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Abstract

Because of the large mass, low first ionization potential and large electron impact ionization cross-section,
it has been suggested that use of Buckminsterfullerene (Cgp) as a propellant might result in significant increases in
ion engine efficiency over that obtained with xenon at low specific impulse. Because fullerencs decompose at an
appreciable rate when exposed to temperatures greater than 800° C, it is desirable to eliminate hot cathode surfaces so
testing of fullerenc propellant was conducted using a RF ion engine. The RF engine was successfully operated using
xenon; however, it was found that when the number flow rate of fullerene-to-xenon exceeded 1 -to- 16 the discharge
would quench. The reason for thisis that fullerenes have alarge cross-section for electron attachment and a
comparison of rate factors for positive and negative fullerene ion production shows that an electron temperature
greater than 10 CV is nested to sustain a fullerenc discharge. Time-averaged Langmuir probe data show that electron
energies greater than this arc obtained in the RF engine when it is operated on xenon. However, when fullerenes are
added to the discharge high energy clectrons become depleted and the discharge quenches when enough fullerence is

added. Thus, conventional RF thrusters arc unsuitable for operation on fullerenes.

Introduction

Because of the large mass, low first ionization
potential and large electron impact ionization cross-
section, it has been suggested that use of
Buckminsterfullerene (Cgp) as a propellant might result
in significant increases in ion engine efficiency over
that obtained with xenon for missions requiring specific
impulse in the 1,000 to 3,000 s range [1,2]. Since
1991, three groups [3-5] have reported on the
development of ion thrusters which utilize fullerenes as
a propellant. Anderson and Fitzgerald [3], and Hruby et
al. [4] both successfully sustained fullerene plasmaarc
discharges using thoriated tungsten filament cathode ion
sources. Anderson and Fitzgerald were able to extract
beam currents between 2 and 3 mA from their device
with a net accelerating voltage of 1.9 kV and a
minimum discharge voltage of 22 V. They confirmed
the presence Of fullerenc ions by mass spectral analysis
of the extracted ion beam. Hruby ¢t at. detected fullerene
material deposited on optical surfaces using Fourier
transform infrared (FTIR) spectroscopy. Both of these
groups reported substantial erosion of the filament

cathodes used in their devices that ultimately resulted in
cathode failure. The presence of a significant quantity of
tolucne-insoluble carbonaceous material was observed in
the effusion cell by both groups after heating.

Hruby et al. carried out tests of fullerene
material compatibility with  stainless steel,
molybdenum, alumina, boron nitride, aluminum nitride,
and quartz. They reported that no reaction of the
fullerencs occurred with any of these materials, but
chose quartz for their discharge chamber with
molybdenum and stainless steels grids. Anderson and
Fitzgerald used both graphite and stainless steel sources
and stainless steel grids. In both sources, notable
degradation of the propellant molecules at high
temperature was confirmed by FTIR spectroscopic
analysis of the powder remaining in the effusive cell and
on the walls of the discharge chamber. However, mass
spectral analysis of the ion beam did not indicate the
presence of C7 fragments which would be expected from
collisionally dissociate fullerencs [6].

Horak and Gibson [7] operated a commeicially
available Kaufman ion source with fullerenes for ion
assisted deposition applications. They were able to
sustain a discharge for 30 minutes while extracting a
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50-100 pA/cm? beam of fullerenc ions. They reported
that approximately 10% of theinitial mass of Cgg was
recovered from the. d ischarge chamber as a mixture of
graphitic carbon and fullerenc.

Takegahara and Nakayama [5] have reported an
unsuccessful attempt to establish an RF-generated
plasma using fulicrencs. They found that their quartz
discharge chamber wall temperature was too low,
resulting in condensation of the fullerene propellant.
Takegahara and Nakayama obtained FTIR absorption
spectra Of their Cgg powder both before evaporation and
after condensation. If normalized, their spectra indicate
aloss of material similar to that observed by Hruby et
al, and Anderson and Fitzgerald.

The observed degradation of fullerenes in these
reports is a concern because the carbon residue could
clog hollow cathodes and propellant feed lines. Flakes
of residue could also short out the optics system grids
[8]. In addition, decreased thruster efficiency duc to
extraction of an ion beam with a distribution of charge-
to-mass ratio would result from extraction of ionized
fullerene fragments. Since fullerencs became available
in macroscopic quantities in 1991 [9], there have been
several experimental studies of the thermal stability of
C60 [10-12]. Frum et al, [13] observed thermal
degradation of c60 heated to 1223 K while studying its
infrared emission spectrum, while Sundar et al. [12]
observed that solid C60 decomposes into amorphous
carbon upon heat treatment beyond 993 K for 24 hours.
Leifer ct al. investigated solid state fullerene
decomposition kinetics [14]. Fullerene degradation is
attributed to solid-state unimolecular decay with an
activation energy of 266 kj/mol over the temperature
range from 1073 to 1173 K. Thus in order to avoid
significant propellant degradation, thruster operating
te(r)n%eratures must be maintained below approximately
1073 K.

Experimental Apparatus

To avoid the presence of high temperature
hollow cathode which typically operate at temperatures
in excess of 1300 K, an RF discharge chamber similar
to that of Takegahara and Nakayama [5] was
constructed. An Eni Power Systems 13.56 MHz RF
power generator (model 600A) and impedance matching
circuit to reduce reflective RF losscs from the engine
were used. A schematic diagram and a photograph of the
RF thruster assembly arc shown in Figs. 1 and 2,
respectively.

The RF thruster, shownin Fig. 1, has atwo-
grid optics system and is mounted inside a 90 cm
diameter by 150 cm long vacuum chamber capable of
maintaining a no load pressure in the 10”Pa (10-6
Torr) range. The molybdenum grids are spaced 1.3 mm
apart and have 331 matching 2.4 mm diameter holes
with center-to-center spacing of 3.0 mm for an open
area fraction of 0.29. The discharge chamber is enclosed

at the downstream end by the optics system, along the
diameter by a 70 mm diameter, 70 mm long quartz
vessel and at the. upstream end by a quartz crucible.
Wrapped around the quartz vessel is a 7 turn RF coail,
made from 6.3 mm diameter copper tubing, which
induces an aternating azimuthal electric field. To avoid
fullerene condensation a heater wire, placed inside the
RF coil tubing, is used to control the discharge chamber
wall temperature.

The accelerator grid bias supply
(100 mA D. C., up to 2.0 kV) is used to hias the
accelerator grid negative with respect to ground. The
screen gr id, which provides the discharge chamber
reference potential, is biased positive with respect to
ground by the screen grid bias supply (100 mA D.C,,
up to 2.0 kV). The matching circuit located adjacent to
the RF engine is used to match the load impedance to
the 50 ©2, RG-213 coaxial transmission line. RF
power is supplied by an Eni Power Systems 13.56
MHz RF power generator (model 600A).

The quartz crucible located at the upstream end
of the discharge chamber is used to store fullerencs.
when heated the fullerenes sublimate and effuse into the
discharge chamber. A small fraction of the fullerene
mass flow in directed toward a water cooled Inficon
model XTM/2 quartz crystal micro-balance (QCM).
Real-time measurement.s of the rate at which fullerenes
condense on the QCM can be correlated to the actual
mass flow of fullerenes into the discharge chamber
through a calibration constant.
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Fig. 1 Schematic diagram of fullerene RF thruster

A photograph of RF ion thruster mounted in
the vacuum facility is shown in Fig. 2. The thruster
coil is obscured by the presents of a stainless steel
ground screen. A tungsten filament, used to start the
RF discharge, can be seen in front of the accelerator
grid. The. discharge is initiated by heating the filament
to thermionic emission temperatures and biasing both
the screen and accelerator grids positive to draw




clectronsinto the discharge chamber while. RE power is
being supplied. Once the discharge has been ignited,
the, accelerator grid is biased negative toextract ions and
stop clectrons from backstrcaming into the discharge
chamber. At this point the filament can be left onto
provide beam neutralizing clectrons orit can be turned
off and beam ncutralizing electron can be provide from
the vacuum tank wails.

Fig. 2 Picture of RF¥ Thruster

The quartz crucible used to store and evaporate
fullerenes is shown in Fig. 3. The crucible has a 6 mm
diameter tube fused to a coaxial 25 mm diameter tube in
which fullerene powder is place.d. The center tube is
used to introduce test gases, such as xenon, into the
discharge chamber. The flanged-crrd of the crucible
attaches to the upstream end of the disc. harge chamber.
A dam blocks the bottom half of the crucible to prevent
fullerenc spillage. This photograph was obtained after a
preliminary test where the flanged-end of the crucible
was not heated. The material at the flanged-end of the
crucible is condensed fullerene while the material behind
the quartz.dam, which was heated, is amorphous and
graphitic carbon residue. The smalltubc located
slightly upstrcam of the dam is used to dire.ct flow to
the QCMsensor located approximate.iy 70 mm away
from the crucible.

Crucible temperaturc was monitored using a
thermocouple mounted near the dam on the outside wal |
between the quartz and a heater which surrounds the
crucible.Initial calibrations of crucible temperature
were conducted with thermocouples attached to the
inside walls as well as at the monitoring location. The
temperature on the inside of the crucible was

approximately 401050 K lower than the temperature
measured at the monitoring location.

Fig.3Quartz Crucible

In addition to calibrating the crucible
tcmperatures, discharge chamber wail temperature was
calibrated as a function of heater power. To avoid RF
interference with the thermocouples, the. discharge
chamber tempecrature was not monitored during
experiments. Although the discharge chamber wall
temperature was not monitored during testing, a
reasonablc estimate of the temperature could be obtained
from the power being supplied to the chamber. The
objective during most experiments was o keep the
discharge chamber temperatures between 873 anti
1073 K. This required providing between 250 and
450 W of heater power. The crucible and the discharge
chamber arc notisolated thermally; as arcsult, the
power input to both heaters influcnces the temperature
of the whole system. Typically, the temperature varied
by up to 100 K from hottest to coldest point in the
discharge chamber-crucible system. The optics system
was not heated directly and the screen grid was typically
about 200 K colder than the hottest spot in the system.

‘The thermal calibrations were done with out
RF power applied tothesystem; however, the. RF
power wit] influcnce the system temperature. It is
noted that a large fraction of the RF power also goes
into heating the chamber either from plasma diffusion
to the walls, radiation to the walls or eddy current
heating of the grids. Therefore, the power levelto
maintain the discharge chamber temperature is
essentially the sum of the resistance heater power and
the RF power.

The QCM is water cooled and the temperature
of the QCM holder was found to be below 3(X) K
during all experiments which is cold enough tokecp
fullerencs from sublimating from the QCM.Because



the geometry of the experimental apparatus does not
change during a particular experiment, it is assumed that
the fraction of the flow impinging on the QCM remains
constant as the flow rate and RF thruster temperature
vary. The system is taken apart between runs to
resupply fullerenes to the crucible resulting in slight
variations of alignment between the crucible and QCM
from run to run; therefore, calibration constants arc
obtained for each run,

The cdibration constant for total flow rate was
determined by weighing the fullcrene-filled crucible
before and after heating to find the total mass of
evaporated materia. This quantity was then divided by
the total accumulated mass on the qem crystal to obtain
the calibration constant C where

C=—H2F—

T

where AM is the total mass sublimated from the

(Eq. 1)

crucible, chm and is the mass flow condensing on the

gem and the integration is over the time T during which
fullerenes were flowing to the gem. The actual mass

flow rate to the discharge chamber mis

(Eq.2)

m= (c-1) chm "

For typica experiments C is on the order of 8,000.

Initial Experiments with RF Engine

To verify that a discharge could be sustained and to
obtain data on the thruster operating characteristics, the
RF engine was first operated using xenon as the source
gas. Shown in Fig. 4 isthe extracted beam current asa
function of RF power for total and net accelerating
voltages of 2.5 and 1.5 kV, respectively. The two
curves shown correspond to flow rates of 0.25 and 0.15
mg/s. The maximum xenon ion current (space-charge
limited) which could be extracted through the optics
system was 42 mA. The minimum beam-ion energy
cost for the higher flow rate case was found to be
approximately 2,600 CV per beam ion. The efficiency
of this engine could be improved significantly if the
existing grids were replaced with a high open-area
fraction, high perveance optics system. However, since
the goal of these tests was to determine if a fullerenc
discharge could be sustained, the cost of a better optics
system was not felt to be justified. In addition, higher
efficiency could be achieved for a smaller surface-t1o-
volume ratio discharge chamber which reduces diffusion

losses. The small size of the discharge chamber was
chosen because limited quantities of fullerene (afew
gm) were readily available. With the small thruster size
tests lasting on the order of 1 hr could be run with less
than a gm of fullerenc.
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Fig. 4 Extracted Beam Current vs. RF Power

Based the operating characteristics of the RF
thruster operating on xenon, estimates of expected
operating characteristics with C60 were made, The
space-charge lim ited Cgp current for the optics system
operating with net and total accelerating voltages of 1.5
and 2,5 kV, respectively, is about 18 mA. The cross-
section for positive ion formation of Cgg is an order of
magnitude larger than that for xenon [15, 16]; therefore,
the number density of fullerene required to sustain a
discharge. comparable to that obtained with xenon is an
order of magnitude lowcr. Because Cgg has a mass of
720 a.m.u. compared to 131 a.m.u. for xenon, the
fullerene mass flow rates expected to produce
comparable plasma densities to those obtained at the
xenon flow shown in Fig. 4 are .013 and .008 mg/s.

Shown in Fig. 5, isaplot of fullerene mass
flow rate into the discharge chamber as a function of
time. As seen in Fig. 5, fullerene flow rates greater
than .20 mg/s (1.1 mg/s of xenon would be required to
provide the same number flow rate) were provided to the
engine for -7.5 minutes. Between 300 and 600 W of
power was provided to the thruster during this run so
the wall temperature should have been over high enough
to keep Cgp from condensing. Repeated attempts were
made throughout this test to ignite a fullerene discharge
with from 10 to 300 W of RF power being supplied to
the engine; however, a sustained discharge was not
achieved. Additional testing conducted by starting a
xenon discharge and then adding fullerencs to the xenon
flow was performed. During this testing it was found
that when the ratio of fullerene to xenon neutrals
exceeded 1: 167?(data from 8-28-94), the plasma
extinguished. This result led to suspicion that C60




anion formation was responsible for quenching the
plasma.
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Fig. 5 Fullerene Mass Flow Rate vs. Time

Rale Factor Estimates

One difference between C60 and noble gas
propellants is that Cg( has alarge cross-section for
negative ion formation, even at electron energies as
high as 14 CV [17-19). Duc to the large cross-section
for anion formation, €ectron attachment can dominate
over positive ion formation for a low energy electron
group. If this occurs, the Cgo behaves as an electron
scavenger and the discharge can be quenched. Because a
discharge in the RF thruster must be self sustaining, the
positive ion formation rate must excecd the anion
formation rate. The electron energy distribution in a
typical RF discharge has a Maxwellian group and a
higher energy electron group [20]. It is recognized that
the high energy electrons contribute to cation formation
and not to negative ion production. Therefore,
computation of negative and positive ion production
rates based on athermal electron energy distribution
results in a conservative estimate of the electron
temperature required to sustain Cg RF discharge.

To estimate the ion production rates in a
plasma, peak intensities for positive and negative ion
production shown in the literature [15,19] were used to
obtain rate factors for ion production <ov>. It was
assumed that the electrons used to acquire these data
have a monocnergetic distribution. The rate factor for
ion production resulting from collisions with an
electron group in the plasmais

fovdn

0
<OV> =
oC

[ dn
0

(Eq. 3)

The term in the denominator is aconstant and is equal
to the total number density of electrons.

The differential form of Maxwell’s law for the
distribution of velocities is given by

_2mVEC, B

(1thT)3/2 kE T

Substituting Eq. 4 into F4. 3 yields,

oC

<ov>=A |oE exp E dE. (Eq.5)
k,T
0

dn dE. (Eq.4)

B

where A = 2nnV2/m/((nk, 112 [dn . By
0

substituting VE<oVE> for 6E in Eq. 5, rate factors
were determined using cross section data for negative
fullerene ion formation from Reference [19] and the
cross-section for Ce0* formation shown in Reference
[21 ] normalized to the data of Sai Baba [15]. Rate
factor curves for Cgg as a function of electron

temperature arc shown in Fig. 6. For comparison the
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Fig. 6 Rate Factors vs. Electron Temperature

rate factor for xenon ion formation is shown. Cross-
section data for xenon were obtained from Reference
[16]. It is evident that negative fullerenc ion production
rates exceed those of positive ion production at electron
energies below approximately 10 eV.

Langmuir Probe Data

To obtain information on the electron energy
distribution in the RF thruster, a Langmuir probe was
installed in the discharge chamber. The probe consists
of 0.25 mm diameter tungsten wire approximately



3 mm long which is exposed to the plasma. The wire
leading up to the probe Is jacketed by an alumina tube.
The probe is located on the thruster axis, 27 mm from
the screen grid. Typically, plasma densities arc high
enough during experiments that the probe erodes
substantially. After 3.5 hrs of plasma exposure the
diameter had decreased to 0.12 mm and the length had
decreased to 2.4 mm.

Shown in Fig. 7 arc Langmuir probe traces
obtained with a the RF thruster operating with 200 W
of RF power and axenon flow rate of .21 mg/s. In this
case, the grids on the screen and accelerator grids were
biased at vacuum tank ground, so the system was
operated without beam extraction. Traces shown were
obtained with O , 0.007 and 0.011 mg/s fullerene
flowing into the discharge chamber. Addition of

increasing amounts of fullerene to the flow resultsin
increasingly sharper rises in negative current as probe
potential increases. The electron energy distribution
function is proportional to the second derivative of
probe current with respect to probe voltage [22].
Generdly it is difficult to obtain second derivatives of
experimental data without amplifying noise to the point
where it dominates. Williams [23] used a Fourier series
smoothing technique to compute second derivatives.
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Fig. 7 Langmuir Probe Traces

The technique introduces smoothing errors. Additional
errors associated with determining plasma potential
from Langmuir probe as well as the rounding of the
probe trace near plasma potential make obtaining
accurate quantitative electron energy distribution
functions difficult. Nevertheless the technique docs give
useful qualitative information on trends that occur as
operating conditions arc changed.

Shown in Fig. 8 arc the electron energy
distribution functions estimated from the data shown in
Fig. 7. These distribution functions were all
normalized to unity. The distribution function with
pure xenon is seen to have a large high energy group
centered at about 60 ¢V and a low energy group. As
fullerene is introduced to the discharge chamber, the
distribution shifts toward a Maxwellian distribution and
the magnitude and energy of the high energy group

decreases. When the fullerene flow rate was increased to
0.012 mg/s the plasma extinguished.
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Fig.8 Electron Energy Distribution Functions

The exact reason why the high energy electrons
become depleted as fullerene is added to the discharge is
not known. Fullerenes remove low energy electrons
from the discharge when they form negative ions, so a
depletion of low energy electron would be expected.
Collisions, however, would tend to replenish the low
energy electron group. In addition, it is noted that time
averaged current are measured with the Langmuir probe.
The electron are being accelerated and decelerated during
each RF cycle and the high energy electron group may
have this high energy during a small fraction of the RF
cycle. During a portion of the cycle they may be
slowed to alow enough energy that they could combine
with fullerenes. Such electrons would be lost and not
re-accelerated, resulting in an apparent decrease in high
energy electrons.

From the Langmuir probe data it appears that
electron energies are high enough to sustain a fullerene
discharge; yet, experimentally that is not the case. As
previously discussed, the electron energy varies during
each cycle and €electrons are lost due to negative ion
formation during the low energy portion of the cycle. It
should be feasible to improve thruster efficiency by
adding an clcctro-magnet to induce an axial magnetic
field to reduce diffusion losses. In addition if a
discharge could be sustained with a fullerene-to-xenon
ratio greater than 1:1, it might be possible to increase
electron energy enough to sustain a fullerene discharge
by setting the gyro-frequency equal to the RF-frequency.
Of course, asthe ratio decreases it becomes increasingly
more unlikely that this approach will work,

Some data showing the fraction of fullcrene-to-
xenon required to quench a xenon discharge as a function
of RF power appears in Fig. 9. These data were
obtained with the optics system grids biased at vacuum
tank reference. The xenon flow rate was 0.21 mg/s and
fullerenc flow was increased until the discharge
quenched. Asseen here, the ratio of fullcrenc-to-xenon
required to quench the discharge increases as RF power



increases. At 200 W the ratio of fullcrenc-lo-xenon
molecules required to quench the discharge is 1:145.
The largest ratio which has been achieved with this RF
thruster is 1:16 with the thruster operating with a xenon
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Fig. 9 Fullerene-to-xenon Ratio Required to
Quench Discharge

flow rate of 0.3 mg/s and RF power of 350 W. The
fact that such a small fraction of fullerene quenches the
discharge means that it is unlikely that a fulierene
discharge could be sustained with this particular RF
thruster configuration.

Conclusions

The feasibility of using fullerenes as a propellant in a
conventional RF thruster was studied. 1t was
determined that a self sustained RF discharge could not
bc achieved in such a thruster because fullerenes
scavenge plasma electrons to form negative ions. In
order to operate a thruster on fullerenes a method of
supplying high energy electrons is needed. Sustained
fullerene discharges have been achieved using filament
cathodes to supply high energy clectrons; however,
thermal degradation of fullerenes has been observed in
these discharges. Avoiding problems associated with
thermal decomposition precludes usc of cathodes
operating at temperatures greater than 1073 K. Future
work on fullerene thrusters should include studying the
feasibility of constructing a field emission cathode
capable of operating at low temperature and providing
ampere level currents for thousands of hours. Another
option would be to investigate the using of multipole
RF antennas for sustaining the RF discharge. Such a
system could be set up to operate in a manner similar to
a 3-phase induction motor. By having a continuously
rotating electric field it might be possible to keep the
electron energy high enough to sustain an RF discharge.
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