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Fullerene Ion Thruster Development 

V. Hruby’ , J Monheiser’, and J. Kolencik’ 

Abstract 
This paper summarizes the results of a two year SBIR Phase II effort to develop a fullerene ion 

thruster (FIT) system consisting of an integrated fullerene propellant delivery system and the thruster. 
The system has been designed constructed and tested. The thruster consist of a classic DC electron 
bombardment discharge chamber utilizing an argon hollow cathode as the electron source. Results 
obtained at beam energies of 1000 eV ion and beam currents on the order of 30 mA will be 
presented. In addition data will be presented showing a relatively poor propellant utilization in the 
range of 10 to 20%. Lastly, the use of an Ar fed hollow cathode led to the formation of a carbon 
residue inside the discharge chamber, however , this was significantly less than that observed when 
using a hot tungsten filament as the cathode. This is credited to absence of thermal fragmentation 
caused by the filament. 

Future work on the discharge chamber, the grid system and the effects of noble gas on 
follerene plasma is likely to yield a viable device which could be used for fast deposition and growth 
rate of carbon films. 

Introduction 

Upon the discovery of the stable carbon molecule, 
Cm or fitllerenes, there was an immediate interest in 
the electric propulsion community for its use as a 
thruster propellant. The advantages of using 
fallerenes instead of the more typical Xenon are the 
factor of 5 increase in the atomic mass, and the almost 
50% decrease in the first ionization potential. This 
factor of five increase in ion mass implies that the 
same ion exit velocity is achieved at a higher total 
accelerating voltage. Because ion thrusters typically 
operate space-charge limited, the Child-Langmuir law 
implies that the current density extracted from the 
thruster will increase with this increase in total 
accelerating voltage. This allows either the same total 
beam current to be extracted from a smaller grid set or 
a higher beam current to be extracted from the same 
size grid set. In addition to these ion mass effects, the 
decrease in the first ionization potential for fullerenes 
implies that the amount of energy consumed in 
creating the ions within the discharge chamber will 
decrease thereby increasing the total thruster 
efficiency. These properties of fullerenes makes ion 
thrusters viable candidates for a wide range of missions 
starting from low thrust attitude control, to orbit 
transfer and tens of kilowatt interplanetary missions. 

The potential advantages of the fullerene ion 
thruster were recognized by several groups. Numerical 

modeling was performed at MIT”’ and the most active 
groups in ~,experimental areas are the Jet Propulsion 

Laboratory _ , 

Technology@‘l~’ 

Tokyo Metropolitan Institute of 

and Busek Co. I~Iz.“~-‘~‘. 

At JPL, Leifer. et a1(2’4’5) focused their effort on 
investigation of the fundamental firllerene properties 
with fullerene thermal stability being the principal 
issue. The salient results were that lllerenes 
decompose above 800°C especially when they come in 
contact with hot metallic surfaces. Therefore, the use 
of hot filament cathodes in the discharge chamber was 
judged undesirable and hence they constructed 
laboratory thrusters utilizing a RF discharge. The 
experimental work was primarily carried out by 

Anderson, et aY”) who found that a RF discharge 
established on Xe quenches when an appreciable 
fullerene number density is introduced to the discharge 
chamber. 

Leifer’s and Anderson’s, et al then consuucted an 
thruster utilizing a filament cathode. Using this 
system they found that up to 2/3 of the fullerenes 
fragmented and remained as a residue within the 
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discharge chamber. The unacceptably high degree of 
fragmentation was attributed to electron impact 
ionization process which is in conflict with published 
results (Refs. 21-23 from Ref. 7) which indicate that 
electron impact fragmentation occurs at energies over 
45 eV. Since the discharge voltage was about 40 to 
50 volts, the fragmentation was explained by long 
residence time of the ions in the discharge chamber 
(-1 msec), as opposed to 1 psec in the experiments 
where the 45 eV threshold was measured. Since the 
fullerene ions have energy dependent half life for 

dissociation, Anderson, et al”’ concluded that unless 
techniques for much shorter residence time of the 
fullerene ions in the thruster discharge &amber are 
found, fitllerenes will not be practical propellant. 

The Japanese research(8*11) lead to substantiaIly 
different conclusions. Their work also started with RF 

discharge@) and evolved into dc discharge using 

filament cathode.(g~” ) The extent to which the 
fullerenes fragmented and how much if any of the 
sublimed propellant remained as a fragmented residue 
within the discharge chamber was not reported. Their 
best results were obtained of a 11.5 cm dia. chamber 
from which a beam current of 36 mA (nu of 12.2%) 
having an energy of 1050 eV was extracted. The beam 
was collected on a target plate held 150 volts negative 
with respect to the accelerator grid. No information on 
grid geometry was presented. At high discharge 
voltages (i.e. greater than 60 volts), fragmentation of 
the fullerenes in the ion beam was detected using 
spectral analysis. This result is consistent with the 
published upper limit of 45 eV. These researcher 
conclude that while much work is needed, using 
fullerenes as a propellant is viable. 

Propellant Ionization Methods 

Because fullerenes fragment when exposed to 
temperatures above SOO’C, a survey of the possible 
means for ionizing the propellant were examined. The 
four methods investigated were 1) the use of a hollow 
cathode operating on follerenes, 2) a hot emissive 
filament, 3) electrode-less discharge and 4) the 
operation of a hollow cathode on another inert gaseous 
expellant. 

A literature search revealed no elements, oxides or 
carbides capable of a sub&&al thermiouic emission 
at temperaturex,below the fragmentation temperatum 

of fullerenes. This result suggests that neither 
operating a hollow cathode on firllerenes or the use of a 
hot filament for the cathode is possible. The third 
option investigated was an electrodeless discbarge 

using RF power or an electron cyclotron resonance 
(ECR) discharge. However, the RF and ECR 
approaches require heavy, inefficient power supplies 
and discharge chamber walls that must be dielectric. 
However, some of the fullerenes will fragment and 
subsequently be deposited on the discharge chamber 
walls creating a conductive layer, This conductive layer 
then inhibits the RF energy transfer causing the 
discharge to extinguish In addition to the formation 
of a conductive layer, the strong electron aflinity of 
fullerenes may quench to discharge if the electron 
energy is not large enough.. It was reported” 6, that the 
electron absorption cross-section was significantly 
greater than the cross-section for positive ionization for 
electron energies below about 14 eV. This result 
suggest that for low electron energies, produced by RF 
discharges, the fiillerenes absorb all the ambient 
electrons quenching the discharge. It was ascertained 
that although more power could be delivered to the 
plasma, the oscillatory electron motion in a RF 
discharge necessarily creates time dependent electron 
energy distribution and with the low energy electrons 
getting captured by the fullerenes, applying higher RF 
power is not productive. 

The last optioned investigated for ionization of the 
fullerenes was the use of a hollow catbode operating of 
an inert gas. The primary disadvantage of this option 
is the added system complexity because the spacecraft 
must now carry two propellants. This complexity may 
however be unavoidable because a neutralizer 
operating on an inert gas may be required for long 
duration missions 

Thruster Construction 

Propellant Vaporizer 

The size of the thruster discharge chamber was 
selected to be approximately 15 cm and the active grid 
diameter is approximately 13 cm. This size was 
selected because it is both convenient to work on and 
its performance should be comparable to existing inert 
gas thrusters. 

A sketch of the laboratory fullerene ion thruster 
(FIT-1 3) is shown in Fig. I. Unlike typical inert gas 
thrusters, the propellant storage and vaporizer are 
located within the vacuum tank and is structurally 
linked with the thnu@r. The design vaporization rate 
of the fullerenes is -5 mgLsec, hence the volume of the 

vaporizer was selected to be 850 cm3 which will 
deliver 5 mg/sec for approximately 50 hours when 
initially 60% full. 
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Fig. 1 Sketch of the Laboratory FIT-13 Ion Thruster 

The maximum vaporizer temperature was selected to 
be 75O“C which should prevent fragmentation of the 
propellant. In addition, because the fullerene vapor 
pressure is exponentially dependent on temperature, 
the vaporizer internal surface temperature uniformity 
was selected to be *Y’C. The internal wetted surfaces 
of the vaporizer are made of 3 16 stainless steel, and the 
temperature uniformity is achieved by explosion 
bonding a copper layer on the exterior of the stainless 
steel. Heating of the vaporizer was accomplished using 
swaged heater cable constructed using an Inconel 600 
outer conductor and a Nichrome V inner conductor. A 
first order approximation indicate that the required 
heater power to maintain the vaporizer at its design 
temperature of 750 “C was 1500 Watts. To deliver to 
fullerene vapor to the discharge chamber propellant 
manifold two 0.375 dia. copper tubes were used. 
Copper was selected to help assure uniform 
temperature profiles along the tubes and help prevent 
condensation of the fullerene vapor. 

Also present on Fig. 1 are the thermocouples 
labeled Tc4 and Tc6. The thermocouple Tc6 is located 
within a capped stainless steel tube located within the 
vaporizer and was used to calculate the fullerene vapor 
pressure (not measured directly). By knowing the 
vapor pressure within the vaporizer and the orifice 
diameter (refer to Fig. l), the mass flow through the 
propellant feed tubes could be computed. The 
thermocouple labeled Tc4 was located on the exterior 

of the cooper feed tubes and was used to assure that the 
temperature of these tube was held above the 
condensation temperature of the fullerenes at that 
pressure. 

Discharge Chamber 

A sketch of the FIT-13 discharge chamber is 
shown on Fig. 2. The primary difference between this 
chamber and those used for inert gas thrusters is that 
internal walls must be heated walls to prevent 
condensation of fullerene. This heating was accomplish 
using an internal sleeve onto which the same 
InconelPJichrome swaged heater wire was tack welded. 
To assure that the temperature of the discharge 
chamber wash held above anticipated fullerene vapor 
pressure, a thermocouple labeled Tel (Fig. 1) was 
located on the front flange of the thruster just upstream 
of the grids set and external to the discharge chamber. 

Magnetic Field 

To yield a masonably thruster efficiency, a cusped 
magnetic field geometry similar to the high 
performance thrusters reported by Sovey”” and 
Matossian, et al.(‘*) was designed. The cusp magnetic 
field was created using 12 Alnico V permanent rod 
magnets placed within two soft iron flanges as shown 
on Fig. 2. To determine the size of the magnets 
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Fig. 2 Sketch of the FlT-13 Electrical System 

required to generate the field shape and magnitude 
shown on the figure, a 2D commercial finite element 
package, Maxwell, was used. The geometry of the 
actual thruster was 3-D and hence a representative 
model for the 2-D package had to be developed. The 
12 permanent magnets were modeled by a single 
magnet ring on the interior of the discharge chamber. 
The volume of the ring required to generate the field 
was then used to compute the volume of the 12 rods 
used in the actual thruster. 

The FIT-13 electrical system schematic is shown 
on Fig. 4. This system incorporates the usual screen, 
accel, discharge. keeper. and cathode heater power 
supplies. However, to heat the discharge chamber and 
vaporizer, three additional power supplies are required. 
The last object presented on the figure is the hollow 
cathode neutralizer which is commercially available 
from Ion Tech in Fort Collins, Colorado. 

Grid Design 

The grid set used to obtain the data to be presented are 
made of molybdenum, have a screen and accel hole 
diameters of 2 mm, are 0.5 mm thick, and have hole 
center-to-center distances of 4 mm. Using this 
geometry and an active grid area of 13 cm yields 829 
holes in each grid. Each grid is mounted on 6 pivoting 
posts made of hot pressed SiN. Each post pivots on a 
pin within its retaining bracket which is mounted to 
the discharge chamber. This pin mount allows 
unrestrained independent dilTerential thermal 
expansion in the radial direction of the discharge 
chamber and each grid. 

Fig. 4 Electrical Schematic 

Cathode 

The cathode for this thruster is a hollow cathode 
having an orifice diameter of 0.83 mm and is very 

All of the data to be presented were obtained in a 
cylindrical stainless steel vessel approximately 1.2 m in 
diameter and 1.5 m long with hinged doors on both 
ends of the cylinder and 3 flanged access ports each 
0.5 m dia. The tank is pumped with a 0.6 m oil 
ditTusion pump backed by 355 CFM two-stage blower/ 
mechanical pump system. 

similar in design to those used by NASA Lewis and 
JFL 

In addition to this hollow cathode, several tests 
were conducted using a 2% thoriated tungsten filament 
cathode. A photograph of the assembled thruster 
system is shown on Fig. 3. 
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The thruster system was mounted within a side 
metallic bell jar which provided the necessary ground 
screen preventing backstreaming of the electrons. 

Experimental Results 

The fullerene propellant used during these tests 
typically consisted of C&C,, mix with SO/20 split. 
The propellant was prepared by simpley vacuum 
drying the sample. After the volatiles were dried from 
the sample, they were weighed to produce a 10 g load 
which was then placed in the vaporizer prior to 
installation within the vacuum chamber. To estimate 
the propellant mass flow rate, upon the test completion 
the mass of the propellant remaining in the vaporizer 
any remnants in the discharge chamber were weighed. 

A typical test procedure involves installing the 
thruster with the vacuum system and then pumping to 
the mid 10” torr range. The neutralizer was then 
started on argon along with the thruster cathode. Once 
both cathode were started an argon ion beam was 
extracted from the grid set. With stable thruster 
operation achieved, the discharge chamber was heated 
to its operating temperature followed by heating of the 
vaporizer. As the fullerene mass flow increased the 
plasma within the discharge chamber gradually 
changed appearance from blue/purple to a light yellow. 
This change in visible radiation was used as an 
indication of a fullerene discharge. 

In addition, several tests were conducted with 
the hollow cathode replaced by 2% thoriated tungsten 
filament. During these tests the procedure described 
above was slightly modified. 

The tank pressure, cathode flow, neutralizer 
flow, keeper current and voltage, discharge current and 
voltage, the neutralizer current and voltage, the 
potential of the grids, and the beam and impingement 
currents were measured. Additionally, the outputs of 
the three thermocouples described previously were 
recorded as were the voltages and currents of the 
vaporizer and discharge chamber heaters. 

An initial experiment was performed using the 
experimental apparatus described above. The thruster 
was operated at a constant screen grid potential of 
1000 V and an accel potential of -500 V. Presented on 
Fig. 5 is a plot of the vaporizer temperature inn 
degrees Celsius as a function of the teat time in 
minutes. Using this information and knowing the 
firllerene partial pressure as a function of temperature, 
one can be compute the fullerene mass flow rate as a 

function of test time. These mass flow data are 
presented on Fig. 6. 

As a check on the mass flow rate data 
presented on Fig. 6, this curve was integrated to 
determine the total mass lost from the thruster over the 
entire experiment. Performing this integration yields 
an expelled mass of 10 grams which agrees well with 
the measured loss of 9.86 grams. In general this 
closure on the integrated mass flow data and the total 
mass lost was observed for all the experiments 
performed. 
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Fig. 5 Vaporizer Temperature vs. Time 
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Fig. 6 Computed Fullerene Mass Flow Rate 

Presented on Fig. 7 is a plot of the measured 
discharge voltage, obtained for a constant discharge 
current of 1.5 A as a function of the experiment time. 
This figure shows that at about 75 minutes, the point at 
which the fullerenes begin to flow, a slight change in 
the voltage was observed. However after an addition 



-73c_ -_ .- ._ 97-074 463 

25 minutes the discharge voltage again return to 
previous value. 

its 
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Fig. 7 Discharge Voltage vs. Time 

The last figures to be presented for this 
experiment are plots of the beam and impingement 
current as a function of the elapsed experimental time. 
Presented on Fig. 8 is a plot of the beam current over 
the experimental period, and it shows that over the 
experimental time the beam current remains fairly 
constant at -30 mA. 
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Fig. 8 Beam Current vs. Time 

Presented on Fig. 9 are the impingement 
current data. These data present two very interesting 
points. The first occurs at -80 minutes when the 
fitllerene flow rate becomes substantial. The figure 
shows that the impingement current increase by a 
factor of 3 while the beam current remains constant. 
This indicates direct impingement on the accel grid 
which is only possible if we are reaching the perveance 
limit of the grid set. The computed normalized 
perveance for argon at the voltage conditions is 6% 
whereas the normalized perveance for fullerenes at 

these conditions is 25%. Since we are a little closer to 
the perveance limit for fullerenes. this increase in 

0 100 200 300 
Time (min) 

Fig. 9 Impingement Current vs. Time 

impingement current is indicative of a fullerene ion 
beam. The second point of interest is a little less well 
understood. Specifically at 150 to 200 minutes the 
impingement current drops from -4 mA to 1.5 mA 
indicating that the thruster is now producing an argon 
ion beam. The seem strange because Fig. 6 suggests 
that the ftrllerene flow rate is still substantial. More 
tests are necessary to determine exactly what is 
happening here. 

Filament Cathode Tests 

To try and obtain a more definitive indication of a 
fullerene ion beam, a test was conducted in which the 
argon hollow cathode was removed and replaced with a 
filament cathode. Again for this test the screen and 
accel grid potential were held constant at 1000 V and - 
500 V respectively. Presented on Fig. 10 is a plot of 
the firllerene vaporizer temperature as a function of 
elapsed experimental time. 
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Fig. 10 Vaporizer Temperature vs. Time 
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This figure shows that 170 minutes the vaporizer 
is delivering a reasonable fullerene flow rate. 
Presented on Fig. 11 is the fullerene flow rate 
computed using the temperature data presented on the 
previous figure. As a check on this flow data, the 
integrated 

0 100 200 300 

Time (min) 

Fig. 11 Computed Fullerene Mass Flow pate 

propellant loss was computed and compared to the 
measured loss obtained at the completion of the test. 
As expected these values agreed to within experimental 
error. Presented on Fig. 12 is a plot of the beam 
current as a function of time for this experiment. This 
figure shows that for the time between 200 and 275 
minutes the beam current was approximately 10 mA. 
This result is sign&cant because during this time no 
argon was supplied to the thruster, hence any ions 
produced and extracted into the beam must be 
fullerenes. To substantiate this claim presented on 
Fig. 13 is the plot of the measured impingement 
current as a function of the experiment time. This 
figure show that during the period in which the 
thruster should be operating of fullerenes the 
impingement current remains constant near 1.0 mA. 
Comparing these beam and impingement current data 
to those presented on Figs. 8 and 9 shows that at this 
operating condition the thruster is running at a lower 
perveance and hence ions are not impinging directly on 
the accel grid. 
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Fig. 12 Beam Current vs. Time 
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Fig. 13 Impingement Current vs. Time 

It should be noted that the discharge current used to 
obtain the data of Figs. lo-11 varied from -0.5 A to 
2.5 A. A comparison of the beam current data of Fig. 
8 and 12 shows that for the filament cathode a higher 
discharge current is required to produce a lower beam 
current. This suggests that the hot filament is causing 
fragmentation of the fullerenes within the discharge 
chamber. 

Typical Post Test Observations 

Upon the completion of every test the ion thruster 
was removed from the vacuum facility and cleaned. 
The following are general remarks recorded about the 
condition of the thruster. The walls of the discharge 
chamber were covered with thin, hard carbon film 
which adhered well to the walls. Once the film grew to 
a significant thickness (-0.1 mm or less) it would form 
poorly adhering flakes that could be scraped off with a 
hard object. The flakes were insoluble in benzene and 
appeared to be consistent with diamond-like carbon 
(DLC). There was no film in the locations of highest 
magnetic flux where the discharge current electrons 
are likely to strike the anode. The film free areas were 
bear metal bands around the circumference of the 
discharge chamber about 6 mm wide in the locations of 
the external magnetic flanges. 

The upstream side of the screen grid was coated 
with extremely hard carbon film which could be 
removed with difIiculty only by vigorous sanding. The 
film appeared to be hardest and best adhering in the 
center of the screen grid covering an area about 30 to 
40 mm in diameter. Wetting the film with benzene did 
not dissolve it. It also appeared as a DLC film 
although no quantitative analysis were performed. 

The upstream side of the acceleration grid was 
coated with thin brownish film primarily in the areas 
where the screen and accelerator grid misaligned due 
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to their differential expansion. This film was soft and 
could be wiped off. 

For tests utilizing the hollow cathode, there was no 
significant carbon debris in the chamber however, after 
test with the filament there was copious amount of 
carbon in the chamber approaching the total vaporized 
fullerene mass. This is consistent with Anderson’s, et 

al(‘) results which stated that up to 2/3 of the vaporized 
fullerenes remaining in the discharge chamber as 
l’ullerene fragments when using filament cathode. 

Conclusions 

A novel 13 cm fullerene fueled, dc discharge ion 
thruster system consisting of propellant storage and 
vaporizer integrated with the thruster was designed, 
constructed and tested. 

Using the hollow cathode, beam currents of 
the order of 30 mA were reached at total voltage of 
1.5 kV which should yield thrust level in excess of 
3 mN. In addition with this current thruster propellant 
utilization efficiencies of 8 to 20% were measured 
which is lower than expected. This performance was 
about a factor of 2 below that initially expected but 
exceeded by about a factor of 2 the best data published 
by others. Improvements in discharge chamber design 
and the grid system are certain to correct some of these 
performance problems. 
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