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Charging Analysis of HAYABUSA Spacecraft to
Evaluate the Spacecraft Contamination due to
Lack of Neutralization on Ion Thrusters
Takanobu Muranaka, Satoshi Hosoda, Kazutaka Nishiyama

The numerical method to evaluate the contamination measured
onboard spacecraft is expected to contribute to the
contamination monitoring in the HAYABUSA2 mission, the
follow-on mission to the HAYABUSA mission by JAXA.
HAYABUSA2 has the same type of the ion thruster assembly
that had originally been developed for HAYABUSA [3], and
the spacecraft is scheduled to launch in 2014.

Abstract— Rapid increase of spacecraft contamination had
measured by HAYABUSA spacecraft at the time when lack of
neutralization on its ion thrusters had occurred. It is considered
that spacecraft charging caused at that time had enhanced the
contamination by charged particles. A numerical code has been
developing to estimate the correlation between the contamination
and the spacecraft potential obtained by HAYABUSA. The
numerical analysis will clarify the contributions of charged and
neutral particles to the contamination. In this paper, we introduce
the present status of the development of the numerical code and
preliminary charging analysis performed by using the code.

In this paper, we first introduce the data of spacecraft
contamination obtained by HAYABUSA mission including
those at the lack of neutralization occurred. Next, the present
status of upgrading our charging analysis code is shown.
Preliminary numerical result of charging analysis by using the
code is also shown for a spacecraft with ion beam emission
simulating the lack of neutralization.

Keywords—spacecraft contamination; charging simulation; ion
thrusters; lack of neutralization

I.

II.

INTRODUCTION

Contamination on spacecraft surface is considered to cause
degradation of the power generation if it occurs on solar arrays.
Therefore, it can determine the spacecraft performance for
long-duration mission powered by electric propulsion. In
operation of ion thruster, one source of the contamination is
outgassing neutral particles from a spacecraft surface exposed
in vacuum, and the other is charged particle mostly from
plasma plume exhausted by ion thrusters. In Japan,
HAYABUSA spacecraft powered by ion engines developed by
JAXA had successfully returned to the earth with a small
sample of the near-earth asteroid in 2010. During the mission,
the contamination on the spacecraft had been measured by the
sensors onboard HAYABUSA [1]. The sensors showed rapid
increase of the contamination at the time when the lack of
neutralization occurred on HAYABUSA’s ion engine system
(IES) in November 2009. We consider that spacecraft charging
as expected by the ground test [2] must have caused the
increase of the contamination by charged particles, and
correlation between the contamination and the spacecraft
potential can evaluate the contributions of charged and neutral
particles to the measured contamination data.

MEASUREMENTS OF SPACECRAFT CONTAMINATION BY
HAYABUSA

HAYABUSA was equipped with four ion thrusters, and
three of them were simultaniously used in the normal operation.
A contamination sensor had been developed adopting a solar
arrays to determine the spacecraft contamination in the
operation of the IES [1]. Two sensors had installed onboard
HAYABUSA near the exit of one thruster its IES as shown in
Fig. 1. The sensor shows degradation of efficiency to generate
electricity if the contamination of its surface occurs. We can,
therefore, estimate the degree of the contamination relative to
the initial state (we cannot obtain absolute value of the
contamination). Figure 2 shows the power efficiency obtained
by the sensors during HAYABUSA mission. The efficiency is
normalized considering the incident solar flux depending on
the spacecraft attitude and the distance to the sun. The lower
the normalized efficiency, the more the contamination occurs
in the figure. We can recognize following two characteristics in
the figure:

To evaluate the correlation between the contamination and
the spacecraft potential in ion thruster operation, we upgrade
the numerical charging analysis code that we had developed.

•

The degradation of the sensor B increases more than
that of the sensor A.

•

Rapid increase of the degradation of the both sonsors is
recognized at the date indicated by the block arrow.

We consider that the former is due to the more or less the
outgassing nearby each sensor depending its location, and the
latter is due to the increase of the contamination by charged
particles due to spacecraft charging. The lack of neutralization
on one of the four ion thrusters had occurred at the date, and
that made potentials of HAYABUSA highly negatively
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推測される。
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To analyze the rapid increase of the contamination, we
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consider that the current balance onto a spacecraft at a body
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potential.
The net current onto a spacecraft surface Inet at its
potential,
Vs, in the operation of ion thrusters is described as
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A
図 1 はやぶさイオンエンジンプレート上に設置さ

A: エンジンからの汚染計測用、B: 参照用
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３．QCM コンタミセンサーの開発

where q, m and n are the charge, the mass, and the number

３－１
density背景と開発経緯
of the charged particles, respectively. Iph0 is the sum of
水晶振動子式膜厚計は、水晶振動子の表面に物質
the
photoelectron
current on the surface of the sphere. I’NE is
が付着した際の質量増加に応じて、発振周波数が減
the current of the neutralization electron at lack of the
少することを利用した超高感度の天秤であり、真空
neutralization.
蒸着のプロセス制御用やガスセンサーなどに広く利
用されている。コンタミネーション計測用としては
In order to estimate the increase of the contamination, we
質量の絶対量(面密度)が得られるため、最も標準的
perform
charging simulation
to compute the 熱真空
currents of the
な測定手段となっている。
宇宙開発分野では、
attracted positive ions onto the spacecraft
in (2),
Ii, IB and ICEX
試験や衛星搭載用途で米国の
QCM Research
社が圧
倒的なシェアと実績を誇っている。
for HAYABUSA as a function しかし、
of Vs 衛星搭載
at lack of the
用品は非常に高価であり国内での使用実績はない。
neutralization. At first, we estimate the charging status of the
我々は、
「はやぶさ」
を打ち上げた
IB in (1). M-V ロケット 5 号
spacecraft
with Ii, Ie and
機においてスピンモーター起源の汚染物付着を計測
するために、市販品を改修した安価なシステムを製
作して飛翔データを取得した。このシステムは、質量
制約や放射線耐性要求のほとんどないロケット用な
らではのもので、質量が 2.5kg もあったが、衛星や探
査機搭載を目指した小型計量のものの新規開発を 4
年前から明星電気と共同で行ってきた。2 年前から
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Long-Term
Engine Activity:
where
A is the surface
of Ion
a spacecraft,
k is the Boltzmann’s
0.75
ON
constant, Te and Ti are the temperature of the ambient electrons,
and that of ions, respectively. j0k is the thermal current which is
OFF
0.70
determined
as

A
charged [2,4]. Therefore, the current ontoSensor
the spacecraft
had
Sensor B
rapidly been30increased by the positively charged ions in the
vicinity of the spacecraft attracted by the negative potential [4].
Figure 3 shows
the extracted telemetry data showing the
20
instantaneous currents of the thruster with lack of the
neutralization.
We can estimate the beam current of 41.64 mA
10
by subtracting the peak value of the neutralizer current of 44.01
mA from that of the screen current of 85.65 mA in Fig. 3.
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Fig. 2.図Time
history of the contamination obtained by the each sensor,
A and B during HAYABUSA
mission.
Lack of neutralization on ion
Sensor
Temperature
thruster had occurred at the date indicated by the block arrow [1].
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where Ie, Ii, and Iph are the current of the ambient electrons, the
1.0
ambient
ions, photoelectrons, respectively. IB and INE are the
currents
of the beam ions, the neutralizer electrons of an ion
0.9
thruster, respectively. ICEX is the current of charge-exchange
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IES operation. The first two currents
that of INE in the normal Date
on the right side in (1) contribute as negative ones for charging
図
「はやぶさ」の太陽距離の履歴
and4 the
others do as positive. In the case lack of the
Contamination
Sensor
Efficiency
RatioI(B/A)is smaller than I ,
neutralization
on ion
thruster
i.e.,
NE
B
spacecraft
potential
is
estimated
to
be
negative
of
the
order
of
1.00
100-1000 V [2, 4], equation (1) is extracted as (2) when |Vs| is
much greater than kT/e considering the current collection onto
0.95
a spherical
body follows the orbital motion limited (OML)
theory [5],

Fig. 1. Ion engine system installed in HAYABUSA and the two
れた 2 式の太陽電池式コンタミセンサー
contamination
sonsors onboard it indicated by the white circles [1].
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図 3 各センサーの温度履歴

Fig. 3. Extracted telemetry data of the ion thruster with lack of the
neutralizer showing currents in the IES components.
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IV.

PRELIMINARY CHARGING SIMULATION TO ESTIMATE
SPACECRAFT CONTAMINATION

To estimate the contamination obtained by the sensors
onboard HAYABUSA, we perform the charging analysis by
using HiPIC [6], a three-dimensional electrostatic full-ParticleIn-Cell (PIC) code. The code solves the equation of motion of
macroparticles for all kinds of chargied particles (both ions and
electrons) shown as (3) to obtain their trajectories.

"
2


$ mk d 2x = qk ( E + vk × B)
$
(3)
dt
#

dxk 
$
= vk
$%
dt
The time integration in (3) is computed by BunemannBoris algorithm to obtain the trajectories of the macroparticles.
Electrostatic potential that is obtained by solving the Poisson’s
equation shown as (4),

∇ 2φ = −

ρ
ε0 .

(4)

Fig. 4. Number density of the beam ions emitted by a spacecraft in an
ambient plasma environment obtained by the preliminary simulation.
Figures show the result at 0.3 ms (above) and 1.0 ms (below) after the
beam emission, respectively.

The electrostatic potential φ on the numerical grids
representing the surface of a spacecraft is computed by using
capacity matrix method [7] from the total charge and the
capacitance on the grid.

characteristics between emitted ion beam and the spacecraft
potential [8]. To compute spacecraft charging, we only
consider the current source: ambient ions, ambient electrons
that has a Maxwellian distribution in velocity, and beam ions
emitted from a thruster. Table I shows the numerical
parameters used in this simulation. We adopted a cubic
conductor of 10 meter on each side as a spacecraft for
simplicity. In this simulation, the beam ions we compute are
proton which are emitted in the circular region of its radius
being 1 m on the center of one face of the conductor. The
exhaust velocity of the beam is 470 km/s and the divergent
angle of the beam is of 10 degree. The beam current at the
spacecraft potential at 0 V is considered to be 1 mA. The initial
distribution of the beam ions is uniform in space in the circular
region, and is defined by a drifting-Maxwellian in velocity.

We have developed a numerical module to simulate
charged particle beam emitted from a thruster so that we can
compute spacecraft charging by the beam, and integrated the
module to HiPIC solver. At present, we have performed a
preliminal simulation to compute the current-voltage
TABLE I.

NUMERICAL PARAMETERS USED IN THE SIMULATION
Ambient Plasma

number density, m-3

1x106

temperature, eV

10

Debye length, m

23.5
Beam Ions

divergence angle, degree

10

velocity, km/s

470

Figure 4 shows snapshots of the number density of the
beam ions in XY-plane at 0.3 ms and 1.0 ms. The rectangle
located on the center of the numerical domain indicates the
spacecraft model, and the beam ions are emitted from the right
side of the model. We obtain that the spacecraft potential is of
1000 V at 1.0 ms and the return current of the beam onto the
spacecraft is of 0.1 mA at that time. Comparison between the
numerical results and the theoretical one is now ongoing to
evaluate the accuracy of the solver.

Numerical Conditions
spatial grid size, m

1

time step, s

0.01x10-6

computation domain, cells (X *Y*Z)

128*128*128

spacecraft model, cells (X*Y*Z)

10*10*10

number of macroparticle/cell

32

magnetic field, T

0
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V.

CONCLUSION
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contamination onto a spacecraft caused by charged particles in
the operation of ion thruster. Applying the code, we aim to
evaluate the contamination obtained the sensors onboard
HAYABUSA with lack of the neutralization on its ion thrusters.
At present, we have developed a numerical module to simulate
emission of the charged particle beam, and integrated it to
HiPIC solver. A preliminary simulation was made to compute
current-voltage characteristics of a spacecraft with beam
emission of hydrogen ions. In future, we perform the numerical
charging analysis simulating the operation of ion thrusters of
HAYABUSA with lack of neutralization on the ion thrusters.
We evaluate the correlation between the spacecraft
contamination obtained by the sensors and the spacecraft
potential by the charging analysis. Modeling of the chargeexchange ions as a current source is also considered.
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