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Abstract: Formation of the electron cyclotron resonance (ECR) plasma in air breathing
ion engine (ABIE) was numerically simulated wusing computational code called
electromagnetic spacecraft environment simulator (EMSES) in order to optimize the design
of ABIE. Electron and ion density distributions in the plasma chamber were calculated with
three different configurations of antenna, magnets and metal boundaries. It was suggested
for efficient ion generation that the configuration in which antenna and magnet are located
perpendicular to each other increases the ion generation. The effect of metal boundaries is
observed by forming the ECR plasma. Separate simulations focusing on the dynamics of
neutral particles were also performed by taking into account their scattering at the reflector
surface of ABIE. It was analyzed that the use of trapping desorption process which is one of
the scattering process is advantageous for ABIE.
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Nomenclature

B = dipole magnetic field strength

E = electric field strength

S = power frequency

I = electron density (or intensity)

L = grid spacing

m = mass of the electron

my = magnetic field

ng = initial electron density

n; = neutral particle density

P; = collision probability of electrons per unit time At

q mass of the electric charge

r = position vector from the center of magnetic field
v = velocity of the electron

v = collision frequency

Vs = initial electron velocity

Vi = velocity of the incident electron

X = beam direction

o = cross-section of election/neutral collision

I. Introduction

HE air breathing ion engine (ABIE) is a new concept for an ion engine, which uses neutral gases in the upper

atmosphere as a propellant instead of conventional xenon. The ABIE concept was proposed by Nishiyama in
2003', and the system study was updated in 2004>. Because the thrust of an ABIE increases with increasing density
of the incoming gas, the ABIE is suitable for compensating drag for low altitude satellites. In conjunction with the
recent trend to develop a super-low altitude satellite, which is orbiting at the altitude of 150-200 km, the ABIE is
considered to be an ideal thruster to compensate the atmospheric drag and it is considered as a key technology for
developing close but new frontier in space. Although most of prior works on ABIE have been conducted in a
theoretical manner, some numerical studies using Monte Carlo simulations focused on the air intake of ABIE, as
reported by Fujita’*. He concluded that ABIE is feasible in the altitude range 140-200 km. There also be some
other conceptual works for ABIE-. However detailed studies focusing on a specific design have not been reported.
On the other hand, experimental study faced technological difficulties for simulating the neutral gas environment at
super-low altitude orbits with ground-based facilities. The main issue is on the difficulty in the formation of the 8
km/s “continuous” flow of atomic oxygen or nitrogen molecule. Tagawa et al. applied a “pulsed” hyperthermal 8
km/s N? flow to the ABIE study®. They demonstrated the ECR plasma formation with 8 km/s N? pulse formed by a
laser detonation hyperthermal beam source, which has been used for atomic oxygen-induced material degradation
studies in space. In contrast, Hisamoto et al. reported a “continuous” beam using ECR microwave ion engine
technique. However, the translational energy of atomic oxygen beam, which is electrostatically accelerated before
neutralization, is too high for simulating 8 km/s’. Due to the difficulty of the experimental approach to ABIE,
combined use of theoretical and experimental approaches is indispensable.

In this study, two types of simulations were performed. One is an ECR plasma simulation inside the discharge
chamber of p6 ion engine, which was used for the experimental study of ABIE. The other is a simulation of
atom/molecule trajectories reflected at the reflector surfaces. The latter simulation was performed for concentrating
the neutral atoms at the ion generation area in the discharge chamber. The purpose of this simulation is to study the
design guideline of ABIE to achieve a low-pressure operation capability, which enables to extend the operational
altitude range.

II. Numerical ECR simulation method

A) Simulation method

The simulation code used in this simulation is electromagnetic spacecraft environment simulator (EMSES)
which is based on the Maxwell’s equations for electromagnetic fields reaction and the equation of motion for a large
number of macro-particle with the FDTD scheme and the Newton’s law for thermions of plasma particles. This
simulation code has been developed for the self-consistent analysis of the spacecraft-plasma interactions'¢.
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Characteristic feature of EMSES is the time-dependent electromagnetic field update based on the kinetic plasma
motions in the simulation space!!.

B) The ion generation model and the dipole moment model

Previous study developed the ion generation algorism in the EMSES based on the MCC model. The electron
density in the plasma is gradually decreased by electron-atom collisions. Change in the electron density through
electron-atom collision is given by the equation (1);

dl, =—ol ndx (1)

G is the cross-section of the electron-atom collisional reactions which depends on the collision energy. The cross-
section is expressed as the function of the sum of the kinetic energy of the intake particle. The amount of the cross-
section between the intake particle and the neutral particle is expressed by the sum of the cross-section for each kind
of the collisions between them.

The collisional processes between electron and atoms such as ionization or scattering were categorized by the
value of P; is expressed by (2), v is velocity of the incident electron, n is neutral particle density, x; is the beam
direction.

P, =1-exp(~Aw,om, (x,) o
In the EMSES, we defined dipole magnetic field given by Equation (3).

md-r md

s 3)
l"s }"3

Bdipole = (3 X

r is a position vector from the center of magnetic field, and md is dipole moment vector. In order to reflect magnetic
field to plasma dynamics, the magnetic field distribution over the computational area was calculated. All plasma
particles in the simulation space follow the magnetic field distribution in the equations of motion shown in Equation

OF

dv
E:%(E‘FVX(B_'—BWPO[E)) (4)

C) Simulation model
The ABIE simulation was carried out in the simulation space in 108 % 108 x 108 grids. The simulation model of

ABIE used in this study was based on the design of

experimental model used in our previous study®. Figure 1 Table 1 Simulation parameters used in this study.

(a) shows the discharge chamber of the ABIE simulated

in the model, which includes a rod antenna and magnets.

Parameter Value
Figures 1 (b) - (d) show the three configurations of the
antenna, magnets and metal boundary calculated in this X
study. The dipole antenna located at the center of TH.ne StepA(At) L7E-12 ()
discharge chamber was consisted in two 5-grid-long Grid spacing (L) SE-3 (em)
electrically conducting rods with a 2-grids spacing. Two Initial electron density (75 ) 1.7E6 (1/mi)
magnets are located 20 grids from center position. The Initial electron velocity (Vs ) 0(eV)
cylindrical metal boundaries (reflectors) with 40 grids in Collision frequency (v’) 0 (1/s)
diameter are placed on the xy planes at z=0 and 108. Power frequency (f) 3 (GHz)
Table 1 lists Fhe siI.nulat%on parameter used 1n this simulation. Power (P) 35 (w)
All calculations in this study were carried out by the Magnetic field (M ) 3400 (T)

supercomputer at the Institute for Information
Management and Communication, Kyoto University.
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Figure 1. Configuration of ABIE simulated in the model (a) and antenna and magnet configurations in the
discharge chamber calculated in this study (b)-(d). (b): y-direction antenna and y-direction magnet, (c): z-
direction antenna and y-direction magnet, and (d): y-direction antenna and z-direction magnet. Metal
boundaries are located in xy-plane.
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Figure 2. Ion density distributions. (a): y-direction antenna and y-direction magnet, (b): z-direction
antenna and y-direction magnet, and (c): y-direction antenna and z-direction magnet. Metal boundaries
are located in xy-plane.
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III. Results and Discussion

A. ECR plasma simulation
Figures 2(a) - 2(c) show the ion density distributions in the configurations shown in Figures 1(b) to 2(d),
respectively. The spatial distributions of ion shown in Figure 2 are the snapshot taken at t=13 ps. The figure
displays the ion density at the cross-sections on the planes at y=54 and z=54. It is obvious that ions are generated
only at the vicinity of the antenna in the case of the configuration shown in Figure 2(a). In contrast, ions are
generated not only around the antenna, but also along with the ECR regions in the configurations shown in Figures
2(b) and 2(c). These computational results clearly suggest that the ion generation is localized in the vicinity of the
antenna for the configuration such that the antenna and the magnets are located in parallel direction. This is due to
the fact that ECR condition, which traps electrons, is not satisfied on the y=54 plane with the parallel configuration.
This is supported by the fact that the spatial distribution of ion generation location is similar to that of electron
density. It was also suggested that the ion generation area depends mainly on the antenna direction, while metal
boundaries hardly affect the spatial distribution of electrons.
Figure 3 shows the total number of generated ions
for each configuration shown in Figures 1(b) to 1(d).
As shown in Figure 2, the total number of ions 3.5e+6
generated in the parallel configuration is much less 3 0646

than those calculated in the perpendicular Antenna:y
configurations. It is also identified that the number of 2 5e+6 F Magnet : z
generated ions in the two perpendicular configurations > Antenna: z
are identical by 5.1E-9 seconds(time step:3000), ‘w 2.0e+6 | Magnet : z
however, the ions generated in the horizontal antenna E 1 5e+6 F Antenna: z
configuration (Figure 1 (c)) increases more than £ Magnet ; y

vertical antenna configuration (Figure 1 (d)) after the 1.0e+6
time step at 3000. The difference observed in the two

perpendicular configurations is due probably to the 5.0e+5 -
effect of the metal boundaries. From the analytical 00 L .
results of a series of simulations shown above, it was 0 1000 2000 3000 400C

suggested that the rod antenna of p6 ion engine

(Figure 1(a)) is better to bend 90 degree for increasing Time step
the number of ions generated. Figure 3 Accumulated number of ions generated in the

three configurations.

B. Scattered neutral particle distribution

The spatial distribution of ion generation (or
electron density) is analyzed in the previous section.
Since ions are generated by the electron impact
phenomena, neutral atom density is another important | T = === = =
factor to increase the ion generation. One of the points
of optimization of ABIE design is to concentrate the
neutral atoms into the high electron density area. This
is realized by the design of air-intake of ABIE.
Statistical compression of the incoming neutral gas
atoms is achieved by the narrow collimators located at

the air-intake of ABIE. The effect of narrow \ :

Inflow air

collimators is confirmed by the previous experiment®.
Another approach is the focusing of the reflected
neutral atoms at the reflector surface. According to the
basic design of ABIE previously proposed, the
incoming atoms need to be reflected before entering
the discharge chamber (see Figure 1(a)). The mean
free paths in sub-LEO environment and the discharge
chamber at 10 and 10°! Pa are calculated to be in the order of 3 and 0.3 m at 1500 K. Compared with the diameter
of discharge chamber (6 cm), collisions between neutral atoms in the ABIE could be ignored. Therefore, the design
of reflector should be based simply on the physics of gas-surface scattering in the hyperthermal velocities.

Reflector

Figure 4. ABIE model used for the neutral gas
density calculations.
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Scattering event at the solid surface in the hyperthermal energy range has been studied by some research groups.
It was widely recognized that the hyperthermal scattering processes of neutral atoms at solid surface has two
pathways: direct inelastic scattering (IS) and trapping desorption (TD)'3. In the IS process, the incoming atoms lose
a part of translational energy in the scattering event and eject from the surface with hyperthermal energies. In
contrast, the atoms lose all of their energies and thermalized in the TD process. It was reported that the TD process
becomes dominant in the small incident angles (close to the normal incidence)!. In the TD process flux of the
scattered atoms follows cosine distribution (flux at the normal direction is the maximum). This is the case for ABIE.
Neutral gas density was calculated with the ABIE model shown in Figure 4 under TD process. The incident angle of
the incoming atoms is 30° for this calculation. The snap shots of the spatial distribution of the neutral atoms
scattered by the reflector surface are indicated in Figure 5. Figures 5(a) and 5(b) are computational results at the
3000™ and 6000™ steps. It is confirmed that the neutral gas density increased at the center of the discharge chamber
where electron-neutral collision is expected. Moreover, thermalized atoms at the reflector surface are expected to
accommodate longer in the ECR region which leads to higher collision probability with electrons trapped in ECR
region. As a result, high-efficiency of the ECR plasma formation could be expected.
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Figure 5 Snap shots of the spatial distribution of the neutral atoms scattered by the reflector surface at
3000th step (a) and 6000th step (b).

IV. Conclusions

In order to optimize the design of ABIE, ECR plasma was numerically simulated using computational code
EMSES which has been developed for spacecraft-space plasma interactions. It was suggested that the perpendicular
configuration of antenna and magnet increases the ion generation. The effect of metal boundaries was observed
after the ECR plasma formation. Neutral scattering event at the reflector surface of ABIE was also simulated. It
was analyzed that the use of trapping desorption process is advantageous for ABIE.
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