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Abstract

As the main propulsion of the asteroid sample
return mission MUSES-C, the Institute of Space and
Astronautical Science is developing a microwave dis-
charge ion engine system. The MUSES-C spacccraft
will employ four 10-cm-diam. thruster heads, cach of
which is operated at a power level of 400 W and a
thrust of 8 mN. To take advantage of contamination-
less microwave discharge, it is desirable that the life-
time of a beam extraction grid system should exceed
10,000 hours, which is always required for typical
orbital transfer vehicles like MUSES-C. Hence low
sputter yield carbon-carbon (C/C) composite grids
are adopted for the ion thruster for MUSES-C. Flat,
10-cm-diam. three-grid, C/C optics were fabricated,
and functional and endurance tests were successfully
completed.

Introduction

The Institute of Space and Astronautical Science
(ISAS) is planning to launch a space probe in 2002
for a near-earth asteroid exploration mission as
MUSES-C (Mu Space Engineering Satellite), which
try to touchdown to the asteroid and brings back the
sample.'2 The MUSES-C spacecraft of about 500 kg
will be launched by Japanese M-5 rocket and arrives
at the asteroid 1989ML after a two-year cruising by
electric propulsion. As the electric propulsion, we
employed a new technique of microwave discharge
ion engine system, in which the plasmas in both an
ion source and a neutralizer are generated at the elec-
tron cyclotron resonance (ECR) frequency of 4.25
GHz microwave (Fig.1). Created ions inside the ion
source are extracted and accelerated by an electro-
static grid system, achicving a mission averaged Isp
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of about 3,000 s. Since the spacecralt for the asteroid
rendezvous mission has o provide a large delta-V
without any assistance of the swing-by technology,
the use of a high-Isp ion engine saves propellant gas
considerably and increases the payload of the satel-
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Fig. I Principle of Microwave Discharge Ion

Thruster.

The use of a low-thrust EP for an orbital transfer
mission requires continuous engine operation of
more than several years to achieve required delta-V.
In principle, IES for MUSES-C continues its opera-
tion all the time, excluding a touchdown sequence to
the asteroid and a coasting phase. During a round
trip to the asteroid 1989ML, total operation time of
the IES amounts to 1,250 days (or 30,000 hours),
which requires the lifetime of more than 18,000
hours per thruster head. The mission delta-V pro-
vided by the IES exceeds 3 km/s. Hence there is a
concern in the lifetime of the propulsion system. As
far as lifctime 1s concerned, the microwave discharge
is apparently superior to conventional electron bom-
bardment type ion sources using a thermionic cath-
ode called a hollow cathode. Eliminating the hollow
cathodes from the conventional ion engine’s dis-
charge chamber, the new ion engine system is free
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Fig.2 10cm-diam. Microwave Discharge Ion Thruster Head.

from the degradation of the thermionic electrodes,
hence no contamination is expected inside the cham-
ber. In addition, the thruster unit consists of only one
microwave power source, with which quick ignition
without any preheating sequence is possible. These
features as well as very simplified power supplying
units will assure longer lifetime and higher reliability
of the system. Nevertheless, erosion of accelerator
grid by impact of charge-exchange ions is still the
life-limiting component. To overcome this life-limit-
ing issue, a flat three grid ion optics set was designed.
For the grid, we used Carbon-Carbon (C/C) compos-
ite material, whose large sputter yields cnable two or
three times’ long-life compared to ordinary molybde-
num grid.*+%¢7 In this paper, after describing a
design and fabrication of C/C ion optics, a breadboard
model (BBM) and an engineering model (EM) test
results are reported. These tests include wear tests to
demonstrate the lifetime of the optics, mechanical test
to check the survivability of the grid system in the
launch vibrational environment, and thermal test to
check the compatibility of the onboard operation on
the spacecraft and, and fundamental performance
tests to evaluate the extracted ion beam in combina-
tion with the microwave ion source.

Design of Micowave Discharge Ion Engine

Thruster Head of Microwave Discharge Ion
Engine

Ton thruster head (ITH) is composed of a cathode-
less ion source, an acceleration grid, and a neutralizer
as depicted in Fig.2. For both the ion source and the
neutralizer, microwave was fed from a microwave
amplifier through power divider. In this system, cach
ITH has its own microwave power supplying unit
(MSU), in which total microwave power of 55 W is
generated at an cfficiency of 55 %, then divided into
the 1on source and the neutralizer. For the ion source,
the microwave power amplified as much as 32 W is
transformed from a coaxial cable into a circular wave
guide, and then introduced into the main discharge
chamber consisting of a magnetic circuit The ECR
layer, where most of plasma generation is expected to
occur, lics above the magnets, from which the
produced ions are diffused and then extracted by an
acceleration grid. Such a design not only protects the
microwave antenna from high energy ion sputtering,
but also enables impedance matching for a wide range
of throttling condition of the microwave by selecting
the geometry of the antenna-waveguide transformer.
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Accordingly, any auto-matching device is not needed.
Strong magnets also play a role to suppress the wall
plasma loss, keeping the ion away from the wall and
introducing the ions toward the optics. Three grids
are attached to a grid mount made of aluminum. Here
the screen and the ion source is equpotential, and
biased to 1.5 kV toward the ground.
Correspondingly, the microwave cable and the gas
feed are insulated from the engine by a DC break and
a gas isolator, respectively. Accel is biased to -300 V
and decel'is grounded. As for the microwave
ncutralizer, the microwave is introduced by an
antenna into a small discharge chamber of 18 mm in
inner diameter. The plasma production of the
neutralizer also relies on the ECR, and electron
current is coupled to the main ion beam by biasing
between the neutralizer and the thruster ground.
Here the the electron current is controlled so as to
extract the same amount of electrons to neutralize the
ion beam, and the coupling voltage is around 30 V
(naturally determined). Note that no keeper electrode
is needed for this system. In addition, both the ion
source and the neutralizer are optimized so as to
ignite just by introducing the microwave, hence no
anxiety accompanying the heater.

Grid Design

A 10-cm-diam., flat, circular grids were fabricated
from a 30-cm-square carbon-carbon panel.

a) Three Grids Moum}cd on A Ring
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b) Grid Support.

Fig. 3 Grid Design.
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Despite a laboratory model grid, which is made of
short-fiber sheets, a felt-type pitch-based carbon fiber
was used, and the carbon matrix was deposited using
a chemical vapor infiltration (CVI) technique which
densifies the composite panel removing pores and
spaces between the fibers. Material properties of the
C/C are summarized in Tablel. In spite of adopting
densified process and high-modulus carbon fibers,
strength of  the C/C composite grid before machining
is only half that of a typical molybdenum. The
strength after the drilling always reduce the bending
strength one-fifth or more, so it is possible that a
problem occurs in a severe vibrational condition.
This is discussed in a scction of mechanical test.

Table 1. Material Property of C/C composite sample

LM BBM EMI

Density, g/cc N/A 1.7 1.6
Flexural Strengt. MPa N/A 72 115
Tensile Strength, MPa N/A 40 87
Elastic Coeff., GPa N/A 25 20
Thermal Expansion, /K~ N/A 2e-5 2e-5

Grid dimensions are listed in Table2. First
production was a laboratory model, LM, which
confirms the C/C grid applicability to the engine, and
sputter yield of 1/2 to 1/3 that of molybdenum was
confirmed.® Preliminary life-test of 300 hours showed
an erosion rate of 0.2 mg/s except the fist 50 hours
during which the erosion rate was 1 mg/s due to
frequent arcing at the start-up.® After that, mechanical
design including a grid support ring was improved in
athe BBM, and its bending strength was improved in
order to survive the vibrational condition. After
checking basic compatibility of the grid by BBM, we
proceed to the construction of EMs, one of which was
used for real time endurance test for 18,000 hrs, and
for the grid performance in combination with a
discharge chamber was check.

The photographs of EMI grids are depicted in
Fig.3, Fig.4 and Fig.5. After the BBM, the precise
drilling with an accuracy of £0.02mm is achieved and
the flatness of the grid was + 0.5mm. The latter is off
course not enough (o achieve ion engine’s grid gap,
but the grid gap is more precisely controlled when the
grids are mounted on an support ring. Figure 3 shows
this grid mount design. The grid plates are mounted
on an aluminum ring, and the grid gaps arc preciscly
adjusted when they are torqued to the ring. The grid-
to-grid gap is also controlled to £0.01 mm accuracy.

Since the expansion ratio is different between the
grid made of carbon and the mount ring made of
aluminum, if the grid system is heated up, the
expanded aluminum ring will pull the carbons,
resulting in a deformation of the grid system. The
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ceramics, conserving nearly the same gap between the
grids for a wide range of operational temperatures.

change of gap due to this displacement, however, is
controlled by selecting the stiffness of the support

Table 2. Ion Optics Geometry

LM BBM EM! EM2
Objective ivetrial fab. fabrication endurance improved
Perform test lest Lest performance

C/C fliber short plate pitch-base felt pitch-base felt pitch-base felt
Grid Shape Circular, flat Circular, flat Circular, flat Circular. flat
Beam Diameter, mm 105 120 100 105
Hole quantity 850 1080 720 850
Hole profile straight straight straight straight
Open Area Faction, %

Screen 67 67 67 67

Accelerator 24 24 24 24

Decel 67 47 47 47
Hole diam., mm

Screen 3.0 3.0 3.0 3.0

Accelerator 1.8 1.8 1.8 1.8

Decel 3.0 2.5 2.5 2.5
Thickness, mm

Screen 0.5 1 1 1

Accelerator 0.8 | 1 1

Decel 0.5 1 1 1
Gap

Screen 0.5 0.5 0.5 0.5

Accelerator 0.5 0.5 0.5 0.5

Decel 0.5 0.5 0.5 0.5

a) Screen

b) Accel

Fig. 4 Photograph of EM1 Three Grids.

¢) Decel
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Fig. 5 Photomicrograph of EM1 Screen Grid.

Testing of C/C Grid

Grid Performance

Beam current attainable by C/C grid is 147 mA for
LM, 130 mA for EM1, and 142 mA for EM2 at a
xenon mass flow rate of 2.45 sccm and a microwave
power of 32 W. Corresponding ion beam production
cost is 225 W/A and propellant utilization efficiency
is 81 %. These properties are not inferior to the state-
of-the-art low-power ion engine with a hollow
cathode!’, but low efficiencies of microwave power
generators which is at most 55 % at this stage, make
‘effective ion cost worse. Maximum performance is
21 mN/kW, in a thrust efficiency of 50 %.

In spite a thick screen grid of | mm, which was
inevitable to strengthen the mechanical property, by
optimizing the hole quantity and the effective beam
diameter, the EM2 grid can extract nearly the same
beam current as that of the LM. Normalized
perbeance of the EM2, 1.0x10°, is a factor of 2 or 3
smaller than electron bombardment ion thrusters.
This corresponds to a low plasma density of 2x10'/
cm? for the microwave ion engine, in which the
maximum plasma density is restricted by the cutoff
density of the 4.25 GHz microwave. Larger plasma
density can be accomplished by enlarging microwave
power, but a mode change of the discharge from the
ECR to the upper hybrid resonance always
deteriorates ion production cost.'' In this sense, input
microwave power is considered to be optimized for
this size and configuration of the discharge chamber.

Mechanical Test

The vibrational test of the C/C electrostatic grid
was performed to evaluate the mechanical strength
under the launch environment of the M-5 rocket. The
shock test, sinusoidal test, static load test and random
test were executed for the grid mounted on the
aluminum ring. The resonant frequency of each grid
exists around 300 Hz, but the vibrational level 10 dB
higher than the fundamental level was executed for
200 to 500 Hz without destroying the grid system.
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The test result is summarized in Table3. The problem
is the colliding grid when oscillated in higher levels.
The grid collision was not prohibited even for the
reinforced composite grids used in the BBM and the
EM. Fortunately, the damage after the mechanical
test was nothing, so we decided to permit the collision
between the grids.

Table 3. Mcechanical Test Result of BBM Grid

Screen Accel Decel
shock resonance 266 316 314
sinusoid vibration 265 337 125
resonance
static load, kgf 0.11 0.25  0.18
displacement ,mm 0.11 0.09 0.1
randum vibration
(Grms)
Grid Center 112 115 129

on the support 19.9 205 206

Thruster Head
97/90
U Magnets
106/NA
Grid
81/NA
i

Waveguide
90/89

!

%

Neutralizer (NEUT)

2
Plate 87/102

83/83 8

Temperature in °C
(without Acceleration)/(with Acceleration)
*NA=not available

Fig. 6 Result of Thermal Vacuum Test.

Thermal Vacuum Test

To demonstrate the thruster operation under a
thermal environment in space, temperature
measurement of the EM components was conducted
using digital thermometers and thermocouples. For
the temperature of the IES plate ranging from 50 to 80
degree centigrade, maximum temperatures were
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observed at the magnetic circuits of the ion source, at
the grid assembly, and at the neutralizer, but they
were at most 110 deg (Fig.6). These temperatures are
below the limit of the maximum allowed temperature
(200 deg), which is the acceptable temperature for
Sm-Co magnets. Also, no large temperature
difference was found inside the thruster head. Based
on this measurement, a thermal model was created
and thermal design for the ion engine subsystem and
for the entire spacecraft was conducted.

Endurance Test

The microwave ion engine was located in a main
chamber of 2 m in diam. and 5 m in length, which is
cvacuated by four cryogenic pumps, maintaining an
order of 10 torr for the xenon mass flow ratc of 2
sccm. Figure 7 shows the picture of the EM thruster
head with a neutralizer passing through the total
accumulation time of 4,500 hours. Operational
conditions for the endurance test was summarized in
Table4. As shown in Fig.8, the EM grid assembly test
started with a breadboard model in February 1997,
then the thruster head was changed into EM in May
1997. The endurance test stops several times for
thrust performance measurements, a mechanical test,
a thermal vacuum test, a heat cycle test, grid
performance measurements, and accidents related to
the test facility, but nothing is related to the engine
trouble. The result of grid erosion measurement in
Fig.9 shows that only the acceleration grid eroded at a
rate below 0.2 mg/hour, and only enlarged the accel
diameter 20 % after 18,000 hours operation. This
accel grid erosion is not a problem because . Grid
erosion profile after the endurance test is summarized
in Fig.10. On the contrary to the accelerator grid, no
erosion was observed for the screen grid. The
microwave engine doesn’t need discharge voltage like
the DC ion source, hence as far as the plasma
potential inside the ion source is maintained below
the critical value, there is no concern for the screen
grid wear, and this was proven by the endurance test.
(The screen grid was destroyed after the first three
months because of a wrong treatment of the grid. The
screen grid was then replaced at 2,500 hours, from
that time no change of weight was found.) In
contrast, the deceleration grid increases its weight
owing to Titan contamination; the Titan
contamination originates [rom the beam damper
which recceives high energy ion beams and sputtered.
From the photomicrograph of decel grid, however, a
slight degradation was found for the decel grid. The
enlarged accel may lose the focus of the ion beam,
hence the direct impingement of the beam will erode
the decel grid.

Accumulated Operational Time, hour
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Fig. 7 Engine Operation in Endurance Test

Table 4. Test Conditions for EM1 Grid.

screen voltage 1.0/1.5kV
accel. voltage =300V
decel. voltage GND

beam current > 100 mA
accel. current ~0.5mA

microwave power  ion source < 35 W
neutralizer < 8 W
Xe flow rate ion source 1.15~2.35 sccm

neutralizer 0.29~0.59 sccm

vacuum <107 torr
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Fig. 8 Endurance Test Calendar.
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Fig. 11 Close-up View of C/C Accelerator Grid After
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The result of this grid wear test, achieving 18000
hours of operation with a C/C composite grid, will not
directly apply for conventional clectron bombardment
type ion engines. Beam density available from a
microwave ion engine is 1.7x102A/m?, which is only
half of a typical electron bombardment type ion
thrusters: for example, 3.x10? for XIPS-13, and
4.2x10? for the engine developed by MELCO/
NASDA. This low beam density is a result of the
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restricted plasma production of microwave cngine.
As was discussed in the previous section, unlike the
usage of a hollow-cathode, the maximum plasma
density is below the cutoff density for the input
microwave. Roughly speaking, these electron
bombardment thrusters will erode twice as much,
hence accel hole diameter will reach 40 % of the
original onc after 18000 hours operation. Low
plasma density nature of microwave engine, in this
casc, contribute to cnable long lifetime of 18000
hours. in addition to the contribution of Tow sputter
yield C/C composite grid.
Carbon Contamination Test

Despite the accel grid crosion, no crosion or
contamination was found inside the chamber. Hence,
the cathode-less microwave discharge contributes
greatly to make a clean ion source that is free from
contamination. Carbon contamination was found
only in a special experiment, in which the screen grid
was removed, and the accel grid, biased to -300 V, got
a direct impingement of ions from the discharge
chamber.’? This accelerated test produces a flake-like
carbon typically | mm in length and 0.1 mm in
diameter. In case such a flake short-circuits the grids,
capacitance of the power supply used for ion accelera-
tion was designed to burn out such a flake-type carbon
if exists.

Conclusion

Low sputter yield carbon-carbon (C/C) composite
grids are developed for the microwave ion thruster for
the asteroid sampling mission MUSES-C. A flat, 10-
cm-diam. three-grid C/C optics mounted on an
aluminum were fabricated, and a wear test of 18000
hours proved the applicability of the C/C grids for the
MUSES-C. Fundamental performance test, vacuum
thermal test, and mechanical test showed enough
compatibility to the spacecraft and the launch
environment.
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