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Abstract: Two-dimensional axisymmetric particle-in-cell simulations with a Monte

Carlo collision algorithm have been conducted for the numerical analysis for a micro ECR
plasma thruster. The thruster consisted of a rod antenna and a microplasma chamber
surrounded by axially magnetized rings. Numerical results with 4-GHz microwaves and
0.143-T magnetic fields indicated that ions generated in the plasma are well confined by the
applied magnetic field and the ions are accelerated through divergent magnetic fields. We
also verified the ECR effect in the discharge tube area.
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I. Introduction

Non-magnetic

In recent years, a small-scale spacecraft has been
Metal

actively developed in laboratories and companies
around the world, which is inspired by the demands for
reducing all mission costs and increasing launch rates.
Then, propulsion systems should be downsized for the
miniaturized spacecraft, to meet the requirements for a
higher-precise station keeping and attitude control. In
addition, in order to operate microthrusters for a long
time, the durability and low-power consumptions are
required. Figure 1. Cross sectional view of the micro

In this background, we have studied electromagnetic ECR plasma thruster.
microthrusters using electron cyclotron resonance
(ECR) discharges'. We developed a new type of the thruster shown in Fig. 1, which has a feature of electrodeless,
simple structure. The microthruster consists of a 4.15-mm-diam. quartz microplasma chamber surrounded by
permanent magnet rings and a microwave antenna covered with a quartz envelope. The plasma is generated by
4-GHz microwaves of < 10 W in magnetic fields of 0.143 T with a propellant gas of Xe, where the ions are
accelerated through divergent magnetic fields and the resulting ambipolar electric fields generated™’.

In order to increase the thrust performance, it is necessary to increase the electron density in the discharge tube
area. In our previous work, the electron density was measured to be of the order of 10" m™ in the discharge tube
area of our thruster, but this value is too low for control of the attitude of a small-scale spacecraft’. For improving
the electron density, it is crucial to understand micro plasma characteristics more profoundly. In order to understand
the micro ECR plasma of our thruster, we verified the ECR effect, the confinement of the plasma, and the
acceleration of ions in divergent magnetic fields.

Simulation Area

Quartz Cover

Microplasma
Chamber
Ring Magnet

II. Numerical Model

Figure 2 shows the simulation area, consisting of a discharge tube area and out-of-discharge tube area, which is
divided into square cells with a grid spacing of 0.1 mm.

To investigate the characteristics of the plasma of the micro ECR thruster, we conducted two-dimensional
axisymmetric particle-in-cell simulations with a Monte Carlo collision algorithm (PIC/MCC). The present PIC/MCC
model consists of the electromagnetic equation for the induced electric field by the coaxial cable, the Poisson
equation for the electrostatic field due to the space charge, the equation of motion, and collisions of charged
particles. The flowchart of the calculation is shown in Fig. 3. The time steps of ion and electron are 2.5 X 107" s (one
microwave cycle) and 1.25X 10" s, respectively. A number of simulation superparticles (singly ionized xenon ions
and electrons) are loaded in two-dimensional spatial computational meshes (r,z), with three velocity components (v,,
vy and v,). As an initial condition, ions and electrons are set in the plasma generation area (Fig. 2) with a density of
1x10"® m™ (the initial ion and electron temperatures are 0.2 and 5.0 eV, respectively, with the velocity distributions

being Maxwellian); then, after starting the calculation, set parti
—> Set particles

particles continue to be given in the plasma generation area at ol charsd, oty Kby
. N . al. charge density
each time step to keep the plasma generation area spatially — Ve
uniform (1x10'® m™). In a previous work, the electron density J SoluePosscnpa-
in the discharge tube area was measured by a cylindrical Cal. propagation of EM
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Figure 2. Simulation area. Figure 3. Flowchart of the calculation.
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The equation of motion for charged particles is solved
explicitly by the time-centered leap frog method for the
time integration and the Buneman-Boris method for the
velocity advance with a coordinate rotation for the
position advance. The PIC-FDTD unit cell is shown in Fig.
4 for the cylindrical coordinates, which is similar to the
Yee’s rectangular coordinate cube cell. The components
of the electric E and magnetic B fields are located on the

cell, together with the current density j induced. The size P&
of the cell is taken to be Ar and Az in the  and z direction, ’z 0
respectively, where Ar and Az are taken to be both 0.1 mm. Y2 0 12 il
The electrostatic field Egg is given by Figure 4. PIC unit cell and FDTD unit cell in the
cylindrical coordinates, where Ar and Az are both
Egs = —Vo, (1) 0.1 mm.

where the potential ¢ is derived from the space charge of charged particles. The Poisson equation is given by

9* 10 0° Tz 2
o 1o o\ __r2) 2
or? ror 0z N
Equation (2) is solved by using the method of successive-over-relaxation (SOR). The potential is assumed to be
zero at the wall of the quartz tube and magnet. The electrostatic field is determined by the central difference from
the potential. The propagation of electromagnetic waves is calculated by Maxwell’s equations:

1 . JE 3
M_O(VXBEM)=]+SO (;M. ®
0Bgm 4)

(VX Egy) = — ot
Jj = qnv. (5)

Under the assumption of d/d60 = 0, only the transverse magnetic (TM) waves exist in the azimuthally
symmetric configuration with E = (E,, 0, E,) and B = (0, By, 0)*. Equations (3) — (5) are solved by using the
finite-difference time-domain (FDTD) approximation with a time increment Afpprp = 2.0X 1077 s (1/1250 of the
microwave cycle). The transverse electromagnetic (TEM) waves are given to the system at the excitation plane (z =
0, = 0.3 ~ 0.8 mm) with the total power injection, which of 1.0 W into the discharge tube area, which is monitored
at z= 1.0 mm by using

1
P,=—| (ExB)-daA.
uofA( xB) ©)

At the outer edge of the out-of-discharge tube area and the excitation plane, Mur’s first order absorbing boundary
conditions,

JE. 10E; (7
+-—L=
0z ~—c ot 0,
JE, 10E, ®)
Z =0,
ar + c ot
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are applied to field components E; and E,, where the wall
is assumed to be a conducting wall’.

o
~

where, only the magnetostatic fields By of the permanent
magnet is taken into account (the magnetic fields of
microwaves are negligibly small as compared with By,)°. Axial Position (mm)

The intensity of the magnetic flux density is required to ~ Figure 5. Axial magnetic field as a function of axial
satisfy the ECR condition, Bgcg, = 0.143 T for 4-GHz  position in the discharge tube area. The origin of
microwaves. The axial magnetic field along the axis of an ~ axial position is set at the midpoint between two

s L s L s

o
o

e
~ 03 T T T T
Summing up Egs and Egy, we can obtain the electric S oo ' ' '

field and renew the velocity of particles by using the E 0.1
equation of motion: L o
i . % -0.1
9 02
E=E(EES+EEM+VXBst)’ ©) S o3

©
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)
S

axially magnetized ring is given by magnets.
() B, 741 z-1 Intensity of Magnetic Flux Density (T)
A\Z)= - —_
: 2 \/(z+l)2+R§ \/(2_1)2+R22 3 Q02,004 006 0,08 0,10 0.12 0.14 016 018
a £,
B z+1 B z-1 s
\/(z+l)z+Rf \/(z—l)2+Rf ’ :‘é 12
where the origin of axial position is the midpoint of the o
ring magnet ’. Figure 5 shows the axial magnetic field at -_g °
the centerline of the plasma chamber generated by the two & 0 10 0 10

magnets as a function of axial position, which was
calculated based on eq. (10). In this figure, the axial
position z = 0 denotes the midpoint between two magnets.
In order to obtain the magnetostatic fields distribution, we
performed the two-dimensional, axially-symmetric static
magnetic field analysis with ANSYS software. Figure 6 shows the contour of the magnetic flux density.

In these simulations, the collisions are described by the null-collision method to reduce the calculation time®. In
this method, the number of collisions at each time step is determined by the maximum collision frequency, as

Axial Position (mm)
Figure 6. Contour of the magnetic flux density
around two ring magnets, analyzed by ANSYS
software.

v’ = max(n,) max(orv). 1)
From the maximum collision frequency, we can determine the probability P of occurring collisions by
P =1 —exp(—Vv'At). (12)

From P, we can determine the number of times Nc,,,, to collide particles at every ion time step. Then, selecting the
particles to collide Ncn,, times in the entire simulation area, the velocities of these particles are renewed. The
postcollision velocities of charged particles are determined by the conservation equations of momentum and energy.
The reactions taken into account are elastic scattering, excitation, and ionization for electrons 9'”, and elastic
scattering and charge exchange for ions 2.

III. Results and Discussion

Simulations were conducted at the microwave frequency = 4.0 GHz and the plasma input power Py, = 1.0 W,
where Xe gas parameters (pressure and gas temperature) were assumed to be spatially uniform and steady (p = 0.5
mTorr and 7= 300 K).

Figure 7 shows the two-dimensional distributions of the ion and electron density. Also shown are the applied
magnetic field lines. Ions and electrons are generated in the discharge tube area, and flow in to the downstream area
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with the high density area well confined in the magnetic field, implying that the loss near the wall can be reduced by
the magnetic field.

Figure 8 shows the electron temperature and velocities in the z, » and @ direction. At the exit of the discharge tube
area, the temperature and the velocity are relatively high. This is because the increase of the intensity of the
magnetic fields near a ring magnet, which results in the increase of the velocity owing to the conservation of the
magnetic moment. In addition, electrons are accelerated for z direction by diverging magnetic fields in the same
principle, implying that the electrons accelerated through the expanding magnetic nozzle generate the ambipolar
electric field.

Figure 9 shows the distribution of the potential, indicating a potential drop of ~7 V at the plasma generation area
by the self-generated ambipolar electric field. In addition, in the expanding magnetic nozzle region, there is a
potential drop of 5~6 V. As a result, there is a potential barrier nearby the exit of the discharge tube area, which may
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Figure 7. Two-dimensional distributions of the (a) ion and (b) electron density. Also shown are the applied
magnetic field lines.
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Figure 8. Two-dimensional distributions of the (a) electron temperature, together with those of velocity in
the (b) z, (¢) r, and (d) @ direction.
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Figure 10. Two-dimensional distributions of the
ion velocity in the z-direction.
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prevent ions from accelerating smoothly. Figure 10 shows

the ion velocity in the z-direction. lons are accelerated S 1

through divergent magnetic fields by the potential drop from % 12 fmmm e e
<1000 to > 3000 m/s (< 0.7 to > 6 eV) in the z-direction at g 10

12 <z <30 mm. However, ions are decelerated at the exit of s 8

the discharge tube area from > 2000 to < 1000 m/s, and thus s ° My

they are not accelerated continuously. These imply that the £ : eIV
modification of the configuration of the permanent magnetic = 0

fields is necessary (for example, changing from permanent 0 200 400 600
magnets to a solenoid coils). Time (ns)

In the discharge tube area, the electron heating by ECR
effects does not appear. In order to consider for this problem,
we traced one electron in the area concerned. Figure 11 shows an example of the electron energy sampled in the
discharge tube area (this area includes the ECR layer) at steady state as a function of time. The ionization energy of
Xe (12.1 eV) is also described in the figure with a broken line. At the neutral gas pressure of 0.5 mTorr, gas
temperature of 300 K, and the electron density of 1x10' m73, the mean free time of the electron is ~658 ns. Thus,
the figure indicates that electrons in the discharge tube area do not gain enough energy to ionize neutral particles
effectively by ECR effects between collisions. In order to enhance the ECR effects, the improvement of the way to
input microwaves (for example, changing the microwave frequency) is necessary.

Figure 11. Electron energy as a function of time.

IV. Conclusions

We have conducted PIC/MCC simulations for the micro ECR plasma thruster. The thruster had a quartz tube of 4.15
mm in inner diameter, a semi-rigid coaxial cable inserted in the quartz tube, and outer two ring magnets. We
investigated plasma characteristics, plasma confinement by magnetostatic fields of permanent magnets, ion
acceleration by divergent magnetic fields, and ECR effects for 4 GHz microwaves and 0.143 T magnetic fields. The
results indicated that the plasma generated in the discharge tube area is well confined by permanent magnetic fields,
implying that the energy loss at the wall can be reduced by magnetic fields.

The potential drop of 5 ~ 6 V appears in the diverging magnetic fields by the self-generated ambipolar electric
field, where ions are accelerated from < 1000 to > 3000 m/s (< 0.7 to > 6 eV) in the z direction at 12 <z < 30 mm.
However, it was also found that the ions are decelerated at the exit of the discharge tube area because of the
potential barrier. This implies that the modification of the magnetic field configuration is necessary. In addition, on
the distribution of the electron temperature and energy as a function of time, the electron heating in the discharge
tube area was not confirmed, implying that changing the way to input microwaves is necessary.
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