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Abstract

A particle simulation code has been developed to
investigate beam extraction phenomena from a discharge
plasma. In order to discuss plasma boundary phenomena
in detail, particle-in-cell (PIC) method was adopted and
electrons are treated as particles as well as ions. As a
calculation result, ion sheath formation, ions and
electrons spatial distribution, ion beam divergence
characteristics and beam and grid impingement currents
variation were obtained for various configurations of
discharge plasma properties and accelerating voltages.
Although our simulation is preliminary, the calculation
results showed good agreement with experimental
results.

Introduction

Ion beam extraction phenomenon from a discharge
plasma is one of the most important processes in an ion
thruster. Because beam extraction performance is
determined by the interrelation between discharge
plasma properties and ion optics configurations, the
investigation of the plasma boundary (or sheath)
formation is important to discuss the beam extraction
performance. In addition, there is a fact that practical
ion thrusters have so complicated discharge plasma
properties such as non-Maxwellian electron energy
distribution and the existence of multiply charged ions.
Therefore, it is indispensable to develop the beam
extraction simulation code that is capable of considering
detailed properties of a discharge plasma.

There have been a lot of studies concerning the ion
beam extraction phenomena by means of an experiment
and a calculation. Especially in the field of numerical
simulations, some useful studies'™® have played an
important role in predicting the lifetime of an ion optics
system. In these simulations, however, little attention
has been given to the plasma boundary phenomena and
simplified assumption was used. Although some
experimental attempts® have also been performed, the
plasma boundary region is too small (~mm) to measure
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the properties of ionized gases.

In order to discuss these problems, it is necessary
that the discharge plasma properties are given optionally
in detail, and the motion of charged particles are
described accurately in the plasma boundary region. The
present study was carried out to 1) develop the particle
simulation code with emphasis on the plasma boundary
problems, and 2) evaluate the relationship between the
discharge plasma properties and the ion extraction
performance.

Simulation Model

In our simulation, charged particles motion is
calculated in a two-dimensional axisymmetric domain
with a three-dimensional velocity component for a single
set of grid apertures with electrostatic assumption.
Figure 1 shows the computational domain used in this
calculation with boundary electrostatic potential
conditions. Geometry of a screen and an accelerator
grid is based on the grid system of our 30-¢cm cusped
ion thruster.” One of the features of this simulation
code is adoption of the plasma region placed as an
upstream boundary that occupies a finite volume. In
this region, charged particles move randomly with the
distributed velocities determined by energy distribution
functions. Including the energy distribution, the
discharge plasma properties such as number density and
a space potential are given optionally and kept constant
through all time steps. For the present time, only singly
charged ions and electrons originated in the plasma
region are considered as particles, therefore, charge
exchange collisions and ion beam neutralization are not
taken into account in this simulation. Xenon propellant
is assumed.
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Fig. | Computational domain.
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In order to describe the charged particle motion in
detail, a particle-in-Cell (PIC) method® 7 is adopted in
this simulation. In general, the PIC code has a following
cycle; 1) calculating the electrostatic field on calculation
grids, 2) interpolating the electrostatic field on
computational particles, 3) moving the particles, 4)
assigning the charges of particles to the grids, and repeat
the cycle. Each computational particle represents a large
number of real particles (a hundred in this code). As an
another feature of this calculation, electrons are treated
as particles and their trajectories are followed in time as
well as ions. To relax the restriction of calculation time
step and mesh size, electron mass is multiplied by 1000
in the calculation while an energy conservation law is
followed (whose influences are described later). This
electron treatment enables one to visualize the plasma
boundary phenomena.

The flow diagram of the calculation is shown in
Fig. 2. The operating parameters given first consist of
grid voltages (V. for screen, V. for accelerator grid)
and properties of a discharge plasma (space potential,
V,, number density, n,, ion and electron energy
distribution function, F;, and F,). The energy distribution
functions are given as follows,
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where v; is ion velocity, m;, ion mass, k, Boltzmann
constant, T}, ion temperature, v,, electron velocity, m,,
electron mass, 7,, Maxwellian electron temperature, A,
primary-to-Maxwellian electron ratio, o, standard
deviation of primary electron components and p, peak
velocity of primary electrons. As shown above, ions
are assumed to have only Maxwellian components, on
the other hand, electrons are assumed to have both
Maxwellian and primary components because the
discharge plasmas of practical ion thrusters often possess
non-Maxwellian electron energy distribution. The
primary electrons are assumed to have Gaussian
distribution in the present study. Geometry of a grid

system is also given at the first step.
The electrostatic potential, ¢ is obtained by solving

Poisson’s equation,

VZ(P:—i(ni —ne) 3)

€
where e is elementary charge, & is permittivity of free
space, and n; and n, are number density of ions and
electrons, respectively. At the initial state, the right side
of Eq. (3) is zero since there are no space charges. In
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Fig. 2 Flow diagram of calculation.

the inner loop in Fig. 2, the charge density on each grid
is calculated by PIC method described above. Equation
(3) is solved using Gauss elimination method with
sparse-matrix refinements.®’ Then, electric field, E is
obtained as follows,

E=-V¢ 4)

The motion of ions and electrons are calculated in
two-dimensions in space (radial and axial) and three-
dimensions in velocity (radial, axial and azimuthal)
model. The equations of motion (below) are solved using
an Euler’s integration scheme. Although the Euler’s
scheme has only first order accuracy, its validity was
ascertained by comparing the calculation results with a
Runge-Kutta method that possesses fourth order
accuracy.

dav;
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Equations (5) and (6) are solved in axisymmetric
coordinates in the bulk of the computational domain,
however, rectangular coordinates are used when the
particles exist adjacent to the hole center to avoid the
error occurrence stemmed from a small r value.

This calculation has two loops of the inner and outer
ones as shown in Fig. 2. The inner loop is terminated
when the total number of particles in the calculation
region reaches steady state. The outer loop is terminated
when the sum of the obtained ion currents (the beam
current, Jp, the screen grid impingement current, J,. and
the accelerator grid impingement current, J,.) are
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equivalent to an ion saturation current

1/2
kT, 1 2
Jy = enp( . ) exp(—- 5-).71:R7 7

within 2 % differences. In Eq. (7), R is the outside radius
of the computational domain. In the case that the
condition above is not satisfied, the plasma-to-screen
distance, [, is changed and the calculation is repeated
until the appropriate I,.,. is obtained.

The computational domain shown in Fig. 1 is 1.25
mm in radius and 5.00 mm in axial and it is divided to
60 x 250 cells. Each axial mesh has constant width of
0.02 mm through the domain, on the other hand, the
width of the radial mesh is determined to make each
cell possess a constant volume.

In a particle simulation, integration time step, At
and mesh size, Ar and Az should satisfy the conditions

Ao, <1 (8)

Ar, AzSAp 9)

to obtain a precise and stable solution®, where Wy, is
the plasma frequency and Ap is the Debye length. In
this simulation, At is determined as

A0, <04 (10)
Although Ar did not satisfy the Eq. (9) near the
centerline, no divergent solutions were detected and the
calculation results had almost no differences compared
with ones with the smaller Ar.

Results and Discussions

Validity of Calculation Results

In order to verify the calculation results, some
comparisons are described below. In addition to the
comparisons with the experimental results, the
influences of the electron mass multiplication are
presented.

Comparison with 30-cm Thruster Experiment The
calculation was conducted at the same condition of our
30-cm cusped ion thruster experiment® to compare the
both results. The accelerating voltages and the discharge
plasma parameters used are shown in Table 1. The
plasma properties were measured using a Langmuir
probe at the position of 100 mm upstream from the
screen grid and 50 mm in radius from the thruster
centerline. In this condition, it was confirmed that the
electrons possess a similar energy distribution to
Maxwellian distribution. Table 2 shows the calculated
beam current, screen and accelerator grid currents
compared with the experimental ones. The calculated
currents for 30-cm cusped thruster were estimated by
applying the measured radial ion beam profile.”

The data in Table 2 indicate that the calculated beam
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Table 1 Configurations of accelerating voltage and
discharge plasma properties for comparison with 30-
cm thruster experiment.

Screen grid voltage, V,. 1000 V
Accelerator grid voltage, V. -500V
Dis. plasma potential, V, 31V
Dis. plasma number density, n,, 3.0x10" em™
Dis. plasma electron temp., T, 4.5eV
Dis. plasma ion temp., T; 450 K

current and the screen grid current show good agreement
with the experimental results. Although there is some
simplified assumptions (the probe measurement point
and the beam profile application), it can be stated that
the calculation results of the beam and screen grid
currents possess quantitative validity. On the other hand,
the calculated accelerator grid current is O mA contrary
to the experimental result of 30 mA. The difference is
attributed to the fact that our calculation does not
consider the effects of charge exchange ions. In other
words, this calculation result means that there are no
direct impingements of ions onto the accelerator grid in
this condition.

Table 2 Comparison of beam and grids currents between
calculation and experiment.

Calculation  Experiment
Beam current density, j, 4.36 mA/cm? -
Beam current for 30-cm, J;,3 1730 mA 1760 mA
Sc current for 30-cm, J, 30 190 mA 220 mA
Ac current for 30-cm, J ;) 0 mA 30 mA

Comparison with Sheath Profile Measurement In
order to ascertain the validity of the calculated sheath
profiles, the potential contours near the screen grid hole
are compared with the experimental value measured by
Aston et al.? In the calculation, the plasma properties
and the accelerating voltages were determined
appropriately to meet the normalized perveance per hole
(NP/H) requirement described in the report above. The
inputted grids geometry was similar to the experimental
ones because the extremely large apertures were used
in the measurements to rise spatial resolution. Argon
propellant was assumed in this case.

The comparison of the electrostatic potential
profiles with reference to the plasma space potential
(discharge voltage in the experiment) adjacent to the
screen grid are illustrated in Fig. 3. Although the
potential gradient of the calculation result is quite steep
compared with experimental ones, its shape is in good
agreement with each other, especially for -25 V contour.
Therefore, it can be stated that this calculation possesses
adequate capability to simulate the sheath formation

807



Screen grid

Screen grid CONTOUR INTERNAG. GF 3G

i E E %)
2 P ;

0.0V

SERD RANBL PUBITOON ~ 3¢,
& 2
& .v«

H

H

- o™
3
4

P

@
L3
B

13 b X &3 2% $2 £
BERMALITES RXISL POBITION — 2,

(b) Measurement contours
by Aston et al.¥
(intervals of 1.0 V)

(a) Calculated contours.
(intervals of 5.0 V)

Fig. 3 Calculated electrostatic potential profile adjacent
to screen grid aperture compared with measurement
value.

phenomena. The occurrence of quantitative differences
might be due to the differences of the absolute
accelerating voltages and the plasma properties between
the calculation and the experiment.

Influences of Electron Mass Multiplication In this
calculation, the electrons are treated as particles with
the assumption that their mass is one thousand times as
heavy as actual mass because the mobility of an actual
electron is so large that requires an extremely small time
step (hence, huge calculation time). In order to verify
the validity of this assumption, the calculation with the
actual electron treatment was conducted in only one case
(np=2.5x10" cm™, T, =3.0eV, V,=30V, V,. = 1000 V
and V,. = -500 V). The comparisons of the calculation
results between this case (with actual electron mass,
EW1) and the standard case (with multiplied electron
mass, EW1000) are described below. The calculation
time for the EW1 configuration was over twenty-one
times as long as one for the EW1000 configuration.
Figure 4 and Table 3 illustrate the electric potential
profiles and the currents variations for both
configurations, respectively. The first observed in Fig.
4 is that the 1000 volts contour of the EW1 case lies
nearer the screen grid compared with one for the
EW1000 case. This fact indicates that the ion sheath
boundary position is closer to the screen grid when the
actual electron mass is assumed. This discrepancy seems
to be caused by the large mobility of the actual electrons.
However, since the difference of the plasma boundary
forming is relatively small, there are almost no
differences in the beam currents and the grid currents as
shown in Table 3. In addition, the electric potential
distributions in other region have good agreement with
each other as shown in Fig. 4. Therefore, it can be
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regarded that the calculation model with the multiplied
electron mass possesses adequate validity to investigate
the beam extraction phenomena from a discharge
plasma.

1030 -8 [ Volts ]

VA

(a) EW1000 (Computational electron is 1000 times as
hevy as actual particle.)

[ Volts ]

/ /‘)/

(b) EWI (Computational electron possesses acutual
mass.)

Fig. 4 Electrostatic potential contours to illustrate the
influences of electron mass multiplication. Contours
are from -500 to 1000 V in increments of 100 V.

Table 3 Beam and grids currents comparison between
EW1000 and EW1.

EW 1000 EWI
Beam current per hole, J, 166 uA 174 uA
Sc current per hole, J,,. 11 uA 10 uA
Ac current per hole, J,,. 0 uA 0 uA

Examples of Calculation Output

Various informations concerning the beam
extraction phenomena can be obtained from this
simulation. The following are examples of the
calculation output obtained at the same condition of
Table 1.

Figure 5 and Figure 6 show the calculated
electrostatic potential contours and the particles (ions
and electrons) distributions, respectively. Figure 5
illustrates that obvious arc-shaped contours exist
upstream of the screen grid. Resemble arc-shaped
boundary is also observed in Fig. 6 (b) that shows the
electron particles distribution. As aresult of comparison
of Fig. 5 and Fig. 6 (b), it was found that the relationship
between the electrostatic potential and the electron
distribution agreed well with Boltzmann distribution.
This can be another evidence to show the calculation
reliability. Also observed in Fig. 5 is the positive
potential hill downstream of the accelerator grid due to
the concentration of positive ion charges. The
calculation with the consideration of electron particles
from a neutralizer will be conducted in near future. From
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Fig. 5 Electrostatic potential contours of a typical case.
Contours are from -500 to 1000 V in increments of 100
V.

Fig. 6 (a), the well converged ion beamlet without direct
impingement on the accelerator grid is observed. This
figure also shows the existence of ions with larger
divergent angle separated from the main beamlet. These
ions seem to originate at larger radial positions in the
plasma region, and cross the hole axis and emerge on
the opposite side with larger radial velocity.

oGRS
b b7 M&

(a) Ion distribution

(b) Electron distribution

Fig. 6 Particle distribution of a typical case.

In order to discuss the relationship between the
discharge plasma parameters and the beam extraction
phenomena, visualization of the plasma boundary is
important. However, distinct determination of beam
extraction surface or sheath boundary is difficult because
the ions and electrons possess finite density gradient in
this region. Therefore, the position where the electron
number density ratio with reference to the discharge
plasma is 0.1 is assumed as “sheath boundary®”” in this
study, and this “sheath boundary” is used in all
discussions here after. This kind of sheath treatment is
possible because the electrons are treated as particles in
this simulation. Figure 7 illustrates the calculated sheath
boundary that possesses distinct arc-shaped contour.

Bohm velocity contour (vg = 1800 m/s)

nJn, = 0.7

nJn, = 0.1
(Sheath boundary)

Fig. 7 Visualization of screen grid ion sheath using
electron number density ratio with Bohm velocity
contour.
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Also visible is that the position of the equivelocity
contour of Bohm velocity agrees well with the contour
of n./n, = 0.7. This position is regarded as the boundary
between the pre-sheath (or transition region) and the
sheath.

The radial ion number density profile in each axial
position is an another interesting information obtained
from this simulation. Figure 8 shows the radial ion
number density profile at three axial positions (in the
plasma region, just upstream of the accelerator grid and
the downstream end). The observed is that the
distribution is considerably different in axial positions.
At the downstream end, the profile has center-peaked
shape, however, in the region just upstream of the
accelerator grid, the density peak exists at the edge of
the beamlet. This is because the large number of ions
originated at the larger radial position in the discharge
plasma are focused on this region by the electrostatic
field shown in Fig. 5. A resemble ion density profile
was reported in the other computational study.” The
fact that the ion beamlet possesses edge-peaked profile
near the accelerator grid is consistent with the
experimental result that the accelerator grid current rises
abruptly with increase in NP/H from when the direct
impingement current is detected.'”’
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Radial distance from hole center line, r, mm

Fig. 8 Radial ion number density distribution at three
axial positions.

Influences of Discharge Plasma Properties and
Accelerating Voltage

The influences of the discharge plasma properties
and the accelerating voltage variation on the beam
extraction characteristics are described in following
parts. The standard operating and plasma parameters
are; Vy. = 1000V, V,. = -500 V, V, = 1030 V, n,, =
5.0x10" cm™, T, = 3.0 eV and T; = 450 K, and each
parameter is given parametrically in each section while
the others are constant.

Plasma Number Density The first point to attention
is number density of the discharge plasma. The
calculated beam current and grid currents for various
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plasma number densities are shown in Table 4. This
table indicates that the beam current rises with increase
in the plasma number density because the ion saturation
current of plasma is proportional to the number density.
The also observed is that the ratio of the screen grid
current to the beam current for the larger number density
plasma is considerably large compared with one for
lower density plasmas. This kind of phenomenon is
observed in ordinary ion thruster operation. The reason
of these current changes can be conjectured from Fig. 9
that shows the sheath boundary positions corresponding
to the plasma number densities in Table 4. Figure 9
illustrates that the sheath boundary moves sensitively
with increase in plasma number density. For the larger
plasma number density, the sheath boundary exists closer
to the screen grid and its shape is flatter than ones for
the smaller plasma density. Same tendencies of the
sheath boundary movement were also reported in the
experimental study®. The variation of the screen grid
current ratio shown in Table 4 is a result of these
differences of the sheath boundary formation. In
addition, Fig. 9 also illustrated that the accelerator grid
current due to the ion direct impingement is detected
only in the configuration of n, = 1.0x10' cm™ because
of the excessive divergent angle.

Table 4 Beam and grids currents variation for various
discharge plasma number densities.

Plasma num. dens., 10" cm™® 2.5 50 7.5 100

Beam cur. per hole, J;,, HA 166 317 448 567

Sc current per hole, J,., HA 11 35 81 134
Ac current per hole, J,., UA 0 0 0 14
NP/H, x10° A/V' 079 150 212 2.68

n,=2.5x10" cm?®
5.0
7.5

T 100

Fig. 9 Sheath position and shape change with plasma
number density variation.

Plasma Space Potential Influences of the plasma
space potential on the beam extraction phenomena was
calculated for V,, = 20, 25, 30, 35 and 40 V. As aresult,
the beam current and grid currents showed almost no
differences over the whole space potential range. The
reason is that the range of the space potential change is
relatively small compared with the accelerating voltages.
In ordinal ion thruster operation, the discharge voltage
increase is usually accompanied with the beam currents,
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however, this seems to be attributable to the fact that
the increase in the discharge voltage causes the rise in
the plasma number density in the discharge chamber.

Figure 10 shows comparison of the sheath
boundary between the plasma space potential of 20 V
and 40 V. Although there are almost no differences in
the beam and grid currents, the position and the shape
of the plasma boundary shows quite differences.
Although this boundary shape difference did not cause
differences in current distribution in this case, it might
have quite impact when the discharge plasma possesses
higher 1on saturation current. Even in this condition,
more converged beamlet was obtained for the larger
plasma space potential case.

v,7=40v/’
AN

Fig. 10 Sheath position and shape change with plasma
space potential variation.

Electron Temperature of Plasma Table 5 shows the
relationship between the calculated currents and the
electron temperatures of the discharge plasma. Since
the ion saturation current of the plasma is proportional
to T,', the beam current and the screen grid current
increase with increase in the electron temperature. The
sheath boundary contours corresponding to the electron
temperatures in Table 5 are illustrated in Fig. 11. From
this figure, it is observed that the sheath boundary move
toward downstream with increasing electron temperature

Table 5 Beam and grids currents variation for various
electron temperatures.

Electron temp., T,, eV 1.5 3.0 4.5 6.0
Beam cur. per hole, J,, UA 233 317 377 439
Sc current per hole, J,., tUA 16 35 55 76
Ac current per hole, J,., UA 0 0 0 0
NP/H, x10” A/V'3 .10 1.50 1.78 2.07

Fig. 11 Sheath position and shape change with electron
temperature variation.
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(i.e. ion saturation current). This is same trend with the
influences of the plasma number density in Fig. 9
although the change in shape and position of the
boundary is smaller in this case compared with Fig. 9.

Electron Energy Distribution of Plasma In the
practical operation of direct current type ion thrusters,
discharge plasmas often possess non-Maxwellian
electron energy distribution because of the existence of
primary electrons from a hot cathode as reported in some
experimental researches.'"" ' In our simulation code,
the consideration of the electron energy distribution
function (EEDF) is possible because the electrons are
treated as particles and each electron particle can possess
optional velocity as described in Eq. (2). For the present
time, the EEDF is determined reference to the
measurement result by Hayakawa et al.'! as shown in
Fig. 12. This function is comprised of a 3 eV Maxwellian
electron component and a primary electron component
that possesses peak energy of 20 eV. The primary-to-
Maxwellian population ratio is 0.163. To be compared,
3 eV Maxwellian distribution is also presented in Fig.
12.

With primary electrons
(P-M ratio of 0.163)

S e B S IO
0 10 20 30 40 50
Electron energy, eV

Electron energy distribution
function, F, (arbit. unit)

o

o

S

W

Fig. 12 Non-Maxwellian electron energy distribution
that possesses primary-to-Maxwellian density ratio of
0.163.

Figure 13 shows the sheath boundaries for the two
EEDF configurations shown in Fig. 12. From this figure,
it is observed that the sheath boundary shifts to
downstream without the change in shape when the
plasma possesses the primary electron component. This
fact indicates that high energy (primary) electrons
penetrate deeply to downstream against the retarding
electric field. As a result of the change of sheath
boundary position, the beam current and the screen grid
current increase when the primary electron exists as

3.0eV /

Maxwellian

N

With primary electrons
(P-M ratio of 0.163)

|
Fig. 13 Sheath position and shape for plasmas with and
without primary electrons.
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shown in Table 6. These results indicate that the electron
energy distribution has a considerable effect on the
sheath formation and the extracted beam current. More
detailed investigation with an experimental approach
will be performed in near future.

Table 6 Influences of primary electron existence on
beam and grids currents.

Electron energy Maxwellian ~ With primary
distribution (T.=3.0eV) (h=0.163)
Beam cur. per hole, J,, UA 317 392

Sc current per hole, J,., A 35 48

Ac current per hole, J,., HA 0 0
NP/H, x10° A/V'® 1.50 1.85

Accelerating Voltage  The influences of the
accelerating voltages on the sheath formation and the
beam characteristics are also important as well as the
ones of the plasma properties. The effects of the total
accelerating voltage variation from 90 to 2250 V are
discussed in this section. The net-to-total accelerating
voltage ratio is kept constant in 0.67.

Figure 14 and Figure 15 show the currents and the
sheath boundary variation for various total accelerating
voltages, respectively. Figure 14 shows that the beam
and the grid current change drastically with increase in
the total accelerating voltage up to approximately 1500
V. A drastic difference is also observed in Fig. 15 that
shows that the sheath boundary changes its shape from
convex to concave (as seen from downstream) as the
total accelerating voltage increases. This result is in
good agreement with the theoretical consideration
performed by Hyman ez al.'® Figure 15 also shows
that there are two phases in the sheath boundary
formation, that is, the shape change phase in lower V,
and the position shift phase in higher V,. In addition to
the sheath boundary contours, the beamlet profiles for

500
-—o0—— Beam current, J,
< - A Screen grid current, J,.
3. 400 -- - - -~ Accelerator grid current, J,.
~
S —
< 300
=
3
a
e 200
Q
=)
=3
Q
§. 100
N “” -
0 = 54

0 500 1000 1500 2000 2500
Total accelerating voltage, V,, V
Fig. 14 Beam and grid currents variation plotted against
total accelerating voltage.
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V, =375V and V,=2250V are shown in Fig. 16. This
figure obviously illustrates the influences of the sheath
boundary shape on the beam divergence characteristics
and the direct impingement current. The estimation of
the transient (just after applying the accelerating
voltages) impingement current on an accelerator grid
will be performed.

Vi=1125V j
1500
1850

2250 \( |

Fig. 15 Sheath position and shape change with total
accelerating voltage variation.

(a) V,=375V

(b) V,=2250V

00 10 20 30 40 50 60 x10"cm?

Fig. 16 Ion beamlet for total accelerating voltage of
375 and 2250 V.

Concluding Remarks

A particle simulation code has been developed to
investigate the beam extraction phenomena in an ion
thruster. This simulation is capable of discussing plasma
boundary phenomena in detail because the electrons are
treated as particles as well as ions and the detailed
discharge plasma properties can be inputted. The main
results obtained are shown below.

1. The position and the shape of the sheath boundary
were visually shown by drawing the electron number
density contour.

2. The validity of the calculation results was ascertained
by comparing the calculated ion currents and the
potential profile with the experimental values.

3. The sheath boundary formation, the particle
distribution and the beam and the grid currents were
obtained for various configurations of the discharge
plasma properties and the accelerating voltage and their

|[EPC-99-146

effects on the beam extraction characteristics were
discussed.

The consideration of electrons from a neutralizer
and charge exchange ions will be included in this
simulation in near future.
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