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Abstract

This paper presents the results of functional tests carried
out on the first 7 cm slit FEEP emitter prototype designed
and manufactured at Centrospazio. While FEEP emitters
have traditionally been fed with cesium, this thruster used
rubidium as a propellant. The investigations carried out in-
clude electrical parameters measurement and ion beam pro-
file recording. The use of Rb resulted in immediate, good
wetting of the emitter blades and in very good ion emis-
sion, while emitter misalignement caused a portion of the
useful lenght of the thruster not to operate, showing how
sensitive this thruster is to small changes in its delicate geo-
metrical arrangement. Nevertheless, maximum estimated
thrust was as high as 1.2 mN and beam divergence was

within the expected values.

Introduction

The development of a 1 mN FEEP thruster has been re-
cently undertaken at Centrospazio. The new thruster pro-
vides thrust in the 1 N to 1 mN range with outstanding
thrust controllability characteristics. While smaller version
of FEEP have been developed for scientific mission appli-
cations!, this new thruster is oriented towards commercial
spacecraft applications. Primarily intended for attitude con-
trol and orbit maintenance of small satellites in LEO, this
thrusters takes advantage of the low mass and low propel-
lant consumption of FEEP to overcome the potential disad-
vantage due to the relatively high electrical power level
(about 60 W/mN). Considerable mass savings can be
achieved using FEEP on satellites of 200 kg or more in or-
bits exceeding 500 km altitude?3, even taking into account
the mass penalty associated with the electric power genera-
tion system. When compared to systems based on reaction
wheels and de-saturation thrusters, the FEEP system has
the additional advantage of providing orbit maintenance
capability with minimum propellant expenditure, which is
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most needed, for instance, to maintain accurate formation
flying in spacecraft constellations.

The 1 mN FEEP thruster will be flight-tested in 2000 on
GAS canister G-752 on the Space Shuttle, under a ESA-
funded flight demonstration programme, together with a
smaller, micronewton level FEEP thruster®.

Design features and experiment setup

The design of a 1 mN FEEP emitter presents several addi-
tional technological challenges with respect to the smaller,
micronewton-level emitters that have been the subject of
development and intensive testing™® during the last few
years. In FEEP thruster, the ion current that can be extracted,
i.e. the thrust produced, scales linearly with slit lenght. Side
edges, albeit present, may be neglected to the end of rough
sizing for total thrust, provided that the slit is longer then a
fraction of a millimetre. Therefore, the emitter slit length
chosen was 70 mm, while 4N range emitters are usually 5
mm or less. The assembled emitter is shown in Fig. 1.

The emitter design emerged as the result of long iterative
process, including manufacture of several prototypes to iden-
tify the proper machining and surface finishing procedures.
Special fabrication procedures were developed to machine
the internal parts of the thruster in such a way as to guaran-
tee proper wetting of the emitter blades by the propellant.
Special care had to be used in minimizing the deviations of
the machined parts from the ideal geometry (a 7 cm long,
1.6 ym high channel).

The capillary force driven propellant feeding system was
completely redesigned to accommodate a larger quantity of
propellant. In the configuration used during this work, the
thruster accomodate about 2 grams of propellant. The de-
sign is such to allow an easily extension of the reservoir to
handle several tens grams.

In consideration of the larger surface area of this FEEP
emitter, provisions for two independent thrusters have been
integrated in the design. Thermal control is provided by a
set of temperature sensors, which allow to evaluate possi-
ble temperature gradients during the pre-firing bake-out
phase.

The thruster was mounted in Centrospazio’s IV1 vacuum
facility. The experiment setup included a set of electrostatic
ion beam probes, used to scan the beam and get a qualita-
tive representation of the current distribution in the plume.
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Fig. 1 - 7 cm slit FEEP thruster: left, emitter; right, experimental assembly.

The probes are simple wires immersed in the plume, work-
ing as elongated Langmuir probes. The two wires, perpen-
dicular to each other and to the thruster axis, can be moved
along circular arcs in front of the slit by means of a compu-
ter-controlled positioning system with a angular resolution
of 0.9 degrees. Data acquisition is fully automatized through
a GP-IB data acquisition chain. The beam probes arrange-
ment 1s shown in Fig. 2.

Rubidium was used as a propellant. Recently proposed as
an alternative to cesium, Rb has a higher melting point (39
°C vs. 29 °C of Cs). This can be advantageous when it is
required to avoid undesired propellant melting inside the
thruster, e.g. during ground storage. The additional heating
power needed to keep the thruster above the melting point
of Rb during operation is negligibly small to most practical
purposes. In comparison to Cs, Rb has a lower molecular
weight (88 vs. 133), resulting in higher exhaust velocity but
lower thrust. The power-to-thrust ratio of Rb is therefore
higher than that of Cs. From the point of view of chemical
properties, ionization potential and surface tension, the two
alkali metals are very clode to each other, with Rb slightly
less convenient than Cs for propulsive applications. How-
ever, Rbis relatively low cost, easy to procure and has shown
excellent wetting propreties on the emitter substrate. There-
fore, it is worth taking into consideration as a potential FEEP
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propellant.

Test were carried out in the self-neutralizing environment
of a stainless steel vessel. No neutralizer was therefore
needed.

Discussion

Fig. 3 shows a picture of the Rb FEEP plume. Fig. 4 shows
the thruster characteristic curve, i.e. the dependence of the

Fig. 3 - Thruster plume with Rb propellant.
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Fig. 2 - Ion beam divergence angles and electrostatic probes.
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Fig. 4 - Emitter current vs. total applied voltage.
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Fig. 6 - Thrust vs. power consumption.

emitter current on the voltage difference between the ac-
celerator and the emitter. The maximum operating voltage
is 12kV, corresponding to a maximum ion current of slightly
more than 8 mA. This is less than what was expected from
a 7 cm long emitter. The reason of this low value will be
made clear later on.

Fig. 5 shows the ratio of accelerator current to emitter cur-
rent as a fonction of total voltage. Small accelerator current
is desirable, as it represents just a power loss. Moreover,
this current is associated with impingment of fast ions on
the accelerator plate, which can in the end become dam-
aged as a consequence of the contnued bombardment. Dur-
ing all of the tests performed, the accelerator current was
very limited, reaching as low as about 2.5% of the emitter
current, showing that the geometrical arrangement of the

IEPC-99-069
12.5%
10.0% - +
+
7.5% -
0 +++
= +
R ++
50% -4 +
+
+
+
+4+++++
- +,
2.5% P, H
0.0% T T T T
8 9 10 11 12 13
Vtot (kV)

Fig. 5 - Accelerator current to emitter current ratio
vs. total applied voltage.
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Fig. 7 - Power efficiency vs. thrust.

emitter-accelerator ion optics worked properly.

Thrustis shown in Fig. 6 as a function of total electric power
consumption. Both emitter and accelerator currents have
been accounted for in computation of power consumption.
As expected, Rb shows a power-to-thrust ratio of about 75
W/mN, as opposed to about 60 W/mN for Cs, in perfect
agreement with the theoretical dependence on the square
root of the molecuar mass ratio.

Power efficiency is defined as the ratio of power in the beam,
P,, to total power input to the emitter, P,
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where 1, is the beam current,and V,, I,and V, 1, are emitter
and accelerator currents, respectively. Power efficiency
reaches values as high as 98%. This shows that the thruster
is performing in an optimal way, i.e. with very little
impingment of ions on the accelerator.

The good overall performance is confirmed by the evolu-
tion of electrode current during time. Fig. 8 shows the emis-
sion behavior over a period of 30 min. uninterrupted firing
at maximum thrust. A similar behavior, showing no signifi-
cant current oscillation, has been observed during time spans
up to a few hours.

Fig. 9 illustrates a series of ion beam profiles recorded us-
ing the “horizontal” probe (the one parallel to the slit), at
different total voltages. As expected, the beam profile is
fairly symmetric, although somewhat off-axis.

Finally, Fig. 10, showing the ion beam profile along the slit,
is the key to the explanation of the unusually low maximum
emission current. The graph clearly shows that the beam is
emitted on about two-thirds of the slit only; in addition to
that, current from the emitting region is not uniformly dis-
tributed, but has a two-peaks shape, consistent through scans
at different total voltage. Therefore, one has to conclude
that ion emission was not present, or was somehow degraded,
on a significat portion of the slit length, maybe between
40% and 60%. Assuming half of the slit was working prop-
erly, the resulting current per unit length is 200 yA/mm,
that is in accordance with what was expected from previous
measurements on shorter emitters.

After termination of the experiment, the reason for this
behavior was identified in a slight (but not negligible) mis-
alignment of the two blades with respect to each other. This
was caused by the unsufficient precision of angular align-
ment resulting from the blade mounting procedure that had
been implemented. As shorter emitters are much less af-
fected by slight angular errors, this had never been appreci-
ated during previous investigations.
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Fig. 8 - Emitter current and accelerator current
as a function of time.

As a consequence, a new, more accurate mounting proce-
dure was established, including post-mounting inspection
under a microscope.

Conclusions

FEEP ion emission with rubidium worked as expected:
wetting of the emitter blades occurred immediatly after fill-
ing and ion beam was readily extracted. It can be concluded
that rubidium is a valid alternative to cesium for FEEP thrust-
ers.
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Fig. 9 - Horizontal ion beam profiles at different total applied voltages.
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Taking into account the reduced performance resulting from
misalignment of the blades, performance of the 7 cm slit
cmtter was more than satisfactory, resulting in a maximum
thrust of 1.2 mN. Beam stability was verified over periods
of a few hours. Misalignment of the blades caused a reduc-
tion of about 50% in the emitting length of the thruster, as
was verified by ion beam scans.

A lesson was learned: alignment of the emitter blades is of
paramount importance, and not trivial to achieve on devices
of such length. Fabrication and assembly inspection and
verification are an essential part of the quality control sys-
tem that must be put in place to successfully manufacture
thrusters of this type.
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Fig. 10 - Vertical ion beam profiles at different total applied voltages.
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