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Abstract 

Institute of Space and Astronautical Science has just initiated the space program MUSES-C in which a 
spacecraft about 360 kg will be launched in January 2003 and bring back rocks or sand from the asteroid 
Nereus to Earth in January 2006. For its round trip between Earth aad .Nereus the cathode-less microwave 
discharge ion thruster system will propel the spacecraft. The englneerlng model of the ion thruster has been 
devoted to the endurance test since February 1997. It achieved 3,000 hours in an accumulated operational 
time in the beginning of August 1997 and is still under test. 

Introduction 

Institute of Space and Astronautical Science 
(ISAS) has advanced the asteroid sample return 
mission code-named “MUSES-C” aiming to launch 
on January 2002. In general a round trip space 
mission requires too large delta-V for the 
conventional chemical thrusters to maneuver the 
spacecraft. On the other hands, scientists desire 
specimens obtained from astronomical objects to 
investigate the solar system. Recently they are 
interested in asteroids crossing the Earth orbit and 
identified their orbits. The electric propulsion makes 
a spacecraft approach some of the asteroids and 
keeps a return way to Earth. A working group in 
ISAS has studied a feasibility of the sample return 
mission since 1994. As the result the MUSES-C 
mission was planned to launch by the ISAS’s M-5 
rocket on January 2002, to rendezvous the asteroid 
Nereus (4660) on September 2003 and to come back 
to Earth on January 2006. This space program has the 
objective to demonstrate the following new space 
technologies; 1) the ion thrusters, 2) the autonomous 
control, 3) the sampling method and 4) the direct 
reentry. The department of electric propulsion in 
ISAS proposes to apply a cathode-less microwave 
discharge ion thruster system in which plasmas of the 
ion source and the neutralizer are generated in the 
method of the electron-cyclotron resonance (ECR) 
discharge. The proposed ion thruster is applicable to 
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MUSES-C mission because of long life in the space 
operation aud an easy maintenance in the p&light 
operation due to the elimination of the hollow 
cathodes. On the development program of MUSES-C 
the mluowave discharge ion dmrster system will be 
tested Its endurance in phases of the engineering 
model (El@ and the prototype model. The endurance 
test of EM is now in progress on the newly 
contracted facility. This paper reports the outline of 
the MUSHS-C mission, the cathode-less microwave 
discharge ion thruster system, the endurance test 
facility aud the ougoing endurauce test. 

Asteroid Sannple Return Space Mission 
“MUSES-C” 

The spacecraft about 360 kg will be launched 
by Japanese M-5 rocket in January 2002 and arrive at 
Nereus in September 2003. It will touch down a 
surface of the asteroid and get its specimens. And it 
will leave in November 2003 and return to Earth in 
January 2006. Figures 1 and 2 represent the 
contiguratlon of the spacecraft. A pair of the solar 
array paddles generate 1.4 kW electrical power at 1 
AU. A parabolic high gain antenna receives 
commands and transmits telemeters by X band 
microwaves. ‘IBe bi-prc@lant &us&as execute mid- 
course maueuver and mono-propellant thrusters 
control an attitude of the spacecraft. Once the 
spacecraft arrives at the asteroid it will approach by 
the mono-propellant thrusters using various kinds of 
sensors to identify relative attitude and altitude to 
Nereus. The asteroid Nereus is believed 1 km in 
diameter so that there is no dominant gravity force 
even on its surface. As soon as it touch a surface of 
the asterold a pyrotechnic injects a pxojectlle and 
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Fig. 1 Configuration of spacecraft “MUSES-C”. 

Fig.2 Image of MUSES-C spacecraft 

scatters the rocks and sand, which will be caught by a 
horn. At final phase to return to Earth the only 
capsule with the specimens will dive the atmosphere 
from the interplanetary space. All of the cursing 
phase between Earth and Nereus the spacecraft will 
be propelled by the microwave discharge ion thruster 
system, which is installed on one of the side panel of 
the spacecraft with a gimbal mechanism. The ion 
thruster will generate thrust in about 800 days 
between 1 kW maximum to 250W minimum 
electrical power depending on the distance from Sun. 
A single unit of the ion thrusters is rated at 350W 
electrical power so that three units are operated at the 
maximum electrical power. Three units will be 
devoted to the round trip between Earth and Nereus, 
and the other is a back up system. Total four thrusters 
are integrated to the spacecraft. For such a long 
mission the microwave discharge ion thrusters are 
suitable for such along mission because they are 
completely eliminated exhaustive cathodes in the 
main discharge and the neutralizer. 

Cathode-less Mlcrowave Discharge 
Ion Thruster System 

4 ACd 

?L Screen 

Fig. 3 Configuration of the ECR microwave 
discharge ion thruster system. 

Microwave discharge can overcome some of 
the engineering difficulties on the DC discharge ion 
thruster(l) because of plasma generation without solid 
electrodes, thermionic electron emission and large 
potential gap(*). The ion thruster system utilizing the 
ECR microwave discharge in both the ion source and 
the neutralizer is attractive for not only long life but 
also for satellite system compatibility and integration. 
The thruster system on the spacecraft requires no 
special procedure to prevent contamination of oxygen 
during preflight ground operation. The cathode-less 
ECR microwave discharge ion thruster system 
permits quick ignition of plasma without any preheat 
sequence, there by omitting components used for that 
purpose. This paper proposes the reduced system of 
the cathode-less ion thruster illustrated in Fig. 3. The 
ion source and the neutralizer are fed by individual 
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power supplies are dedicated to biasing the screen 
and acceleration grids. The proposed system has only 
five components to control, in comparison with the 
conventional DC discharge ion thruster, which needs 
seven DC power supplies and three gas flow 
controllers. There is a possibility that the microwaves 
for the ion thruster may interact with the 
communication link, resulting in electro-magnetic 
interference (EMI). The microwave generator for the 
ion thruster can be designed to emit a narrow 
frequency so as not to interfere with other bands 
using the technology of the communication. The ion 
source for the ion thruster was designed as a dish- 
shaped axially-symmetric discharge chamber 12 cm 

Fig. 4 Plasma source for internal observation. 

Prop. Util. Efficiency, % 

Fig. 5 Performance of the ECR microwave discharge 
ion source. 

microwave generators and a single gas flow 
controller through a passive gas divider. Two DC in 
diameter made of soft iron as seen in Fig. 4. It has 
two rings of the Sm-Co permanent magnets on its 
tapered internal surface. A solid state power amplifier 
feeds a 4.2 GHz microwave to the ion source through 
a circular wave guide. The ECR magnetic field of 
0.15 T is associated with the 4.2 GHz microwave. 
The electrostatic three-grid system, 10 cm in 
diameter, extracts and accelerates ions from the ion 
source. It is noted that the screen grid is directly 
attached to the ion source without any potential gap 
and a resultant sputtering erosion. Figure 5 shows the 
performance to produce xenon ions. The ion 
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Fig.6 Configuration of the ECR microwave 
discharge neutralizer. 

Calendar Day in 1997 

Fig. 7 Long-term operation of the neutral&r. 
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production cost is defined as the input microwave 
power divided by the extracted ion current, so that 
the reflection microwave power that is typically less 
than 5 % of the input power is not subtracted. The ion 
production cost of 230 eV and the propellant 
utilization efficiency of 90 96 are achieved at a 
microwave input power of 32 W and a xenon flow 
rate of 2.15 seem. The ExB probe measured a 
containment of doubly-charged ion in the ion beam 
and showed a Xe++ current ratio to Xe+ of 20 8 in 
the ion beam. It reduces a thrust force 95 % of the 
ideal one in which all of ions are assumed to be 
ionized singly. The ECR microwave discharge ion 
source is never inferior to the well-developed DC 
discharge ion source in the performance to generate 
ions. 

Figure 6 shows a cut view of the ECR 
microwave discharge neutralizer.(3) The Sm-Co 
magnets and the pole pieces generate a magnetic field 
in the 18 mm diameter discharge chamber. The 4.2 
GHz microwave power is transmitted to the L-shape 
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Fig. 8 Endurance test facility. 

antenna via a coaxial line. The expellant gas xenon is 
introduced to the discharge chamber and exhausted 
through the orifice. It is thought that the primary 
electrons are confined in the mirror-like magnetic 
field and accelerated at the ECR region in the same 
manner as the ion source. It can emit around 100 mA 
the electron current with 65V coupling voltage by the 
6W microwave power and 0.5 seem xenon flow. A 
l,OOO-hour long-term operation was executed for the 
microwave discharge neutralizer to extract 100 mA 
electron current as seen in Fig. 7. The coupling 
voltage to an electron collector was almost constant 
65 V and the operational temperature about 65 deg. C 
during the test, Any performance degradation was not 
found through the test. Figure 7 shows the neutralizer 
can be operated at relative low temperature which 
never causes the material fatigue. The orifice and L 
antenna made of molybdenum reduced their weight, 
which are little enough to endure the operation over 
10,000 hours. 

Endurance Test Facility 

The endurance test facility has just constructed 
as seen in Fig. 8. The main chamber 2 m diameter 
and 5 m long is evacuated by four cryogenic pumps. 
The vacuum chamber pressure is maintained below 4 

x 104 Pa during the thruster operation. The internal 
surface is covered with a titanium shroud panel and a 
beam damper refrigerated below 40 deg. C. Two sub 
chambers partitioned off by 80-cm gate valves from 
the main chamber have also shroud panels below -50 
deg. C. An electric propulsion to be tested will be 

Table 1 Specification of the endurance test facility 

main chamber 
size: 2 m in dia. x 5m in length 
cryogenic pump (28,000 l/s) : 
turbo molecular pump (1,000 l/s) 1 
rotary pump (450 m3Ih) 1 
mechanical booster pump (2,070 m3Ih) 1 
ion beam target (titan) 1 
environment pressure : 

1.4E-5 Pa @ 0 seem 
3.4E-4 Pa @ Xe gas of 8 seem 

cryogenic panel (40 deg.C) 
sub-chamber 

size: 0.8 m in dia. x 0.6/0.8 m in length 2 
turbo molecular pump (200 l/s) 2 
cryogenic panel (-50 deg.C) 

air lock 
size: 0.4 m in dia. x 2m in height. 2 
turbo molecular pump (200 l/s) 2 
X-Y travefse table 2 
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Fig. 9 Home page of intemet to show the endurance test. 

mounted in the sub chambers. Two air locks with 
two-axis traversing mechanisms are mounted on the 
top of the main chamber. They serve to introduce a 
sensor into the main chamber and exchange a head of 
sensors without interruption of the thruster operation. 
The main feature is summarized in Table 1. The 
thruster operation is monitored and controlled by a 
UNIX workstation. The propellant feed system, the 
microwave power generators, the power supply units 
for ion acceleration, and the data acquisition system, 
are all integrated into a GPIB bus interface. The 
workstation monitors and evaluates the status of the 
thruster, and automatically stops its operation at an 
emergency in the endurance test. The endurance test 
facility including the thruster control system is 
designed and operated automatically without any 
supervisors on the site. A remote stations are able to 
monitor and change the thruster operation-parameters 
through the intemet. Figure 9 shows one of the 
intemet home pages to announce the status of the 
endurance test. It is opened to anyone by the address 
“http://www.ep.isas.ac.jp/open”. This network system 
supports the automatic endurance test and is a test 
bed to verify the telemetry items, a quick look 
display, and a man-machine interface to operate the 
ion thruster in space flight. 

of the EM endurance test is to evaluate the durability 
of the Carbon-Carbon composite grid system. The 
endurance test was started in the beginning of 
February 1997. The test was interrupted in several 
times due to the maintenance of the test facility and 
the check of electricity. In June the EM was 
evaluated on its thrust performance so that the 
operational time was not progressed. It passed 3,000 
hours in the operational time in the beginning of 
August and is still in progress. Figure 11 represents 
the profile of the endurance test of the accumulated 
operational time. The test is planned to verify the life 
of the ion thruster over 10,000 hours. 

Endurance Test of Engineering Model 

The EM model was mounted in one of the 
sub-cambers as seen in Fig. 10. The main objective 
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Fig. 10 EM of ion thruster in the endurance test 
chamber. 

Fig. 11 Time profile of the endurance test. 
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