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CONTAMINATION SENSOR FOR ELECTRIC PROPULSION AND
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Abstract

Simple contamination sensors using a small solar
cell will or might be used in Japan's LUNAR-A and
MUSES-C missions. In LUNAR-A, the sensors will
measure the contamination effects of smoke reduced
(aluminum-free) solid rocket motor. As for MUSES-
C, they might be onboard to measure the thruster
efflux material deposition in the vicinity of four
microwave discharge ion thrusters. This paper reports
the design and qualification test of the sensors and the
results of contaminants sampling at the ground tests of
an ion thruster and a solid rocket motor.

Introduction

The xenon ion engine system (IES) driven by
microwave discharge is under development in the
Institute of Space and Astronautical Science (ISAS)
for the application to MUSES-C (Mu Space
Engineering Satellite - C) mission which is scheduled
for launch from Kagoshima Space Center, Japan on a
Japanese M-5 rocket in July 2002, The target for the
space mission is the asteroid 1989 ML. The asteroid
comes to within about 2.5 astronomical unit of Earth.
The space vehicle will arrive at the asteroid in
October 2003, alight on the surface up to three times
and collect surface samples for return to Earth in June
2006. The IES will consist of four 10 cm xenon ion
thruster heads including one redundancy. Each of
them has a microwave power amplifier (MPA) per
thruster, while three acceleration power supply units
are available as the ion engine system and are
switched according to the operational duty'.

An experiment aboard the MUSES-C spacecraft to
detect surface contamination by xenon ion engine
effluents is studied. Solar cells were chosen as
contamination sensors due to its simplicity and light
weight.  Sensor short circuit current is the
contamination sensitive parameter. In NASA's second
Space Electric Rocket Test-11 (SERT-1I) mission that
was launched in 1970, two contamination sensors
located in the field of view of the accelerator grid
were rapidly covered with sputtered molybdenum®. In
MUSES-C mission, carbon-carbon composite is
chosen as an ion optics material, whose sputtering rate
will be less than that of conventional molybdenum.

Historically, there has been several missions which
introduce electric propulsion system with some kind
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of diagnostic package since the successful operation
of SERT-II ion thrusters. Recently, NASA's Deep
Space | asteroid flyby mission® has a Plasma
Experiment for Planetary Exploration (PEPE)
diagnostic subsystem and PEPE was successfully
tested in space in December 1998. Authors have been
proposing the introduction of MUSES-C IES
environment measurements package which weighs
less than 1 kg. Unfortunately, the embarkation of the
diagnostic package to the MUSES-C is now pending
due to the lack of payload mass, because typically
ISAS satellites tend to become heavier through their
development stages. But the first flight opportunity of
the simple contamination sensors is suddenly given for
the LUNAR-A mission.

LUNAR-A is the Japan's first lunar exploration
sponsored by ISAS, and should provide key data to
the understanding of the origin of the moon, earth and
solar system. Launched by the M-5-2, the 520 kg
spacecraft will have to negotiate a series of firsts for
[SAS. Following a gravity-assist maneuver, it will
have to enter a 40 km orbit, and deploy three 13kg
seismic penetrators 30 cm into the lunar crust, before
reposition itself into a 300 km orbit. The seismic
probe will be able to monitor deep moonquakes for a
year as it maps the lunar core.

Three solar-cell-based contamination sensors are
mounted near one of the two spin motors housed in
B3PL (electronics bay atop the third stage M-34
motor) of M-5-2 rocket. Because the spin motor
contains no aluminum for fear of contamination of
optical sensors and thermal control surfaces on the
spacecraft, the contamination is thought to be mainly
caused by solid carbons. Three sensors observe high
density plume, low density plume and no
contamination as a reference. From the output
difference of these sunlit sensors, the effect of solid
rocket plume contamination will be able to
investigate. The mechanical environment tests of the
sensors and a memory recorder were successfully
completed by authors (electric propulsion staff of
ISAS).

In this paper, the design and qualification test of the
sensors and the results of contaminants sampling and
analysis at the ground tests of a solid rocket motor and
an ion thruster are described. Finally the concept of
MUSES-C contamination monitor will be introduced.
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Solar Cell Contamination Sensors for M-5-2
Rocket's Spin Motor

M-5 was designed to be a three-stage all solid
vehicle having a liftoff mass of 130 t, a total length of
31 m and a maximum diameter of 2.5 m. Optional
kick stages will be added for higher energy missions
such as LUNAR-A and MUSES-C*. All such four-
stage configuration includes a pair of spin motors
housed in B3PL. So another chance of spin motor
measurements might come in M-5-5, the MUSES-C
launcher, followed by LUNAR-A which is put off
until 2004 because of the delay of penetrator
development.

Three solar cell sensors are fabricated by NEC,
using 2 x 4 cm of space qualified cells, which are in
the same lot as what is used in two-dimensional
deployable high voltage solar array (ITVSA)
experiments in Space Flyer Unit (SFU) of ISAS’.
Each sensor has two thermocouples: one is for real
time telemetry and the other is for storage to a
memory recorder for contamination sensors which
stores sensor output data during the blind flight from
the ground system and repeats to replay it. The
estimated maximum plume densities at the location of
three sensors are 107, 10 and 10™ kg/m’ respectively.
The first two density is one or two order of magnitude
larger than the density at satellite position. The
simulated film thickness produced by solid carbon
deposition is less than 20 A. Because the absorptance
of the carbon contaminants is still unknown, it is hard
to know whether the sensors can really detect the
deposition. After spin motor firing, all the sensors are
lit by the sun periodically. The peak of the sinusoidal-
like curve of sensor's short circuit currents should be
compared and analyzed.

Mechanical environment test of the sensors,
including random vibration and high frequency
impact, was successfully finished in ISAS by the end
of January 1999. At the middle of the rocket
integration test (Fig. 2), it is decided that LUNAR-A
will postponed. That M-5 rocket was renamed as M-5-
4 and became the launcher of ASTRO-E satellite. The
sensors will be preserved until next launch (LUNAR-
A or possibly MUSES-C).

P

Fig. 1. Solar Cell Contamination Sensor (Flight
Model).
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Fig. 2. Solar Cell Contamination Sensors
(ASSY2, 3) and Memory Recorder (CTME) on
B3PL of M-5-2 at Integration Test. A Spin
Motor is to be Installed Just Under the CTME.

Preliminary Contamination Measurements at
Endurance Test of MUSES-C Ion Thruster

The engineering model (EM) of the thruster was
assembled in the endurance test system, and has been
tested for its life time since February 1997°. The total
operational time achieved 18,000 hours without any
fatal problems at the end of July 1999, and the test
was completed’. The prototype model (PM) is under
preparation for the next endurance test starting in
November 1999. In order to know the contents of the
efflux from the ion thruster with carbon-carbon
composite  optics  without  hollow  cathodes,
preliminary contamination monitoring and sampling
are conducted from the accumulated operation time of
13,100 h to 14,400 h.

Experimental Setup

A schematic of the facility is shown in Fig. 3. There
are three Quartz Crystal Microbalance (QCM) with
collimator in the test chamber. The first QCM
(QCM1) is placed on the side wall of the main tank
and directed to the thruster. QCM2 is located on
upstream end of the main tank and faces the beam
dump made of titanium. QCM3 is positioned behind
the microwave discharge neutralizer. A passive copper
plate sputter monitor (witness) is used as an
alternative to the fourth QCM which was found to be
broken afterwards. The witness is in front of the ion
source and the neutralizer.
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Fig. 3. Experimental Setup of Contamination
Sampling at Endurance Test of MUSES-C EM
Thruster.
Results and Discussion

From the time history of QCM Frequencies as
shown in Fig. 4, QCMI1 was damaged by direct
impingement of an ion beam. A large hole was created
in the center of the crystal. The QCM2 and QCM3
indicate frequency decrease that means material
deposition. The result of SEM (Scanning Electron
Microscope) indicates that the QCM2 is covered with
titanium from the beam dump and facility, and that no
material from the thruster exists. The QCM3 gained
the mass slightly at the rate of 0.86 ng/h.

The composition of the material collected on the
copper witness plate and gold coated QCM3 can be
determined by analysis using x-ray emission
spectroscopy (XPS), which allows the source of the
sputter to be identified. In order to obtain the
historical deposition, depth analysis was carried out
by sputtering samples with argon ion beam over 50
times. The results of the XPS depth analysis are
shown in Fig. 5 and Fig. 6.The presence of
molybdenum and tungsten on the witness implies that
the sputter originated from the neutralizer. Because
the position and materials of the neutralizer sometimes
changed during the EM test, such materials were used
only in particular period and are found in particular
depth in Fig. 5 between the sputter times of 1,000 and
2,000. Carbon atoms from grid optics and aluminum
oxide from the neutralizer and the grid shield can be
found on both witness and QCM3.

Because of the several interrupts and
reconfigurations of the EM test, the static data of
contamination could not be obtained. We will try the
next sampling in the forthcoming PM test.
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Fig. 5. XPS Depth Analysis of Copper Witness.
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Fig. 6. XPS Depth Analysis of QCM3.

Design Concept of Diagnostic Package for
MUSES-C lon Engine System

The lon Engine System (IES) on MUSES-C has
four thruster assemblies (ITA). An ITA includes four
ion thrusters (ITR) consisting of a pair of ion thruster
head (ITH) and neutralizer (NEUT). Four sets of ITA
are mounted on a plate, which can be gimbaled by a
pointing mechanism so as to pass the combined thrust
vector of two or three ITRs simultaneously operated
through the center of gravity of the spacecraft. Two
solar cell sensors will be proposed to be mounted on
the [ES plate. Both two should be directed to the +Z
(nearly pointing the sun) direction. One should be
located at the upper end of the plate as reference
without efflux deposition, and the other at somewhere
in the line of sight of at least one thruster. The sensor
layout illustrated in Fig. 7 is proposed.
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Fig. 7. Location Plan of Contamination Sensors for
MUSES-C.
Ground Test of DASH DFM

The contaminants which will contain carbon has
been sampled in a static firing test of the full scale
solid rocket motor, DFM(DriFt Motor) of DASH
(Demonstrator of Atmospheric reentry System with
Hyperbolic velocity) mission which is to be launched
by the first H-2A rocket in January 2000 by NASDA.
The motor was made in the same batch process of the

flight models and is also aluminum-free. A number of

surface analysis methods will be applied to these thin
contaminant films to investigate optical properties and
film structures.

Experimental Setup

The test facility of Nissan, the developer and the
manufacturer of the Japanese solid rocket motors, is 3
m in diameter and 15 m in length. The vacuum
without load is as low as | Torr. A number of samples
including silicon substrate, fused silica glass and
QCMs are located in a few positions. In this
experiment, the back flow of the rocket exhaust fills
the vacuum chamber and contaminate all the surface
of the objects inside. So the detail of the location is
not described here. But, generally, a surface faces to
the downstream side was contaminated more, witch
suggest the existence of back flow.

Result and Discussion

The motor thrust profile is shown in Fig. 8 with the
deposition history of a QCM and vaccum history. The
QCM temperature T5 and the silicon substrate
temperature T4 are also shown.
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Fig. 8. QCM Data in DASH DFM Firing Test.

SEM analysis (Fig. 9) of the silicon substrate
revealed a large collection of mostly spherical plume
particles similar to photographs in a literature® dealing
with normal (with aluminum) solid rocket. The
diameter of the particles varied from submicron to 40
wm. XPS analysis tells us that most of the particles are
mainly formed by carbon (40 %) and oxygen (44 %).
The large droplets containing Al, Na, Ca, Mg, Fe and
P were seen elsewhere. These are probably originated
from the motor igniter

i 0

1.8 kV x18.8K 3.88#m

TEST1

Fig. 9. SEM Image of Plume Particle Sample on
Silicon Substrate from DASH DFM Tests.

In order to estimate the degradation of solar cells by
deposition of carbon-rich materials, solar cell samples
were coated with diamond-like-carbon (DLC) films by
ion plating with a several film thicknesses. The Raman
spectra of the DLC on a solar cell and DFM's
contaminants on a silicon sample resemble each other
(Fig. 10).
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Fig. 10. Raman Spectra of the Particles and a
Reference DLC Coating.

Optical ~ properties  of  contaminants  were
investigated by using the sample solar cells with
contaminants and DLC conatings. Figure 11 indicates
that, with the same mass flux on a surface, the
degradation of the solar cell current by the
contamination of the solid rocket motor is smaller
than that of DLC films. This is because the surface
coverage of the deposited particles is not perfect and
most of the light can travel through. The optical
transmittance curves of the fused silica sample shown
in Fig. 12 indicates that the optical property of the
cantaminated glass is similar to frosted glasses or
Neutral Density (ND) filters both of which have small
particles inside or rough surfaces.
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Fig. 11. Solar Cell Degradation by Carbon
Contamination.
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Fig. 12. Optical Transmittance of Fused Silica
Before/After the Contamination.

Conclusions

The flight model of contamination sensors for the
onboard experiments of LUNAR-A's spin motor was
fabricated and tested successfully. The preliminary
contamination sampling of an ion thruster was
conducted and obtained the time history of the
deposition and composition of the deposited materials.
The carbon contaminants from a solid rocket motor is
obtained and analyzed in detail.
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