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Abstract: We have analyzed discharged characteristics of water for a miniature 
microwave discharge ion thruster using three-dimensional Particle-in-Cell simulations with 
Monte Carlo collisions. In this simulation, three ion species (H2O+, OH+ and H+) are taken into 
account. From the results, we find that ion density, potential and electron temperature are 
higher in ECR region near the antenna. For the ion composition ratio, H2O+ and OH+ occupy 
more than 97%. However, H+ occupies about 10% for ion current density and is not negligible 
for ion beam extraction. Then, in order to increase the extracted ion current, we propose 
difference propellant injection positions and have conducted three-dimensional Direct 
Simulations Monte Carlo method for neutral distributions. Injected from side of the thruster, 
high-density regions of neutral in the downstream of discharge chamber are formed. The 
results of discharge characteristics depending on neutral distributions will be presented at the 
conference. 

Nomenclature 
BST = magnetostatic field of permanent magnets 
EEM = microwave electromagnetic field 
EES = electrostatic field 
Ib = beam current 
m = mass 
Pabs = power absorbed in plasma 
t = time 
VS = screen voltage 
v = velocity 
 = vacuum permittivity 
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r = relative permittivity 
div = efficiency of divergence 
mul = efficiency of multiply charged ion 
 = vacuum permeability 
 = charge density 
 = electrostatic potential 

I.Introduction 
UBESATS1) and microspacecrafts2) have seen unprecedented growth in recent years because the development 
costs and terms can be reduced for Earth observation and deep space exploration missions. In order to include 

propulsion system in CubeSat, researches and developments of propulsion systems such as electrospray thrusters3) and 
pulsed plasma thruster,4) which has simple structures and does not require high-pressure gas storage system, are 
conducted. However, ΔV of the satellite mounted them is not sufficient value for the missions. Then, Ion thrusters can 
be one of the candidates for a small and high-performance propulsion system. The research of a miniature ion 
propulsion system (MIPS) for 50-kg-class microspacecraft 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 electron 
cyclotron resonance (ECR) discharges with ring-shaped permanent magnets for its ion source and neutralizer.5-7) It is 
necessary to be miniaturized further in order to mount propulsion system on 10-kg-class CubeSats. It is difficult to be 
miniaturized, however, since the MIPS utilizes xenon as the propellant so do the conventional ion thrusters, the high-
pressure gas storage and feed system occupy most weight of the total propulsion system. To remove the gas storage 
system, a small ion thruster using water as a liquid propellant was proposed, and the preliminary ground operation of 
the thruster was already demonstrated by the University of Tokyo,8) while the details of the discharge characteristics 
are not well known yet. Since it is difficult to perform plasma diagnostics and to identify what ion species are dominant 
in a small discharge chamber, we have analyzed discharge characteristics of water using three-dimensional particle 
simulations in this study. Dependence on the absorbed power and influence of ionized ions are discussed. 
 Ion production cost of the current water ion thruster is not sufficient to meet a target value. In order to improve the 
ion production cost, it is necessary to further increase the extracted current. The distribution of plasma formed at the 
downstream of the discharge chamber is desirable due to the increase of extracted current. In our previous numerical 
model,9) we have analyzed discharge characteristics based on the assumption that the neutral distribution is uniform. 
On the other hand, in a small RF ion thruster (N-
RIT), by injecting propellant gas from the 
downstream, it leads to a better neutral gas supply in 
the outer ion production regions compared with 
injection from upstream.10) In this study, we have 
analyzed the neutral distribution in the discharge 
chamber of water ion thruster by using three-
dimensional Direct Simulation Monte Carlo 
(DSMC) method for different injection positions. 
Furthermore, we have conducted three-dimensional 
Particle-in-Cell simulation with Monte Carlo 
collisions (PIC/MCC) method with the obtained 
neutral distribution to investigate the discharge 
characteristics, influence on the neutral distribution, 
and ion production cost. The results of discharge 
characteristics depending on neutral density will be 
shown in the conference. 

II.Numerical Model 
The numerical methodology is basically the same as that employed in our previous paper,11) except for the 

propellant, grid spacing, and time step; and thus, the model is briefly described as below. 

A. Configuration 
Figure 1 shows the flowchart of the PIC/MCC simulation. We have employed a three-dimensional PIC/MCC 

method to analyze the kinetics of charged particles, together with finite-difference time-domain method (FDTD) for 

C 

 
Figure 1. Calculation flow of the PIC/MCC simulation. 
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the microwave elecrtomagnetic field EEM, and the finite element analysis using a software, ANSYS EmagTM for the 
magnetostatic field of the permanent magnets BST. 

Figure 2 shows the calculation model, where the size of the discharge chamber is 20 × 20 × 4 mm3 with the ring-
shaped antenna located at z = 1.0 mm. The inside of the coaxial waveguide is filled with the dielectric of boron nitride 
(BN). The 4.2 GHz microwave power is fed to the ring antenna through the four spokes. It should be noted that the 
BN region is also included in the electromagnetic field calculation of microwaves, although the PIC/MCC simulation 
area for the motion of charged particles is only the plasma region. In order to reduce the calculation time, we have 
conducted the simulation only for a quarter 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 at the z-y plane. The thick lines in 
red represent the resonant magnetic field of 0.15 T for 4.2 GHz microwaves. 

Figure 4 shows the calculation model of the DSMC simulation. In order to simulate the propellant inflow, the 
metal region in Fig. 2 is expanded compared with PIC/MCC simulation area. In the DSMC simulation, we have 
analyzed for all regions. In order to consider the conditions under which the neutral density becomes high in the 

downstream of the discharge chamber, the propellant injection 
positions were considered the following positions of (a) the 
upstream, (b) downstream and (c) side (1 mm from the 
downstream), respectively. The detailed position conditions are as 
follows: (a) there are 8 injection ports with a diameter of 0.8 mm at 
a radius of 5.4 mm from center, (b) there are 4 injection ports with 
a diameter of 0.8 mm at 9 mm from the center, and (c) there are 4 
injection ports with a length of 0.8 mm from side (x = 0 mm, y = 0 
mm), respectively. 

 
Figure 2. Schematic diagrams of the calculation model: (a) Side view (z-y/x plane at x/y = 0 mm) and (b) 
front view (x-y plane at z = 1.0 mm). In order to reduce calculation time, we have conducted the PIC/MCC 
simulation only for a quarter region using a point symmetry with respect to the z-axis. 

 
Figure 4. Calculation model of DSMC simulation, 
representing the injection position from (a) upstream side, (b) 
downstream side and (c) side. 

 
Figure 3. Contour plots at the z-y plane of 
the strength of the magnetic field, together 
with thick red lines in red representing the 
resonant magnetic field of 0.15 T for 4.2 
GHz microwaves. (© IOP Publishing. 
Reproduced with permission. All rights 
reserved)11) 
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B. Numerical Assumptions 
The present PIC/MCC model has the following assumptions. 
i) Singly-ionized water H2O+, 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 

300 K in the plasma region. 
iii) The magnetic fields of microwaves are negligibly small compared with the magnetostatic fields BST. 
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 simulation, the plasma current is neglected.12) 
On the other hand, the present DSMC model has the following assumptions. 
i) The gas is treated as a rarefied gas and a molecular flow since Knudsen number is more than 0.1. 
ii) Considering the Knudsen number, rectilinear motion of the molecule and diffuse reflection on the wall are 

taken into account, and intermolecular collision is not taken into account. 
iii) Since the intermolecular collision is not taken into consideration, it is difficult to simulate the flow in an 

inflow tube which is considered to cause many intermolecular collision, we have injected the particles from 
the injection port shown in Fig. 4. 

C. Collisions 
In electron-neutral collisions, the cross sections for the 

dominant reactions used in this analysis are shown in Fig. 5, 
where these are compiled from Itikawa and Nigel,13) 
Kawaguchi et al.,14) Yousfi and Benabdessadok,15) and Petro 
and Sedwick.16) In Fig. 5, excitation represents the sum of 26 
types of the electronic excitations, which has a threshold 
energy of 7.14 eV. For a molecule like water, it is important to 
consider the energy dissipation mechanisms such as rotational 
and vibrational excitation collisions. In this analysis, rotational 
excitation at rotational transition J = 0→1–3 and vibrational 
excitation at stretching and bending mode are taken into 
account. In the ionized collisions, H2O+, OH+, and H+ are 
considered as ionized particles, since other ionized cross 
sections are small compared with these ionized species. 
Electron-neutral reactions used in this analysis are listed in 
Table 1. In ion-neutral collisions, only charge exchange 
collisions are taken into account.17)  

D. Additional Remarks 
In this simulation, the grid spacing is set at 0.1 mm. The time step for FDTD is tEM = 1.49 × 10−13 s (1/1600 of a 

microwave cycle for 4.2 GHz). The time steps for PIC/MCC are te = 5.95 × 10−12 s (1/40 of a microwave cycle) for 
electrons, and ti = 2.38 × 10−10 s (one microwave cycle) for ions. The time steps for DSMC are tn = 3.87 × 10−9 s. 

Table 1. Electron-neutral reactions of water considered in the present simulation. 
Label Type of collision Reaction Threshold energy, eV Ref. 
elastic Elastic scattering H2O + e →H2O + e  13) 
rot1 Rotational excitation H2O (J = 0) + e →H2O (J = 1) + e 4.60×10−3 13, 14) 
rot2 Rotational excitation H2O (J = 0) + e →H2O (J = 2) + e 8.69×10−3 13, 14) 
rot3 Rotational excitation H2O (J = 0) + e →H2O (J = 3) + e 1.18×10−2 13, 14) 
vib1 Vibrational excitation H2O (000) + e →H2O (010) + e 0.198 13) 
vib2 Vibrational excitation H2O (000) + e →H2O [(100) + (001)] + e 0.453 13) 
excitation Electronic excitation H2O + e →H2O* + e 7.14 13) 
H2O+ Ionization H2O + e →H2O+ + 2e 13.5 13) 
OH+ Ionization H2O + e →OH+ + H + 2e 18.1 13) 
H+ Ionization H2O + e →H+ + OH + 2e 16.9 13) 

 
Figure 5. Electron-neutral collision cross 
sections of water vapor. 
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Corresponding to a mass flow rate of at 35 g/s in the experiment, 8) the neutral pressure is set at 6.3 mTorr under 
uniform distribution conditions and neutral particles are injected accordingly in DSMC model. 

III.Numerical Results and Discussion 
Note that the distributions by PIC/MCC simulation shown in this paper are the results assumption that the 

distribution of neutral density is uniform. 

A. Distributions of Plasma Parameters 
Figures 6(a)–6(c) and 6(d)–6(f) show the distributions of the total ion density, the potential, and the electron 

temperature at the z-y plane for Pabs = 2.0 and 3.0 W, respectively. Here, the results are averaged over 30000 microwave 
cycles. For ion density at Pabs = 2.0 W in Fig. 6(a), since we found that a composition ratio of each ion is H2O+:OH+:H+ 
= 31:7:1, H2O+ is dominant for the ion species generated. This composition ratio is consistent with the ionized cross 
sections as shown in Fig. 5. From the composition ratio of the ion density, H2O+ and OH+ densities occupy more than 
97%. For the estimation of ion beam profiles there seems to be little adverse effect on thrust using water as the 
propellant because only a few lightweight H+ is generated and the difference in molecular weight between H2O+ and 
OH+ is just 1.0 g/mol; there would be almost no difference in ion beam trajectories between H2O+ and OH+.  

As the absorbed power increases, the maximal values of the ion density and the potential increase. On the other 
hand, the maximal value of the electron temperature almost remains unchanged, but the area of high electron 

 

 
Figure 6. Plasma parameters contours at z-y plane at (a)-(c) Pabs = 2.0 W and (d)-(f) Pabs = 3.0 W. 
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temperature somewhat expands toward the downstream and central axis. Peak values of the ion density are located at 
z = 2.1–2.2 mm near the ECR region, and the electron temperature is higher than 17 eV at the area. Arcuate areas of 
the electron temperature more than about 13 eV are formed under both of power conditions. This is because that 
electrons move along the magnetic field (See Fig. 3) lines due to confinement by the mirror magnetic fields and the 
ionization reactions occur in the arcuate high temperature region since the threshold energy of ionization is 13.5 eV. 
The plasma confinement results in the distribution of the plasma density as shown in Figs. 6(a) and 6(d). However, all 
the electrons cannot be confined by the mirror magnetic field; some electrons of high energy are lost through a loss 
cone. Hence, increasing the absorbed power expands the area of high electron temperature and does not increase its 
peak value, as you can see from Figs. 6(c) and 6(f). 

B. Ion Current Density 
We consider effects of ion species on the thrust. The thrust for ion thruster is estimated with Eq. (1) 

 .
2

b
Si

divmul I
q

Vm
F   (1) 

For the water propellant, Eq. (1) indicates that mi affects the thrust since various ions are generated so that the effect 
of each ion species was investigated. Figure 7 shows the distributions of the ion current density for H2O+, OH+, and 
H+ in the z-direction for Pabs = 2.0 W at the z-y plane (x = 0 mm). As you can see, the direction of jz changed at around 

z = 2.6 mm, and almost all of ions are lost on the wall at z = 4.0 mm and the antenna. It should be noted that jz at z = 
4.0 mm spreads over the entire area of the x-y plane although jz in the negative z-direction is concentrated on the ring-
shaped antenna and its four spokes shown in Fig. 2. This configuration results in the larger absolute value of the 
negative jz. At z = 4.0 mm, the ion current density becomes the highest at the region where the highest ion number 
density in x-y plane is obtained. Although we have not considered extraction of ions in this analysis, the averaged 
values of ion current density at z = 4.0 mm, which is an estimation of the thrust, are shown in Table 2. These values 
are averaged between 0 and 7.0 mm in the x and y directions since the ion current flowing into those areas mainly 
contributes to the thrust. Table 2 indicates that the ion current density of H2O+ is the largest among the ion species 
examined. Moreover, the ion current density of H+ occupies about 10% of the total ion current density. Comparing 
the ion number density and the ion current density, the ratio of H+ current density increases owing to the high speed 
of lightweight H+, and its contribution for thrust cannot 
be neglected although the number density of H+ is 
smaller than 3%. This result implies that the discharge 
condition to reduce the H+ current density should be 
investigated or the grid system fit for both heavy H2O+, 
OH+ and light H+ is required. 

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

Ion species Jz averaged at z = 4.0 mm 
H2O+ 30.8 A/m2 

OH+ 7.02 A/m2 
H+ 4.08 A/m2 

 
Figure 7. Ion current density contours at z-y plane at Pabs = 2.0 W for H2O+, OH+ and H+, respectively. 
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C. Distributions of Neutral Density 
 The distribution of neutral density at z-y plane in PIC/MCC calculation region are shown in Fig. 8. The reason 

why the distributions appear sparsely is due to the large weight (109) of superparticle. Injected from the upstream, the 
distribution of neutral density on the upstream face of the antenna is higher than that on the downstream face. The 
result is caused by the reflection of many particles on the antenna surface. Injected from the downstream and the side, 
the neutral density near the injection position is higher than other regions. Considering the ionization region from the 
distribution of electron temperature in Figs. 6(c) and 6(f), increasing plasma density in the downstream of discharge 
chamber cannot be expected injected from downstream. On the other hand, injected from the side, it can be expected 
to increase plasma density. This is because high-neutral density distribution is formed toward the central axis. The 
results of discharge characteristics depending on neutral distribution will be presented at the conference. 

IV.Conclusion  
In this study, we have analyzed the discharge characteristics of water, which is employed as the propellant of a 

miniature microwave discharge ion thruster, using three-dimensional particle simulations (PIC/MCC), where three 
ion species (H2O+, OH+, and H+) are considered. PIC/MCC results that H2O+ and OH+ densities occupy more than 
97% for the ion density. Furthermore, ion density, potential and electron temperature have maximal values in the ECR 
region near the antenna. 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. DSMC results indicate that increasing 
ionization reaction in the downstream of discharge chamber is expected by injecting propellant from the side of the 
thruster. We have analyzed discharge characteristics depending on neural distribution using by PIC/MCC and will be 
presented the results at the conference. 

In future work, in order to improve the ion production cost, we will optimize the propellant injection position and 
analyze the discharge characteristics depending on neutral density. Moreover, negative ion species, such as OH−, H− 
and O− will also be considered in an improved model. 
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