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A 10-cm microwave ion engine system is under development in the Institute of Space
and Astronautical Science to meet requirements for an asteroid sample return mission of
MUSES-C (Mu Space Engineering Spacecraft) which will be launched by M-V launch
vehicle in 2002. An 18,000 hour endurance test for an engineering model was finished in
1999, and prototype models were manufactured to be tested through a series of
environment tests for qualification and are undergoing a second time endurance test
from 2000. Flight model design was already finalized on the basis of prototype model
thrust performances and integration specifications. Now almost all the flight models
were combined each other to check out their mutual interfaces as well as bus interfaces.
This ion engine system constitutes 4 ion thrusters on a radiation panel with a bi-axially
movable gimbal mechanism, 4 microwave supplying units, 3 acceleration power
processing units, and 1 propellant management unit. The MUSES-C mission requires the
IES to generate thrust of about 24 mN for maximum power input of 1,158 W by 3 of the
4 ion thrusters simultaneous operation. The specific impulse varies with thruster
throttling rate from 105 % to 80 % and ranges from 2,600 to 3,000 sec. The IES mass
will amount to 63.6 kg dry weight and have a maximum Xe loading capability of 73 kg.
of 1.713 degrees. The launch vehicle is an ISAS
proprietary rocket M-V and will be launched from
Kagoshima Space Center (N 31 15’ 00”, E 131 4’
45”) at Uchinoura, the southernmost part of the
Kyushu island, Japan. The target asteroid 1998SF36
was selected from the Near-Earth asteroids rather than
the main-belt ones because the former selection will
afford our small launch capability. This mission was
designated as MUSES-C (Mu Space Engineering
Spacecraft - C) following the MUSES-B, VSOP
mission in 1997 and MUSES-A, Lunar swing-by
mission in 1990. According to the meaning of
engineering satellite, the major purpose of MUSES-C
is to verify 4 key-technologies as the path-finder
mission for future interplanetary explorations in ISAS:

Introduction
The asteroid exploration projects were investigated
from 1960s and recently NASA Galilleo performed
flyby of Gaspra in 1991, Ida in 1993 and JohnsHopkins University NEAR performed flyby of
Mathilde in 1997 and photographed Eros in 1999. The
Institute of Space and Astronautical Science (ISAS)
will launch an interplanetary probe in order to perform
a precursor mission of asteroid sample Earth return.
The scheduled launch date is November - December
2002 for the most probable target asteroid "1998SF36"
(spectrum-type undefined) for the time being with its
aphelion distance of 1.693 AU, perihelion distance of
0.955 AU, the eccentricity of 0.279 and the inclination
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(1) Electric propulsion (ion engine system)
application,[1]
(2) highly autonomous control, optical navigation and
guidance,
(3) sampler mechanism,
(4) direct Earth reentry from interplanetary space.

electric propulsion penalty. The more the solar array
grows up, the more net-dry mass increases but at some
point their advantage has been saturated depending on
the thrust level and orbital design.
The electric propulsions have major 3 categories as
electrostatic device represented by ion engine or Hall
thruster (Xe propellant) with the Isp range of 1,5003,000 s, electromagnetic device represented by
Magnetoplasmadynamic arcjet (Ar or N2H4
propellant) with the Isp range of 1,000 - 2,000 and
electrothermal device like DC arcjet (N2H4
propellant) with the thrust-to-power ratio higher than
100 mN/kW at an Isp of 500 s. In the MUSES-C
mission a very high Isp and very long lifetime are
necessary rather than propellant choice flexibility or
higher thrust-to-power ratio, thus based upon the
required mission ∆V of about 3 km/s the ion engine
system with the specific impulse ranging 2,500 - 3,000
s was eventually selected.

The M-V is a 30.7 m length with 2.5 m diameter and
139-ton launch vehicle all of which are expendable
solid rocket stages. This launch vehicle has capability
of injecting a 1,800 kg satellite into a 250 km circular
LEO (Low Earth Orbit) with the inclination of 31
and about 500 kg probe into the Earth escape trajectory.
In the MUSES-C launch the M-V launch vehicle will
be configured as 4-stage rocket (the final stage is a
kick motor attached to the MUSES-C spacecraft). In
the early phase of MUSES-C planning, the target
asteroid was assumed as Nereus or 1989ML and the
launch was scheduled about half a year earlier,
however, the third launch of M-V falied in 2000 due
to the first stage anomaly, and its corrective actions
postponed the MUSES-C launch.
The spacecraft will be firstly injected into an semiEarth synchronous orbit around the sun and after 1.5
year electric propulsion acceleration the spacecraft will
make an Earth swing-by to be directed toward the
target asteroid.
After about 1.5-year
cruising
acceleration by electric propulsion, the spacecraft will
arrive at 1998SF36 in September 2005, approaching
the asteroid by bi-propellant thrust control, will depart
from in January 2006 after sampling and several
month observation phase, then via cruising of electric
propulsion again for about 1.6 years will return to
Earth July 2007 to separate a sample capsule for
reentry. The retrieval point is under negotiation to be
determined.

Figure 1 – Drawing of MUSES-C spacecraft.
The MUSES-C is a 3-axis stabilized spacecraft and the
mass is 512.51 kg including Xe loading of 61.9 kg for
electric propulsion and bi-propellant of 67.0 kg (Figure
1). This spacecraft employs 3-axis stabilization control
and has dimensions of 1.6 x 1.0 x 1.1 m rectangular
parallelepiped shape with two-wing of solar arrays
generating 2.575 kW at 1 AU (1.027 kW at 1.7 AU) by
GaInP2/GaAs/Ge high efficiency cell of 26%. This
solar cell paddles provide about 1.0 kW maximum to
the electric propulsion system at 1 AU. The electric
propulsion heads are installed on the rear panel so that
the plume interaction with solar arrays is minimized
and the reentry capsule is installed on the front panel.
The spacecraft has a 1.6 m diameter fixed-type X-band
high gain antenna, 2 medium gain X-band antennas at
the top deck, and 3 low-gain X-band antennas on the
rear side of the bottom deck and also inside the high
gain antenna. The bottom panel has a sampler horn

Comparing the ways of reaching asteroids, a
conventional 2-impulse transfer by chemical
propulsion, planetary swing-by with conventional
transfer, and continuous low thrusting by electric
propulsion, the second option of planetary swing-by
except for the Earth may give a gigantic payload
increase but the prolonged flight-time is not preferable
to the sample return mission. The conventional 2impulse or multi-impulse transfer and the electric
propulsion application were precisely studied and
concluded that the electric propulsion option will
surpass the impulse transfers by 30 to 35 kg dry mass
even in the one-way trip to the asteroid Nereus for
example. In this study, the electric propulsion mass
and solar array mass increase are calculated as the
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from which a projectile will be shot to the asteroid
surface to scatter into pieces after the spacecraft touch
down, then the sampler horn is closed to convey the
samples into the reentry capsule. There are 12 bipropellant (hydrazine and nitrogen tetraoxide) thrusters
for attitude and orbit control at each corner and each
vertical side of front and rear panels. Each bipropellant thruster produces 20 N at continuous firing
mode at an Isp of 290 s. The optical navigation
cameras, -telescope, -wide and the star tracker are
installed on the front panel and the bottom panel has
another optical navigation camera-wide.

completely electrodeless system in order to avoid life
limitation caused by electrode erosion and degradation
which were frequently discussed especially in cathodes.
The ECR microwave discharge inherently has a
demerit of low plasma density limited by cut-off value
depending on the microwave frequency, however, the
above life-elongating features will cancel a drawback
of the low plasma density, namely the low beam
current per unit thruster area than that of dc discharge
plasma source.
The higher the microwave frequency becomes, the
higher the plasma density is produced. Consequently,
we chose the microwave frequency of 4.25 GHz,
because that is a good compromise between the high
plasma density and the economics from the viewpoint
of microwave amplifier availability. This frequency is
also safe with respect to the communication
interference because the doubled frequency of 4.25
GHz ( = 8.5 GHz) is sufficiently isolated from the 8.4
GHz downlink and the 7.1 GHz uplink X-band
communication.

Microwave Ion Engine System Design
For the MUSES-C mission the required lifetime of IES
(Ion Engine System) is longer than 16,000 hours per
thruster with power throttling taken into account. This
value is simply converted into thrusting time almost
equal to the on time longer than 20,000 hours and the
duty of IES reaches 91% in orbit. From this lifetime
and aforementioned high specific impulse higher than
2,500 s requirements, we employed a new technology
of microwave discharge, in principle the ECR
(Electron Cyclotron Resonance)
ion source and
neutralizer (Figure 2).[2] Both plasma sources are
excited by a single microwave amplifier which is
bifercated into the ion source and the neutralizer by a
microwave coupler box. This concept is therefore a

The ion source has a beam diameter of about 10.5 cm
as a 3-grid (screen, acceleration, and deceleration)
system and employs C-C composite material to
mitigate the possible ion sputtering erosion particulary
on the acceleration grid.[3] The grid thickness is 1 mm
for screen and deceleration grids and 0.98 mm for the
acceleration gird. The grid spacing is adjusted 0.38
mm between the screen and the acceleration grids,
and .5 mm between the acceleration and deceleration
grids, respectively. The microwave ECR region with 2
rows of permanent magnet placed on the tapered wall
of the discharge region is connected just upstream to
the grid assembly. The microwave is oriented from an
antenna inserted perpendicular to a circular
waveguide attached to the ECR discharge region. The
Xe gas propellant is supplied through a gas port
equipped at the downstream end of the waveguide. On
the other hand the neutralizer has an outer diameter of
about 3 cm with a 5-mm diam. orifice on the centerline.
The neutralizer forms a magnetic circuit with several
permanent magnets surrounding the cylindrical
discharge region of about 18 mm inner diam. The
microwave is introduced via a L-shaped antenna and
the Xe propellant is supplied through a gas port
parallel to the antenna insertion.
The IES comprises an ITA (Ion Thruster Assembly), a
MSU (Microwave Supplying Unit), an IPU (IES
Power Unit), a PMU (Propellant Management Unit),
an ITCU (IES Thruster Control Unit), and an IESEINT (IES-Electrical Interface). These are depicted in

Figure 2 – Two ITRs simultaneous operation in a
vacuum chamber.
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Figure 3 – IES systems block diagram.
a block-diagram of the IES as shown in Figure 3. The
IES constitutes 5 major elements and related interfaces.
The ITA actually produces thrust and the MSU
supplies electrical power to the ITR (Ion Thruster) for
ionizing propellant. The IPU generates high voltages to
accelerate ions. Each ITR has each MPA (Microwave
Amplifier) while 3 IPPUs (IES Power Processing Unit)
are connected via switches to 4 ITRs. The PMU
reserves the pressurized propellant and regulates the
flow rate to each ITR. Whole the IES is controlled by
the DHU (Data Handling Unit) and ITCU. The ITA has
4 ITRs consisting of 4 ITHs (Ion Thruster Head) with
4 NEUTs (Neutralizer) each on an IES-PLT (IESPlate) attached to a gimbal mechanism of IPM (IES
Pointing Mechanism). One of the 4 ITRs can be
recognized as a complete stand-by redundancy in the
event of one ITR failure. According to the thrust
scheduling, the simultaneous operation is 3 ITRs
maximum however the 4 ITRs will be actually
operated as equally as possible for the purpose of
dispersing degradation over the 4 ITRs. These 4 ITRs
on the IES-PLT is installed on an IPM which is a
gimbal mechanism bi-directionally movable within

comprises an OSC (Oscillator), 4 MPAs each of which
has an TWT (Traveling Wave Tube) with its amplifier
and a CPBX (Coupler Box) in order to monitor and
bifurcate a single microwave output to an ion thruster
head and a neutralizer. The 4 MPAs are equipped
corresponding to each of the 4 ITRs including even a
standby redundancy, because the microwave
switching-loss in a crossover matching between 3
MPAs and 4 ITRs is more serious problem than the
weight penalty of one more MPA. The MPA efficiency
is higher than or equal to 53.2% of which value is
inherently superior to that of the presently available
solid-state amplifier. The microwave output is supplied
as the minimum values of 32 W to the ion source and 8
W to the neutralizer. The IPU consists of 3 IPPUs
and a RLBX (Relay Box). The 3 IPPUs are connected
to the ITRs via RLBX that enables 3 ITRs selection
among the 4 ITRs. The IPU receives electrical power
from a 0-125 V unregulated power bus while other
components receive regulated power of 50 V from
regulated bus and supplies dc power to the ITRs in
different voltages about 1.5 kV for screen girds, -350
V for acceleration grids and smaller than -100 V
maximum for neutralizers. The neutralizer will have a
capability of providing almost twice the required
electron current for one ITH in the event of a

5 . There are some ITA-Mechanical and Thermal
Interfaces also involved in an ITA. The MSU
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Table 1 – Weight breakdown of IES components
MINT: Mechanical Integration Misc.,
TINT : Thermal Integration Misc.,
EINT : Electrical Integration Misc.
(As of Dec. 2000).
Item
ITCU
OSC
MPA
CPBX
IPPU
RLBX
PMU
ITR
IES-PLT
IPM
ITA-MINT
ITA-TINT
ITA-EINT
IES-EINT
Total

Quantity
1
1
4
4
3
1
1
4
1
1
1
1
1
1

valve of ITHV (ITH Valve), the relevant ITR is
activated. In this system the RVs and PRE (Pressure
Transducer) form a redundant configuration. In order
to estimate the residual propellant, HPRE (High
Pressure Transducer) is directly driven and monitored
for the telemetry data. The upstream portion of HLV
(High Pressure Latching Valve)
is always kept
and 50 , because the high pressure
between 20

kg
3.70
0.25
9.12
1.76
7.05
1.27
16.53
9.40
4.98
3.08
1.24
0.61
2.04
0.77

and at high
Xe possibly freezes below 17
temperatures the high pressure Xe causes PMU failure.
In order to achieve a
stabilized supply of Xe
propellant flow rate, FRES2 should be kept at
temperatures of 40 5 . The weight breakdown of
IES is tabulated in. Table 1.

Integration and Tests
The thrust performances used for the orbit design are
defined as the MOL (Middle of Life: around the
asteroid arrival) minimum as summarized in Table 2
and the EOL (End of Life: around Earth arrival)
minimum. Almost all the PM (Prototype Model) was
manufactured and integrated on a spacecraft PM model
to be dedicated to the environmental tests and other
interface tests during 2000. The IES thrust
performance for PM was also measured in a vacuum
chamber under the variety of temperatures of 40, 80
and 120
at IES-plate. A typical datum measured is
exhibited in Figure 4. It is recognized that the above
mentioned MOL and EOL minimum values are
satisfied by the BOL (Beginning of Life: around start
from Earth) minimum performance which reveals
about 5% plus margin to that of the MOL minimum.
The plume evaluation such as divergence angle and
percentage of the doubly charged ions were measured

61.80

neutralizer failure. In this event, only a part of IES
plate will be negatively charged-up momentarily and
restored in a very short time.[4] As for the screen
voltage, there are 3 levels. The1,525 V and 1,475 V are
used to alleviate power consumption of sawtooth
ripple caused by Xe flow regulation and 1,000 V is
used for the initial aging of C-C grids on orbit.
Moreover the IPPUs have capability of instantaneous
arcing to blow off a carbon fiber in the event of
electrically shortening between the grids and also the
IPPUs are automatically shut off by internal protection
circuit when the power bus is locked up due to UVC
(Under Voltage Control). The ITCU consists of drivers
for valves and relays, ADC (Analogue to Digital
converter) for telemetries, PIM (Peripheral Interface
Module) for DHU-I/F, and sequencers. The IES
operation is controlled by this sequencer and DHU
sends commands to manage both the steady-state
operation and corrective actions for anomaly. The
PMU reserves about 8 MPa high pressure Xe gas at the
density of 1.4 g/cc in the Xe tank, regulates the
pressure down through a propellant valve as the RV
(Regulation Valve) to keep once in an AQM
(Accumulator) and supplies a pre-determined flow
rate via FRES (Flow Restrictor) to the ITR. The flow
rate is adjustable from 60 % to 100 % by changing
AQM pressure. The flow rate of one ITH to one NEUT
is 2.55 sccm / 0.55 sccm at 105 % of rated power
operation. By selecting open/close of each propellant

Table 1- IES Specification at MOL (Mean of Life).
Thrusters

4 units including 1
stand-by redundancy
(3 units simultaneous operation maximum)

System Thrust
System Power
Specific Impulse
Throttling
Xe mass flow
Ion Production Cost
Propellant Util. Eff.
Lifetime
Xe loading
Dry weight

5

5.2 – 23.6 mN
310 – 1,158 W
2,687 – 3,011 sec
80, 85, 90, 95, 100, 105%
2.55 ITH/ 0.55 NEUT sccm
Per ITR at 105%
< 387 eV
> 84%
> 16,000 hours
< 73 kg
= 61.80 kg

stage in the vertical direction, and refrigerator panel
inside around the sub chambers, and 4 cryogenic
pumps and several turbomolecular pumps to maintain
the vacuum in the order of 10-4 Pa under the Xe mass
flow rate of about 3 sccm. After the successful
completion of EM phase endurance test, we started
second time endurance test from March 2000 for the
lifetime validation of PM-ITR including one set of
whole ITH and NEUT with operating conditions such
as 35 W and 8 W for ITH microwave input power and
NEUT input power, respectively, screen voltage of
1,500 V, acceleration voltage of -350 V, 2.35 sccm and
0.50 sccm for ITH and NEUT flow rates and the
at the gird support ring. This
temperature of 80 5
time the passed/failed thresholds before 9,000 hours
accumulation are higher than 130 mA (corresponding
to the aforementioned BOL minimum requirement)
screen current and no higher than 45 V of neutralizer
voltage, and the thresholds until 18,000 hours from

Figure 4 – Typical thrust performance data of PM.
by probes in the EM development phase and used for
plume simulation analysis. [5],[6] On the other hand,
the endurance test was successfully conducted from
February 1997 until July 1999 for about 18,000 hours
which is satisfactorily longer than the required life
time of 16,000 hours per one thruster.[7],[8] In this
endurance test an EM (Engineering Model) ITR was
dedicated. The main test objective was the lifetime
verification of the acceleration grid made of C-C
composite, because that component is most critical to
the ion engine longevity. About one thousand hours of
the final portion of this endurance test QCMs (Quartz
Crystal Microbalance) and witness plates were placed
inside the vacuum chamber to evaluate the possible
contamination from the ITR.[9] Some species from the
neutralizer metal was identified. By virtue of
microwave employment for the plasma production
both in the ion source of ITH and in the neutralizer
there are no concerns about cathodes or anodes erosion
which sometimes cause significant problem in DC
discharge type ion engines. The acceleration grid
revealed very low degradation associated with only a
slight erosion in the upstream side of the grid hole
periphery, and chamfered edge of the downstream exit
of the grid hole were observed. Other components in
this test such as the screen grid, deceleration grid and
neutralizer were almost free from sputtering erosion,
although the mass of deceleration grid increased its
mass after the endurance test because of the back
sputtered material (mainly titanium) from the vacuum
chamber target. The 2 m diam. and 5 m long vacuum
chamber facility has two 1 m diam. sub chamber
isolated by gate-valves, 2 airlocks having movable

Figure 5 – Operational history of PM phase ITR
endurance test.

Figure 6 - Screen current and voltage history of PM
phase ITR endurance test.
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9,000 hours are 126.7 mA (corresponding to the
aforementioned MOL minimum requirement) and no
higher than 45 V of neutralizer voltage. The relatively
high acceleration voltage was selected in order to raise
the total acceleration voltage including the screen
voltage, consequently the space-charge limited current,
because the microwave ECR type ion engine remains
relatively low plasma density inside the discharge
chamber and this leads to a relatively low beam current
density compared to the conventional DC discharge
type ion engine. The acceleration current will be
slightly increased by this, however the C-C composite
grid revealed almost free from the sputtering erosion in
the EM phase endurance test. The recent history of PM
phase endurance test exhibited over 9,000 hours
accumulated operational time without noticeable
anomaly. During the initial phase of this test, the
acceleration grid voltage was kept at -400 V a
relatively large value because of the implementation of
PM subsystem interface test. Another big blockage of
this test up to now is an FM ITR performance test and
grids aging from April to July 2001 timeframe (Figures
5 and 6).

from December 1999 until January 2000, an overall
mechanical environment test was performed for the
PM spacecraft with so-called MTM (Mechanical Test
Model)
components having similar mechanical
properties to those of FMs integrated. In this test one
PM-ITR and other components were integrated as the
IES. The PM spacecraft was dedicated to a quasi-static
load test, a random vibration test for 3 axes, an
acoustic vibration test, and a mechanical shock test.
Each of these mechanical test conditions are
summarized in Table 3. Consequently, the IES safely
passed these QT (Qualification Test) level mechanical
environment tests.
After mechanical environment tests, a DHU interface
test with the ITCU was conducted and the IES verified
the telemetry formats and command interfaces. Some
interface errors were found and corrected.
From April until June 2000, this spacecraft placed in a
large space chamber to conduct a thermal vacuum test
using so-called TTM (Thermal Test Model)
components having similar thermal properties to those
of FMs. The thermal design of the MUSES-C
spacecraft is based upon a passive thermal control
using MLI (Multi Layer Insulation), radiator and
thermal doubler, and a active thermal control by using
electrical heaters and heat pipes which are installed on
the integration panel of IPPUs, for example, the
devices of relatively high power consumption. The
testing modes are HOT, COLD, Mapping HOT and
Touch down HOT. The latter two modes are
corresponding to the asteroid proximity operation, and
the former two modes correspond to cruise along the
transfer orbit of the interplanetary space. The test was
mainly
focused on the HCE (Heater Control
Electronics) verification including 128 ch heater
lines and 148 ch temperature monitors on the
spacecraft and the validation of mathematical thermal
models. After this test the PMU has been found higher
temperature than predicted in the AQM and FRES
where the ITR flow rate is determined by the upstream
pressure and temperature of the orifice. Therefore this
portion should be intentionally kept constant at about
, higher temperature than the temperature
45
fluctuation predicted on orbit. The representative
temperature results are summarized in Table 4. During
the thermal vacuum test, the Xe mass flow was
introduced into the vacuum chamber in order to
estimate background pressure effects for future IES
plasma acceleration in FM phase thermal vacuum test
and found to be no inconveniences.

Table 3 - Spacecraft shaking level of MUSES-C for
MTM.
Random Vibraion
Z-axis
5.4 Grms (45 sec)
Frequency (Hz)
PSD Level
20 – 2,000
0.005 – 0.08 G2/Hz
X, Y-axes 6.8 Grms (45 sec)
Frequency (Hz)
PSD Level
20 – 2,000
0.005 – 0.047 G2/Hz
Shock
Z-axis
+15G (10 msec) Compression
Acoustic (40 sec)
Center Frequency (Hz)
Overall Level (dB)
31.5 – 8,000
124.5 – 148.8

In the PM phase a new grid support system was
adopted to make support strats more flexible than
those of the aluminium monolithic support structure.
Because of the thermal deflection of the grids an
electrical shortening at low temperatures occurred and
if the electrical shortening is intentionally avoided by
broader grid spacing, the thrust performance margin
decreased. The new grid assembly was dedicated to a
random vibration test for 3 axes acceleration level of
15 Grms each and revealed no damage. After the
determination of mass properties of the spacecraft,
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Table 4 – Thermal vacuum testing results by TTM
(parentheses : analytical prediction).
Transfer HOT
Grid Support Ring
Neutralizer
Xe Tank
Flow Orifices

100
146
26
34

92
130
32
26

incompliancy with the original design such as the
harness length, interference of stay and bus harness,
missing the component height and so on. All these
incompliance will be corrected by the end of this year
when the FM integration will begin. On the other hand
in the electrical interface test, the IES including an ITR
in a glass vacuum chamber, the ITCU, the MSU, the
IPU and a part of the PMU participated in the test and
resulted in very good compliance with the dictated
interfaces. Only a few errors peculiar to the IPPU will
be partially modified soon.

COLD
-3
-15
25
23

23
24

The EMC (Electromagnetic Compatibility) test is not
mandatory to the IES, because the application of MIL
STD-461C is waived, however, for the reference of
future developments and tests other than MUSES-C, a
standard RE-02 test was conducted by operating an
ITR inside a small glass chamber to keep the
electromagnetic waves radiation transparent. The
results showed about 0 - 40 dB spec over in the
frequency range between 14 kHz - 100 MHz for both
narrowband and broadband emission, but in the higher
frequency range there were no spec over found. The
conduction noise measurement (CE-02) was also
conducted for the IPPU but indicated no over
specification.[10] Especially for the concerns about the
X-band antenna (LGA-C) interference with the second
harmonic of microwave frequency of 4.25 GHz, it was
reconfirmed that there was no possible interference
between. The glass chamber containing an ITR was
placed at a distant of 1 m from X-band receiver
antenna in an anechoic room. As the result the noise
exists at 8.5 GHz, however, its level of -210 dBm/Hz
is less than the system noise floor of -169 dBm/Hz.
Also the main noise source from IES system is not the
plasma production itself but is the OSC and the
TWTAs in the MPU, because this noise still exists
without plasma production by no propellant flow
mode.

Flight Operation
The target asteroid for the MUSES-C mission will be
1998SF36 of which absolute magnitude is 18.8 with
undetermined type and the diameter will be 0.37 - 1.15
km having a rotation period of longer than 2 hours.
The launch window will be November- December
2002 and backup window will reopen in May of the
next year. After the launch MUSES-C will take an
oblique attitude toward the sun for the irradiation of
+X and +Z direction for at least about 1 week. The IES
baking will begin in order to conduct outgassing from
high voltage devices and also grids. If the spacecraft
will be launched on November 24th in 2002 into an
Earth synchronous orbit to perform an Earth swing-by
on May 15th in 2004, the spacecraft will arrive at the
target on October 1st in 2005, will perform
observations and sampling for longer than 2 months,
depart from the target on December 18th in 2005 and
finally come back to Earth on July 2007 to return the
sample containing capsule. For more than 91 % period
of the round-trip the IES is operated between 3 engines
at 105 % throttling and 1 engine at 95 % throttling
depending on the available solar cell power to
accelerate the spacecraft. Just only for 2 or 3 months
during transfer orbit, the spacecraft will coast with the
IES deactivated while the spacecraft encounters the
superior conjunction before the asteroid arrival. The
transfer and return orbits are depicted in Figure 7.
During the observation phase, the distant between the
spacecraft and the sun is about 1 AU and the distance
between the spacecraft and Earth is about 2 AU.

After these PM phase tests, the FM interface tests
within the IES were performed in such as the
combination of the PMU with the ITCU, the MPA with
the ITCU and with the IPPU with the ITCU and so on.
Finally the end-to-end configuration for plasma
acceleration was confirmed. A lot of anomalies were
found in the IPPU or and other components, but all the
trouble-shooting were accomplished. From April until
June 2001, the mechanical and electrical interface tests
were conducted for the FM components manufactured.
Almost all the FM components were integrated on the
PM
spacecraft panels simulating the actual
harnessing and plumbing. For the mechanical
interfaces the IES showed some hardware

The IES operation is controlled by DHU and
ITCU.[11] The former generates timeline commands
and macro commands to turn on or off the IES without
any feedback while the latter generates sequence
controls associated with full time monitoring for
anomaly detection and corrective action. According to
the flow chart in Figure 8, for example, a DHU
command train executes ITCU turn on, operation
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parameter set-up and ITR ignition. After the build-up
of one MPA, the DHU proceeds to another ITR
ignition, while the ITCU will confirm the normal
ignition or not. If the ITCU confirms the normal
ignition and the break-point signal indicates disabled,
the following steps of ion acceleration will begin to
activate IPPU. If the break-point signal indicates
enabled, the sequence is hold at the ignition mode. To
turn off the IES or an individual ITR, the DHU issues a
corresponding command to the ITCU so as to stop the
ion acceleration or to extinguish the plasma. These
stoppage can be selected for each ITR independently.
In the event of ignition failure or acceleration failure,
the ITCU implements the predetermined procedures
and issues a report packet. Upon receipt of this report
packet, the DHU makes the IES reconfigure for
backup so that the non-thrusting period with all the
ITRs off is minimized. This automatic procedure is
applicable to the first time anomaly but not valid for
the second time anomaly during the first one.
Temperature anomalies are monitored by HCE and if
the temperature somewhere in the IES exceeds the
upper limit, the DHU will issue a stop command to the
ITCU. If the lower limit is touched, the heater will be
powered up. These temperature limits are rewritable
from the ground. If the total power consumption
exceeds the upper limit of power supply capability of
the spacecraft, UVC (Under Voltage Control) is met
and the IPPU namely the IES ceases its operation.
Usually the DHU issues a macro-command to decrease
the screen voltage or to decrease the number of
activated ITRs and then the power consumption is
alleviated before reaching UVC stoppage. All these
functions are autonomous without any commands from
the ground station. The monitor data of the IES from
the ITCU via the PIM are managed and stored as HK
(House Keeping) data in the DR (Data Recorder). The
DR is used for the notification of IES operation
records to the orbit determination group and also used
as a flight recorder for the anomaly information. There
are two periodicity 128 s and 2 s partitions on the DR
and the 2 s partition is always overwritten. Once an
ITR anomaly takes place, a request command is
generated to reconfigure the IES and the overwrite is
inhibited and hence the information before and after
the anomaly detection for several minutes is
automatically stored in the DR. The request commands
other than the reconfiguration of IES are the IES hold
for unloading of the momentum wheel executed by
AOCU (Attitude and Orbit Control Unit) and the lockup prevention by decrease of power consumption.

Earth Swing-by

Transfer Orbit

Return Orbit
Figure 7 – Round-trip orbit in case of Nov.2002
launch bound for 1998SF36
( : coasting, : IES thrusting).

In the MUSES-C mission we must take quite different
navigation features into account from the missions so
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Figure 8 – IES operational command sequence and hardware logic.
far, because the spacecraft is always accelerated by
low continuous thrust during cruising. Basically the
tracking operation is performed by UDSC (Usuda
X-band antenna and by
Deep Space Center) 64 m

HGA (High Gain Antenna) is used with 4,096 bps data
downlink and 1,000 bps command link, and the IES
operation is completely hold because the spacecraft
must orient the HGA to Earth. From the second day
until the sixth day visible period in Japan is 3 hours per
day for 512 bps downlink and ranging but no
command link by using MGA (Medium Gain Antenna),
and the IES does not accelerate the beam but maintains
the ion source activated. The seventh day has no
communication link. Other than the above periods
during the IES operation, co-operations of the DNS
(Deep Space Network) is necessary to keep 15.625 bps
commands uplink by LGA (Low Gain Antenna) and 8
bps data downlink by MGA.

KSC (Kagoshima Space Center) 34 m
X-band
antenna as the backup. These range and rage-rate data
will be used to determine the orbit and antenna
forecasts for the ground station. The precision
expected for the position and velocity are about 100
km and several tens of cm/s after 1 week data
acquisition, respectively, if the electric propulsion
thrusting has the accuracy within 1% and the high
range-rate sensitivity. The communication links during
the IES cruising constitutes 1 week routine period. On
the first day visible period of 4 hours in Japan the
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In the vicinity of the target asteroid within 300,000 km,
the ONC (Optical Navigation Camera) observation
becomes possible and hence the optical navigation is
available together with radio navigation. The attitude
detection is performed by TSAS (2 dimensional Sun
Aspect Sensor) and STT (Star Tracker) and the
actuators are the 3-axes momentum wheels and twelve
20N bi-propellant thrusters. These thrusters also
function as in the proximity of the asteroid surface,
LIDAR (Light Radio Detecting and Ranging) and LRF
(Laser Range Finder) will be used with ONC-T
(Optical Navigation Camera-Telescope), ONC-W1,W2 (Optical Navigation Camera-Wide1, -Wide2) for
the approach and touching down. During the
rendezvous phase with the IES turned off, physical
properties of the asteroid, such as size, mass, density,
shape, spin rate and magnetic field and compositions
and structures of the surface, such as elemental and
mineral compositions, geology, texture, etc. using
visible camera, LIDAR, X-ray and near-infrared
spectrometer. The sample collection will be tried at a
few different locations on the asteroid. A projectile will
be shot onto the asteroid surface and the scattered
pieces will be captured by a sampling-horn into the
plural containers which slide into the reentry capsule
after the sampling completion. When the spacecraft
return to Earth, the 40 cm diameter capsule will be
detached from the MUSES-C spacecraft to reenter the
Earth's atmosphere with a velocity higher than 12 km.
After a sufficient deceleration by the air drag, a
parachute will open for landing. The landed capsule
will soon begin to sign on using its beacon.

Figure 9 – Concept of Xe liquefaction loading.
Japanese domestic regulations the highest density of
1.23 g/cc inside a Xe cylinder is allowed but the
required Xe density inside a flight tank is 1.4 g/cc.
This means that the MUSES-C cannot employ a blow
down method for Xe loading. There are possible ways
of loading such as pressurization of Xe gas by piston
pumping but this method is not so clean from the
viewpoint of cleanliness, and solidification loading of
Xe into a flight tank which is already patented and
highly expensive. Therefore we developed a new
technique of liquefaction loading as shown in Figure
9.[12] In this process, firstly the Xe is transferred from
the cylinder into a low temperature tank which
possesses a safety certification as a high pressure
. The cylinder is
reservoir and is liquefied at -20
isolated from the reservoir tank by valve closure and

As for the ground operation the Xe loading is the most
important event concerned so far. According to the

Table 5 - IES Development Schedule.

γ
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then the liquefied Xe is warmed up to pressurize the
flight tank up to about 8 MPa requested. This process
will need 2 weeks maximum at the launch site.

Lack of Neutralization on Ion Thrusters Based on
MUSES-C Program", AIAA 2001-3785, 37th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference
& Exhibit, Salt Lake City, Utah, July 8-11, 2001.

Concluding Remarks - Development Schedule [5] M. Nishida, T. Hyakutake, H. Kuninaka and K.
Toki, "DSMC-PIC Analysis of a Plume from a Small
Ion Engine", IEPC-01-110, 27th International Electric
Propulsion
Conference,
Pasadena
California,
October15-19, 2001.

The development schedule is displayed in Table 5. As
aforementioned above most of the critical
requirements to the IES are already solved and we
are now continuing the second time endurance test
using PM ITR for 18,000 hours as well as the FM
components finalization based upon the mechanical
and electrical interface checkouts held in early this
year. The Xe tank is still under manufacturing to catch
up with the spacecraft FM integration and tests for AT
(Acceptance Test) level. They will start from this
December and includes the validation of electrical
performance, mechanical environment tests, and
thermal vacuum test again. For the thermal vacuum
test inside the space chamber, we are proposing an
end-to-end firing checkout of the IES during short
period using the integrated flight hardware. After that
test we can declare the technological readiness of the
IES for MUSES-C mission.

[6] N. Onodera, H. Takegahara, I. Funaki and H.
Kuninaka, "Interaction between Plasma Plume of
Electric Propulsion and Spacecraft Communication",
IEPC 99-228, 26th International Electric Propulsion
Conference, Kitakyushu, Japan, October 17-21,1999.
[7] H. Kuninaka, I. Funaki, K. Nishiyama, Y. Shimizu
and K. Toki, "Result of 18,000-hour Endurance Test on
Microwave Discharge Ion Thruster Engineering
Model",
AIAA
2000-3276,
36th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference
& Exhibit, Huntsville Alabama, July 16-19, 2000.
[8] H. Kuninaka, I. Funaki and K. Toki, "Life Test of
Microwave Discharge Ion Thrusters for MUSES-C in
Engineering Model Phase", AIAA 99-2439, 35th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference
& Exhibit, Los Angels, California, June 20-24, 1999.
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