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ABSTRACT
Spacecraft charging should be considered in ion thruster
operations because it will enhance backflow of
propellant ions to cause degradation of the surface
materials of spacecraft. One recognized case of this
situation in space is that HAYABUSA spacecraft had
measured rapid increase of the surface contamination
when a malfunction of its neutralizer of ion thruster
systems had occurred. To understand the correlation
between the spacecraft charging and the backflow of
propellant ions in ion thruster operation, we performed
numerical simulations for a 1/10-scale model of
HAYABUSA spacecraft with only ion beam emission
as the worst case of the malfunctions in ion thruster
operation. The simulation results showed that the space
charge of the emitted ions made the potential gradient
steeper in the range of 2 cm in front of the thruster exit
and the potential structure repelled almost emitted ions
after the spacecraft had become at full charging state.
1.

INTRODUCTION

Backflow of propellant ions on spacecraft surface in ion
thruster operations should be considered because it can
cause degradation of electrical or mechanical properties
of the surface materials of a spacecraft if the deposition
or impingement of those ions occurs. The degradation
of the surface materials will determine the spacecraft
reliability for long-duration mission powered by ion
thrusters as well as the reliability of ion thrusters
themselves. In normal operation of ion thrusters,
thermal charge-exchange (CEX) ions produced in the
plasma plume should be the dominant particle in the
backflow.
In Japan, HAYABUSA spacecraft powered by ion
thrusters developed by ISAS/JAXA had successfully
returned to the earth in 2010 after the seven years of

space flight. During the mission, two solar-cell-type
sensors had been monitoring the deposition of particles
on the spacecraft surface on which the ion thrusters
were located [1]. The sensors showed rapid increase of
particle deposition when the malfunction of the
neutralizer of HAYABUSA’s ion thrusters had occurred
in November 2009 [2,3]. We considered that severe
spacecraft charging due to the excess emission of ion
beam had occurred at that time, and hence the propellant
ions had been rapidly attracted to the negatively charged
spacecraft as expected by the ground test that had been
performed before the launch of the spacecraft [4]. In the
ground test, a 1/10-scale model of HAYABUSA with a
miniature ion thruster was installed in a vacuum
chamber, where the malfunction of the thruster had
simulated to control the current of the neutralizer
electrons. The ground test had estimated the charging
status depending on the lack of the neutralizer electrons
of the ion thruster. Monitoring of the deposition of
particles onboard spacecraft in ion thruster operation
has been ongoing using two Quartz Cristal
Microbalance (QCM) type sensors by HAYABUSA2
spacecraft in the follow on mission of HAYABUSA
since December 2014 [5,6].
In this study, we perform numerical simulations
reproducing the ground test that had been made for a
1/10-scale model of HAYABUSA. We compute
spacecraft charging only due to ion beam emission
without neutralizer electrons that is corresponding to the
experimental condition called “full charging” case in [4].
This assumption is considered to be the worst case of
the malfunctions of the ion thruster. The numerical
simulation will clarify the charging status of a
spacecraft under the condition and also the effect of
space charge of emitted beam ions that had not been
clearly measured in the ground test. In this paper, we
first introduce the numerical modelling to reproduce the
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ground test of “full charging” case. Next, we will show
the charging status of the spacecraft model and also the
effect of the space charge of the emitted ions on the
potential structure in front of the ion thruster as well as
the flux and energy of the backflow of the ions onto the
spacecraft surface obtained by the simulation.
2.
2.1.

NUMERICAL CODE AND MODELING
Numerical Code

The numerical code adopted here is a three-dimensional
electrostatic full-Particle-In-Cell (PIC) code, called
HiPIC [7], that had originally been developed by JAXA
to analyze spacecraft charging. The code computes the
trajectories of all kinds of charged particles (both ions
and electrons) that is represented by macroparticle in
PIC method. It computes the electrostatic potential due
to the charge selfconsistently with no robustness.
To compute the trajectories of the macroparticles of
spieces k, the equation of motion shown as Eq. 1 is
directly solved for each macroparticle.

  
"$ 2 
d x / dt 2 = (qk / mk )( E + vk × B) ,
#


%$ dxk / dt = vk

(1)

where m, q, x and v is the mass, the charge, the position
and the velocity of the macroparticle, respectively. E
and B in Eq. 1 are the electric field and the magnetic
field at the particle’s position, respectively. The position
of the particles is computed adopting the BunemanBoris algorithm in Eq. 1 to integrate in time. The
electrostatic potentialt is obtained by solving the
Poisson’s equation shown as Eq. 2,
∇ 2φ = − ρ / ε 0 ,

(2)

where φ, ρ, and ε is the electric potential, charge density
and vacuum permittivity, respectively. The electrostatic
potential φ defined at the numerical grids corresponding
to the surface of a spacecraft is computed by the total
charge and the capacitance at the point which has been
computed by the capacity matrix method [8]. The
numerical grid system adopted here is a rectangular grid
system with same spacing in Cartesian coordinate, X-,
Y- and Z-directions because we use Fast Fourier
Transform (FFT) to solve Eq. 2. The solver of the code
is pararellized with Message Passage Interface (MPI) in
domain decomposition mannar and also with synmetric
multiprocessing (SMP) for high-speed computing [9].
0

2.2.

Numerical Model to Simulate Ion Beam
Emission

To model the ion beam emission from the ion thruster,
we adopted a point-source model in which the
acceleration grid of the thruster is assumed as a convex

Figure 1. Geometry of point source model.
located on the thruster exit as illustrated in Fig. 1 [10].
The curvature radius of the convex Rc is defined by the
radius of the thruster exit RT and the divergence angle of
the ion beam α as defined in [10],
Rc = rT / α cos(α / 2) .

(3)

The initial distribution of the beam ions on the
acceleration grid is determined as follows. We assume
the point source located at the center of the curvature as
illustrated in Fig. 1, and assume that the ions are
expanding isotropically from the point source into the
conic region with its opening angle to be 2α. The
magnitude of the beam velocity VB is obtained as a
function of the acceleration potential applied to the ion
thruster φa as
1/2
VB = ( 2qiφ a / mi ) ,

(4)

where mi and qi is the mass and the charge of the beam
ion, respectively. The spatial distribution of the beam
ions on the acceleration grid is defined to be uniform.
3.

RESULTS AND DISCUSSIONS

Figure 2 shows the simulation geometry for the analysis,
and Table 1 also shows the simulation parameters. The
simulation domain adopted here was 2.56 m x 2.56 m x
2.56 m in Cartesian coordinate which had 256 spatial
grids in each side. A cubic conductor of 0.15 m on each
side was assumed to be the 1/10-scale model of
HAYABUSA for simplicity, which was located at the
center of the domain. The beam ions we compute were
monovalent xenon which were emitted from a single
thruster. The exit diameter of the thruster was of 0.05 m
located on the center of one face of the conductor. The
initial distribution of the beam ions on the thruster exit
was determined by the point source model mentioned
before; the spatial distribution was uniform on the
acceleration grid, and the magnitude of their beam
velocity on the grid VB was determined by Eq. 4, where
the acceleration potential φa was of 900 V. The beam
current IB was assumed to be of 10 mA. The direction of
the beam emission is positive X direction in the
coordinate.
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(a)

Figure 2. Simulation geometry
Table 1. Simulation Parameters
Ion Beam
divergence angle
20 deg.
accelerating potential
900 V
beam current
10 mA
thruster radius
0.05 m
Simulation Conditions
grid size
0.01 m
time step
20 ns
simulation domain
2.56 m*2.56 m*2.56 m
spacecraft scale
0.15 m*0.15 m*0.15 m
Magnetic field
0T

Figure 3 shows the simulation results showing the
snapshots of the number density distributions of the
beam ions at 50 µs and 200 µs (transient and quasisteady state for charging in the simulation, respectively)
in the XY- and ZX-planes including the center of the
thruster exit. The beam ions were kept emitting on the
X-surface at X=1.15 m to the positive X direction.
Figure 4 (a) and (b) indicate the electric potential
distribution at 200 µs extracted in the XY-plane and in
the X-direction including the center of the thruster exit,
respectively. We can recognize high-density of ions up
to 1015 m-3 at the very front of the thruster exit in Fig. 3,
which results in the formation of positive potential of
200 V shown in Fig. 4 due to their space charge. As
shown in Fig. 4, spacecraft potential at the quasi-steady
state obtained was of -990V, whose absolute value was
almost the same as the acceleration potential of 900 V.
We can recognize that a very steep negative potential
gradient was formed in 2 cm from the thruster exit. The
emitted beam ions were repelled by the potential
gradient to the opposite direction to the emitted one
shown in Fig. 3. Generally, if a spacecraft is highly
negatively charged compared to a space potential the
negative potential gradient is formed from a spacecraft
to the space. The negative potential gradient in the

(b)
Figure 3. Snapshots of the number density
distributions of the beam ions obtained by the
simulation at 50 µ s (a) and 200 µs (b).
vicinity of the thruster exit called “virtual anode” will
rapidly repels the emitting beam ions as mentioned in
[4]. The space charge of the beam ions themselves
forming a positive potential at the thruster exit will
make the potential gradient steeper and will enhance the
repelling of the beam ions. According to the simulation
results, the potential difference was obtained to be of 1190 V in 2 cm in front of the thruster exit.
Figures 5 (a) and (b) shows the time history of the flux
and the energy of the incoming beam ions onto the
spacecraft surface on which the thruster exit was located,
respectively. The energy of the ions shown in Fig. 5 (b)
is estimated to compute average of the kinetic energy of
the incoming ions at the surface. The colored lines
shown in Fig. 5 indicate the values computed in the
each area on the surface divided in radial direction by 1
cm from the center of the thruster exit. In the figures,
the number “r” means the circle area between the radii
of r-1 and r. Note that the length of one side of the
spacecraft model is 15 cm and the diameter of the
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(a)
(a)

(b)
Figure 4. Electric potential distribution at 200 µs
including the center of the thruster exit extracted in
the XY-plane (a), and in the X direction (b).
thruster is 5 cm (7.5 cm and 2.5 cm from the center,
respectively). As shown in Fig. 5 (a) we obtain that the
flux of incoming ions is the highest in the middle region
on the surface (r=4) and decreases toward both the
central and outer region on the surface. That is expected
that repelling of the emitted ions which initially had the
divergent angle by the potential gradient formed in front
of the thruster resulted in the maximum flux being in the
region of r=4. Meanwhile, as shown in Fig. 5 (b) the
energy of the incoming ions has the highest value of
about 990 V in the center region (r=1) and decreases
toward the outer area on the surface.
4.

CONCLUSION

We had numerically analyzed the backflow of ion beam
onto the surface of a spacecraft in ion thruster operation
under lack of the neutralization electrons to understand
the correlation between the backflow and the fluctuation
of the spacecraft potential. A three-dimensional
electrostatic full PIC code was used to estimate the
backflow for a 1/10-scale model of HAYABUSA with

(b)
Figure 5. Time history of the flux (a) and the energy
(b) of the incoming beam ions onto the spacecraft
surface.
only ion beam emission assuming the total loss of the
neutralizer electrons in ion thruster operation. The
simulation results obtained are as follows. The
spacecraft potential had reached the negative value of
almost as same absolute value as that of the acceleration
potential applied to the ion thruster. At the very front of
the thruster, positive potential of about 200 V was
formed due to the space charge of the emitted beam ions.
The steep negative potential gradient was formed in 2
cm from the thruster exit, which repelled the emitted
beam ions to the opposite direction to the emitted one.
The flux of incoming ions onto the surface on which the
thruster located was the highest in the middle region on
the surface and decreases to both the central and outer
region. That was expected that repelling of the emitted
ions which initially had the divergent angle by the
potential gradient formed in front of the thruster resulted
in the maximum flux being in the region. Meanwhile,
the energy of the incoming ions shown had the highest
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value of about 990 V in the center region and decreases
to the outer area. The space charge of emitted beam ions
in the vicinity of the thruster exit would determine the
local flux and energy of the incoming beam ions on the
surface of the spacecraft.
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