dielec-
tric region, respectively. In order to reduce calculation time, we have con-
ducted the simulation only for a quarter region using a point symmetry
with respect to the z axis.
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Fig. 3. Contour plots in the z—y plane of the strength of the magnetic field
of the ring-shaped permanent magnets, together with the thick lines in red
representing the resonant magnetic field of 0.15 T for 4.2 GHz micro-
waves.
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Table 1. Electron-neutral reactions of water considered in the present simulation.
Label Type of collision Reaction Threshold energy (eV) Ref.
Elastic Elastic scattering H,O+e— H,O+e 9)
rotl Rotational excitation HOUJ=0+e—>HO0(UJ=1)+¢ 4.60 x 1073 9), 10)
rot2 Rotational excitation HOWJ=0+e—> HOWJ=2)+e 8.69 x 1073 9), 10)
rot3 Rotational excitation HOWJ=0+e—>HO(J=3)+e 1.18 x 1072 9), 10)
vibl Vibrational excitation H,0 (000) + e — H,O (010) +¢ 0.198 9)
vib2 Vibrational excitation H,0 (000) + ¢ — H,0 [(100) + (001)] + ¢ 0.453 9)
Excitation Electronic excitation H,O +e — H,O" +¢ 7.14 10)
H,O* Tonization H,O +e — H,O" +2e 13.5 9)
OH* Dissociative ionization H,O+e — OH" +H+2e 18.1 9)
H Dissociative ionization H,O+e — H" + OH + 2¢ 16.9 9)
107" - : ' ' '
2.4. Electrostatic field
1077k rott il The electrostatic field Egg is given by
= Egs = —Vo. (D
£ 107% rot2 ) 3 . . .
= Elastic The potential ¢ is derived from the space charge of charged
) . . s ..
5 o7l rot3 particles. The Poisson’s equation is given as
¢ 2 2 2
& 0 0 d plx,y,2
g —t+ 5+ ¢(x,y,z)=—7( ). )
S 10 ox ay 0z &0
1 Equation (2) is solved using the method of successive-over-
10 relaxation (SOR) with boundary conditions of zero potential
» . at all of the walls. Once the potential is obtained, the electro-
10 10° 102 107 10° 10" 10%  10° static field is determined using the central difference from the
Energy (eV) potential. To decrease the numerical noise, we apply digital

Fig. 4. Electron-neutral collision cross-sections of water.

tion, the plasma current is neglected.®
2.3. Collisions

In electron-neutral collisions, the cross-sections for the
dominant reactions used in this analysis are shown in
Fig. 4, where these are compiled from Itikawa and Nigel,”
Kawaguchi et al.,'” Yousfi and Benabdessadok,'" and Petro
and Sedwick.'? In Fig. 4, excitation represents the sum of 26
types of the electronic excitations, which has a threshold
energy of 7.14eV. For a molecule like water, it is important
to consider the energy dissipation mechanisms such as rota-
tional and vibrational excitation collisions. In this analysis,
rotational excitation at rotational transition J =0 — 1-3
and vibrational excitation at the stretching and bending
mode, which is the recommended specific mode by Itikawa
and Nigel,” are taken into account. In the ionized collisions,
H,O™, OH™", and H" are considered as ionized particles, as
you can see Fig. 4, since other ionized cross-sections are
small compared with these ionized species such as Ot and
H,*. The electron-neutral reactions used in this analysis
are listed in Table 1. Although negative ions should exist
in water plasma, the cross-section of the attachment reactions
generating negative ions is much smaller than that of ioniza-
tion and other cross-sections. Accordingly, negative ions are
secondary and are not taken into account in this analysis. In
ion-neutral collisions, only charge exchange collisions are
considered.'®
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smoothing to the space charge.'¥

2.5. Electromagnetic field

The electromagnetic fields Egy of microwaves are ob-
tained by solving Maxwell’s equations using the FDTD
method.

oB
V x Egy = ——, 3
EM o (3)
. oE
V x B =gl j+ &&o M 4

We set the relative permittivity &, = 1.0 for the plasma, and
& = 4.5 for BN.
2.6. Motion and collisions of charged particles

The equations of motion for charged particles are de-
scribed as

dv
2% — 4 (Egs + Egn + v x Bsy), (5)
dt m
dx Y ©)
dt

Equations (5) and (6) are solved using the leap-frog method
and Buneman-Boris method.'> In order to reduce calculation
time, we employ the null-collision method in MCC.'® The
null-collision method utilizes a null-collision frequency that
is constant with respect to energy. The collision probability
becomes constant and there is no need to perform collision
judgment for individual particles. A uniform random number
is generated for all particles, and if that value is less than the
collision frequency, the particle is regarded as collision fre-
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quency. After that, the uniform random number is generated
for the collision particle, and the collision types such as elas-
tic, excitation and ionization are determined. We use fully
absorbing walls as the boundary condition for both electrons
and ions, so that all electrons and ions disappear at the walls
and antenna.
2.7. Additional remarks

In this simulation, the grid spacing is set at 0.1 mm. The
time step for FDTD is Afgy = 1.49 x 107135 (1/1600 of
a microwave cycle for 4.2 GHz). The time steps for PIC/
MCC are Af, = 5.95 x 10725 (1/40 of a microwave cycle)
for electrons, and Af; =2.38 x 10795 (one microwave
cycle) for ions. In our previous study,” the pressure in the
discharge chamber was set at 1 mTorr when xenon was in-
jected as the propellant at the flow rate of 15ug/s, where
the pressure value was obtained from Direct Simulation
Monte Carlo (DSMC) simulation. Based on this assumption,
corresponding to a mass flow rate of 35ug/s in the experi-
ment,® we set the neutral gas pressure in the discharge cham-
ber at 6.3 mTorr using water as the propellant.

3. Results and Discussion

3.1. Ion composition ratio

Figure 5 shows the time-averaged distributions of ion
number density for H,Ot, OH", HT, and the sum of them
for Pyps = 2.0W at the z—y plane on a logarithmic scale.
Here, the results are averaged over 30,000 microwave cycles.
The maximum value of H* number density is 0.6 x 10'¢/m?
and much smaller than the other ion number densities. Since
the composition ratio of each ion is H;Ot:OH":H* = 31:7:1,
H,O™" is dominant for the ion species generated. This result is
consistent with the ionized cross-sections as shown in Fig. 4.
From the composition ratio of the ion number density, H,O"
and OH™ densities occupy more than 97%. From the experi-
ment using the water ion thruster,'” we found that the thrust
coefficient is around 0.9 based on direct thrust measurement
using a thrust stand, and is the same as compared to using xe-
non as the propellant. This result shows that most of the ex-
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Time-averaged distributions of each ion number density for P,,; = 2.0 W on the z—y plane.

tracted ion species are H,O" and OH™. This is because, if the
H* is abundant in ion beam, the thrust coefficient drops
more. The ion composition ratio estimated from the experi-
ment is equivalent to that obtained in this study.

To estimate the ion beam profiles, there seems to be little
adverse effect on thrust using water as the propellant because
only minimal lightweight H" is generated and the difference
in molecular weight between H,O" and OH™ is just 1.0 g/mol,
and therefore, there would be almost no difference in ion
beam trajectories between H,O" and OH™. The ion current
density related to the ion beam trajectories will be discussed
later in Section 3.4.

One might imagine that hydroxyl radicals (OH), which are
highly reactive chemicals, are also generated and their gener-
ation results in chemical erosion of the thruster. However, for
this experiment, the water ion thruster was operated for ap-
proximately 100 hr in total, and there was no erosion de-
tected on the grid electrode, microwave antenna or the dis-
charge chamber, implying that it would be appropriate not
to consider OH in the present study.

3.2. Distributions of plasma parameters

Figures 6(a)-6(c) and 6(d)—-6(f) show the distributions of
the electron density, the potential, and the electron tempera-
ture on the z—y plane for Py, = 2.0 and 3.0 W, respectively.
As the amount of power absorbed increases, the maximum
values of the electron density and the potential increase.
On the other hand, the maximal value of the electron temper-
ature fluctuates only slightly. However, the area here the
electron temperature is high somewhat expands downstream
and towards the central axis. Peak values of the electron den-
sity are located at z = 2.2-2.3 mm near the ECR region, and
the electron temperature is higher than 17eV in that area.
Arcuate areas of the electron temperature more than 13eV
are formed under both power conditions. This is because
the electrons move along the magnetic field (see Fig. 3) lines
as the result of being confined by the mirror magnetic fields,
and the ionization reactions occur in the arcuate high-temper-
ature region since the threshold energy of ionization is
13.5eV. The plasma confinement results in distribution of
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Fig. 6. Time-averaged distributions of (a) the electron density, (b) potential, and (c) electron temperature for Py,s = 2.0 W; and (d) electron density,

(e) potential, and (f) electron temperature for Py,s = 3.0 W on the z—y plane.

the plasma density as shown in Figs. 6(a) and 6(d). How-
ever, not all the electrons can be confined by the mirror mag-
netic field; some electrons of high energy are lost through a
loss cone. Hence, increasing the amount of power absorbed
expands the area of high electron temperature and does not
increase the peak value, as can be seen from Figs. 6(c) and
6(f). It should be noted that the number of high-energy elec-
trons in the ECR region tends to be overestimated and the re-
sultant electron temperature also tends to be high because
(electron—electron) Coulomb collisions are not taken into ac-
count, as described in Section 2.2 and in our previous
paper.” If the effect of Coulomb collisions was considered,
a somewhat lower electron temperature would be obtained
owing to the relaxation of electron—electron collisions, as
shown in Yamamoto et al.'®

We also investigated the time-varying distribution of the
electron density. The results in this section were averaged
over 100 microwave cycles. Figures 7(a) and 7(b) show
the distributions of the electron density and time-averaged
vectors of the electric field for Py = 2.0 W in z = 2.2 mm
of the x—y plane, respectively, where the peak value of the
electron density was observed on the z—y plane. Figure 7(a)
indicates that the electron density becomes the highest in
the ECR region near the antenna having an outer diameter
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of 5.6 mm. Furthermore, we found characteristic structures
such as rotating striped patterns. As the amount of power ab-
sorbed increases, these characteristic structures appear more
clearly. In addition, we found these structures in the distribu-
tions of the potential and the electron temperature. These
stripped patterns and the time-averaged vectors of the electric
field, such as those shown in Fig. 7(b), were also confirmed
in a previous study,'” and similar electron extraction can be
expected in view of the plasma structure, where the azimu-
thal electric field and the radial magnetic field lead to electron
transport across the magnetic field.
3.3. Comparison with xenon results

In a previous study, we used xenon as the propellant,”
where we treated all regions with the grid spacing of
0.2mm. The time steps of FDTD and PIC/MCC were
Atgy = 2.98 x 107135 (1/800 of a microwave cycle for
42GHz), At. =5.95x 10725 for electrons and Af; =
2.38 x 10~'%s for ions. Moreover, corresponding to a mass
flow rate of 15 ug/s used under nominal condition for the xe-
non propellant, we set the neutral gas pressure in the dis-
charge chamber at 1.0 mTorr. Figure 8 shows the distribu-
tions of the electron density, the potential, and the electron
temperature of xenon on the z—y plane for Py, = 0.7 W.”

Comparing Figs. 6 and 8, more power absorption is re-
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propellant.

quired when water is used as the propellant in order to obtain
the same order of electron density as xenon. While xenon is a
monoatomic molecule, water is a polyatomic molecule. As
can be seen in Fig. 4, it is necessary to consider rotational
and vibrational excitations, which cause a significant energy
loss of electrons at low energy. Moreover, the ionization en-
ergy of water is 13.5eV, which is larger than that of xenon,
12.1eV. Hence, more power is required for water to maintain
the plasma. Such a high power results in a strong electric
field of microwaves, which increases the electron tempera-
ture. However, too high-energy electrons escape from the
mirror magnetic confinement, and thus, the area of high elec-
tron temperature expands instead of increasing the peak elec-
tron temperature, as shown in Figs. 6(c) and 6(f).
3.4. Ion current density

We also considered the effects of ion species on thrust.
The thrust of an ion thruster is estimated using Eq. (7)

2m; V.
F = Ny, | Ts Iy. @)
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For the water propellant, Eq. (7) indicates that m; affects the
thrust since various ions are generated, so the effect of each
ion species was investigated. Figure 9 shows the distribu-
tions of the ion current density for H,O", OH™, and H" in
the z direction for P,,s = 2.0 W on the z—y plane (x = O mm).
As can be seen, the direction of j, changed near z = 2.6 mm,
and almost all of the ions are lost on the wall and the antenna
at z = 4.0mm. It should be noted that j, at z = 4.0 mm
spreads over the entire area of the x—y plane, although j, in
the negative z direction is concentrated on the ring-shaped
antenna and its four spokes, as shown in Fig. 2. This config-
uration results in a larger absolute value for negative j,.
Figure 10 shows the distribution of HyO" current density
at z = 4.0 mm on the x—y plane. The ion current density be-
comes the highest at the region where the highest electron
number density is obtained. Although we did not consider
the extraction of ions in this analysis, the average value of
ion current density at z = 4.0 mm, which is an estimation
of the thrust, is shown in Table 2. These values are averaged
between 0 and 7mm in the x and y directions since the ion
current flowing into those areas mainly contributes to the
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Fig. 9. Time-averaged distributions of the ion current density in the z direction for H,O", OH, and H' for P,s = 2.0 W on the z—y plane.

Table 2. The averaged value of ion current density for
each ion species at z = 4.0 mm.

ITon species J, averaged at z = 4.0mm

H,Ot 30.8 A/m?
OH* 7.02 A/m?
H* 4.08 A/m?

thrust. Table 2 indicates that the ion current density of H,O"
is the largest among the ion species examined. Moreover, the
ion current density of H" occupies approximately 10% of the
total ion current density. Comparing the ion number density
and ion current density, the ratio of H current density in-
creases owing to the high speed of lightweight H. Further-
more, its contribution cannot be neglected, whereas the num-
ber density of H" is smaller than 3%. Although H' has the
advantage of specific impulse, the thrust is reduced in terms
of thrust-to-power ratio in microspacecraft with limited
power. Moreover, H is not desirable because its molecular
weight is light and the ion beam trajectory may change and
collide with grid electrodes, and additional power absorption
is required owing to the dissociation process of H,O. The lat-
ter would result in low thruster efficiency. Therefore, it is be-
lieved the discharge condition to reduce the H™ current den-
sity should be investigated or that a grid system fit for heavy
H,O™", OH™" and light H is required.

4. Conclusions

In this study, we analyzed the discharge characteristics of
water, which is employed as the propellant of a miniature mi-
crowave discharge ion thruster, using three-dimensional par-
ticle simulations (PIC/MCC), where three ion species
(H,O", OH™, and H") are considered. The PIC/MCC results
show that the electron density, the potential, and the electron
temperature have maximal values in the ECR region near the
antenna. Compared to using xenon as the propellant, addi-
tional power absorption is required for water discharge in or-
der to obtain the same electron density as xenon. In addition,
we observed rotating striped patterns as seen in the xenon
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Fig. 10. Time-averaged distribution of the H,O" current density at
z=4.0mm of the x—y plane for Py, = 2.0 W.

plasma discharge in a previous study, implying that electrons
can be extracted if the plasma source is used as a neutralizer.
Although the number density of H' is smaller than 3%, the
current density of H exceeds 10%, and thus, the effect of
H* would not be negligible for ion beam extraction.

In future work, we will investigate the discharge condi-
tions to reduce the ion current density of H' as the ion beam
source. Negative ion species, such as OH™, H™ and O, will
also be considered for an improved model in order to analyze
water plasma in more detail.
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