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Abstract

The Austrian Research Centre Seibersdorf (ARCS) has
been flying indium ion emitters in various space
applications since 1991 and has logged more than 1000
hours of in-orbit operations so far. Since 1995 it is
particularly engaged in building a complete ion thruster
instrument around its space qualified ion emitters, the so
called indium FEEP thruster system. After having
completed a detailed study of the major physical
properties of the indium emitters that are relevant in the
context of electric propulsion, the development of a
flight demonstration package is now under way in the
framework of ESA’s TRP and GSTP programs. This
paper reports on the status of work and recent advances
that are in particular related to a significant increase in
mass efficiency compared to figures previously
reported, to the development of a low power neutraliser
and to the setup of suitable miniaturised electronics.

1. Introduction

As reported elsewhere>? the Indium FEEP thrusters are
based on field emission ion sources of the single needle
type, which use indium as a charge material. Having
developed, qualified and flown these ion emitters in
various scientific missions®® and in different
applications ARCS is now engaged in the development
of a field electric emission thruster package, the so
called indium - FEEPs. Field electric thrusters offer
several unique features: a specific impulse of typically
10 000 seconds, a minimum impulse bit in the order of
nNsec and the most efficient way of carrying fuel,
namely in solid state. It is these properties that make
advanced missions like space interferometry and
ultraprecise drag free control possible and make FEEPs
also a candidate for attitude and orbit control of small
satellites® and future commercial satellite constellations.
Their predominant range of applications will be in
missions with thrust requirements from puN up to a few
mN where the trade off between high specific impulse
and high specific power is optimal. A first real
demonstration of a FEEP instrument will most likely be
in a technology demonstration mission for gravity wave
detection where precisely controllable thrusters are
needed to provide the required drag free environment.

correspondence: michacl.fehringer @arcs.ac.at

Copyright © 1999 by the Japan Socicty for
Acronautical and Space Sciences. All rights reserved.

Such a mission could take place in the 2003 — 2005
timeframe. Other mission concepts currently under
study which require FEEP thrusters are the test of the
equivalence principle, various missions to precisely
measure the earth gravitational field and most
demanding, the detection of gravitational waves.

The efforts undertaken at ARCS in advancing its ion
thrusters recently concentrated on the improvement of
the propellant mass efficiency, the development of a
low power neutraliser and the miniaturisation of
electronic supplies. Furthermore, a prototype laboratory
version of a complete thruster package has been
assembled and operated in a vacuum chamber.

2. Improvement of mass efficiency

Early investigations of high current emitting regimes
with the ARCS indium ion emitters revealed a decrease
of mass efficiency with increasing ion current. This
phenomenon is common to field electric ion sources and
treated in the literature™® both experimentally and
theoretically. Explanations go back to studies by Lord
Rayleigh and Michael Faraday on pressurised liquids
which were carried out a century ago. According to
Vladimirov et al.” the jet-like protrusion at the Taylor
cone (see Fig.1), from where the ion emission takes
place, becomes unstable at high currents. This so called
Rayleigh instability leads to the emission of small
microdroplets with a size in he order of the let-like
protrusion itself (radius 1 — 10 nm). The periodic
process of jet decay and reestablishment causes a
pressure modulation in the liquid cone which in turn
excites capillary waves on the surface of the Taylor
cone (acoustic Faraday effect). Droplets having radii
larger than 100 nm form at the peaks of these capillary
waves and eventually are torn off. Accordingly, they are
called Faraday droplets. Faraday droplets in the size
range between 30 and 900 nm radii have been
experimentally observed in in situ experiments with
high voltage transmission electron microscopy’.
Reducing the propellant mass emitted in form of Farady
droplets is one of the prime targets in the development
of highly efficient FEEP thrusters, since droplet
emission in effect reduces their specific impulse.
Surface waves and their amplitude are determined by
material parameters like viscosity, surface tension and
possibly the thickness of the liquid metal film. These
parameters can be tuned to a certain extent whereas the
formation process of Rayleigh droplets does not seem (o
offer easy access for modilications.
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Fig. 1: Schematic of the functioning of a needle type
liquid metal ion source.

In order to study the dependence of droplet emission on
the indium film geometry, a method to actively control
film thickness and film shape has been developed and a
number of ion emitters having different film thickness
have been prepared. The shape of the indium film has
been monitored by means of optical and secondary
electron microscopy before and after test runs. Fig.2.
gives an example of a smoothly wetted, thin film and
high mass efficiency indium ion emitter. Mass loss after
test runs has been determined by precision weighing and
mass efficiency was calculated from the ratio of emitted
indium mass deduced from the integrated ion current
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during a test run and the total mass loss of the ion
source during the run. Emission of singly charged ions
has been assumed and the following relation has been
used to calculate the mass efficiency n, My being the
mass of one indium ion and I the ion current recorded
during a test run. My is the mass loss determined
from a precision scale.

6.28%10'8 * M,y * _[Idt

n= 1)
Mweigh

Rather big variations in mass efficiency have been
found with a pronounced dependence on indium film
thickness. It also seems to be of importance whether the
indium reservoir is completely closed at the top side
facing the accelerator electrode. A cover at the top side
reduces the electric field at the indium surface to zero
thus eliminating electrostatic forces that might lead to
mass ejection from the liquid indium. Fig.3 shows an
emitter with closed charge reservoir holding 1.2 g of
indium. By considering and optimising all the above
mentioned parameters the mass efficiency of the indium
ion emitter could be increased to well above 50% over a
total current range that corresponds to thrust values up
to 55 uN. Fig. 4 compares mass efficiency figures
determined with the improved emitter design with those
previously measured.

Fig. 2: Electron micrograph of an indium ion emitter needle at various magnifications (500, 100 and 50 mm bar).
The tip is smoothly and continuously wetted with a thin indium film. Films of that type yielded high mass

efficiencies in experimental test runs.
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Fig. 3: Indium ion emitter as has been used in mass
elficiency measurements. The reservoir holds 1.1 g
of indium and is closed on top.
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Fig. 4: Comparison of results from mass efficicncy
measurements. A dramatic improvement has been
achicved by custom tailoring the indium film.
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3. Neutralizer

A compact electron emitter has been developed based
on a Bariumoxyde impregnated cathode that can serve
as a neutraliser in the indium FEEP’s thruster package
(Fig. 5). The cathode has been integrated into an
aluminium module housing similar to the design of the
space qualified ion emitter modules. The housing
provides for thermal and electrical insulation,
mechanical support and electrical connections. The
cathode is resistively heated with the heater element
being at the same negative high voltage potential as the
cathode itself. The thermally emitted electrons are
accelerated towards an extraction electrode which is
connected to instrument ground. Fig.4 shows an image
of the complete electron emitter module. The 25 mm
diameter cylinder with height 50 mm weighs XXX g
and has a typical total secondary power consumption of
1 Watt at 400 nA emission current. Fig. 6 shows the
characteristic of the emitted electron current versus total
secondary power intake at an accelerator voltage of 400
Volts.

Fig. 5: Electron emitter module to serve as neutraliser
in the indium FEEP thruster package (height: 50
mm, diameter: 25 mm, weight: XXX g)
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Fig. 6: Necutraliser characteristic of emitted clectron
current versus total secondary power intake at an
accelerator voltage of 400 Volts.
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4. Thruster package

The bare indium ion emitter that is being used here
weighs — depending on the amount of propellant — in the
order of a few grams. A complete thruster module with
all its mechanical, thermal and electrical supports
weighs about 80 g. A full instrument as for example the
Spacecraft Potential Control Instrument ASPOC, that
was very successfully flown on the Japanese GEOTAIL
satellite and which was carrying eight individual indium
ion emitters, has a mass of almost 2 kg. There is a huge
discrepancy between the masses of the actual ion
thrusters and the neutraliser on the one hand and of the
supporting electronics and structure on the other hand.
In order to minimise that gap the use of novel, small and
off the shelf high voltage power converters is being
investigated. Miniaturised high voltage power
converters are now commercially available in the
voltage range up to 12 kV which are capable of
delivering close to one milliampere of current. Such
converters have been used to build a first prototype of a
complete FEEP thruster breadboard system as is shown
in Fig. 7. A box of size 100 x 70 x 80 mm® contains
high voltage supplies for both ion and electron emitter
as well as associated harness at a mass about 600 g.
Heater supplies and command lines for the high
voltages are fed into the vacuum chamber from outside.
Developments to include all necessary electronics into
that box are currently under way.

In a first functionality demonstration of the complete
thruster system the ion and electron emitters were both
operated and externally controlled such that the
combined emitted current that was measured at an
external collector (see Fig. 7) was regulated to zero. In
order to prevent secondary electrons from disturbing the
measurement the collector was biased at + 30 volts. It
turned out that the ion current measured at the collector
with the electron emitter off could be compensated to
zero when switching the electron emission on. This
worked out over the complete current range of the ion
emitter supply used at that time (200 pA max). Fig. 8
gives a typical example of such an operation. The
current onto the external collector, which is the sum of
ion and electron currents, is plotted in the topmost panel
of Fig. 8, electron and ion energy are shown in the two
panels below. The latter two give an indication which
emitter is on. At around second 5 the ion emission is
switched on for about 5 seconds, then the electron
emission is switched on and off. At around second 25
the ions are on again and from second 30 on the electron
emitter is started in order to compensate the emitted
charge by nullifying the total current at the collector. At
around second 57 the manual tuning was stopped and
from then on both ion and electron emitters were
running at constant energy and the current at the
collector remained constant at zero.

Nullifying a current that is measured at an external
collector is not nccessarily the same as keeping a
spacecraft neutral but it is a first operational
demonstration of a miniaturised thruster  system
working in vacuum. Very rccently a miniaturised HV
power supply with a maximum current capability ol 800
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MA at 12 kV became available which boosts the thrust
level of the above package to about 100 uN.

Fig. 7: Indium FEEP thruster system consisting of ion
(left) and electron emitter and vacuum compatible
high voltage supplies for both emitters. Dimension
of box are 100x70x80 mm?>, total mass is 600 g.
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Fig. 8: Detail of a demonstration of a combined
operation of the ion thruster and neutraliser (see
text). The ion and clectron emitters are commanded
such that their total emitted current is nullified at an
external collector shown in the topmost pancl.
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5. Summary

Two major steps forward towards the goal of providing
a complete indium FEEP thruster system ready for a
flight demonstration have been achieved recently: First,
it has been demonstrated that mass efficiency of single
needle type liquid metal ion sources at high current
levels can reach and exceed 50 %. Second, a breadboard
thruster package consisting of an indium ion thruster, a
thermionic neutraliser and vacuum compatible,
miniaturised high voltage electronics has been
assembled and operated in the laboratory. Additional
vacuum compatible electronics for heater supplies,
thrust control and thrust stabilisation are currently under
development.
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