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[571 ABsTRAcr 
Fullerene propellants, which are stable carbon cage 
structures composed of even numbers of carbon atoms 
in the range of about 32 to 200 atoms, particularly a 
combination of conveniently obtainable Cjo and c70, 
may be carried in solid form in a spacecraft, sublimated 
to produce the appropriate molecular propellant such as 
C a o r  c70, which may then be ionized by D C  discharge 
or R F  radiation to efficiently produce specific impulses 
in the range above lo00 lbf -s/lbm. 
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ELECTRIC PROPULSION USING Cm 
MOLECULES 

ORIGIN O F  THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in Which the Contractor has elected to retain title. 

This is a continuation of copending application Ser. 
No. 07/793,637 filed on Nov. 18,1991, now abandoned. 

BACKGROUND O F  T H E  INVENTION 
1. Field of the Invention 
The present invention relates to electrostatic propul- 

sion engines and, in particular, to electric propulsion 
thrusters used in spacecraft. 

2. Description of the Prior Art 
Ion propulsion and arcjet systems have been pro- 

posed and tested for many years to provide propulsion 
and control in the near vacuum environment of space 
by use of the simple action-reaction result of thrusting 
material out in one direction to cause motion in the 
other direction. Although various propulsion systems 
have achieved success for various types of missions, 
there is a gap in propulsion capability for certain mis- 
sions such as orbit transfer missions, and North-South 
station keeping for geosynchronous satellites, where 
relatively high propellant exhaust velocities (relative to 
chemical propulsion) are required at higher propulsion 
system efficiencies than are available with conventional 
ion engines or arcjets. 

Conventional ion propulsion engines use ions of rela- 
tively heavy elements, such as xenon, because thruster 
efficiency is known to increase with the use of heavy 
ions. In addition, heavier propellants allow for the de- 
velopment of thrusters which can operate at high thrust 
densities in combination with high power levels which 
would be prohibitive for lighter propellants. Cluster ion 
propulsion, using ionized clusters bound primarily by 
van der Waals forces, has been investigated since the 
1960's in attempts to address the thruster efficiency 
performance problems at moderate exhaust velocities 
by providing propellants heavier than would otherwise 
be available. The theoretical advantages of using a clus- 
tered propellant arise from the decreased cost of ion 
production for the same mass flux through a thruster 
that could be achieved with a monatomic propellant. 

However, satisfactory propellants for use in such 
systems must have a relatively narrow, preferably 
monodisperse, mass distribution and a high resistance to 
fragmentation to minimize efficiency loss. In addition, 
large quantities of the propellant must convenient!y be 
made available on board the spacecraft when required 
for use. Convenient propellants providing high thruster 
efficiencies and narrow charge-to-mass ratios suitable 
for use in ion propulsion systems have not yet been 
suitably identified. 

The conventional approach to cluster ion propulsion 
systems utilized various methods for producing and 
ionizing such clusters in the propulsion system itself. 
These methods include condensing clusters from a su- 
persaturated gas stream in supersonic expansion fol- 
lowed by subsequent ionization by either electron bom- 
bardment or electron attachment. 

Ion nucleation, in which some of the atoms in the gas 
flow are ionized to serve as nucleation centers, was also 
studied and proposed as a way to improve ion-engine 

L 

performance. This approach does improve ion produc- 
tion efficiency and eliminates the problems of cluster 
fragmentation. However, the method produces a broad 
range of cluster sizes so that theoretical advantages of 

5 cluster ion propulsion are not fully realized in practice. 
What is needed is a convenient and inexpensive tech- 

nique for producing and storing preformed heavy ion 
propellant with near monochromatic mass distribution 
and reduced tendency to fragment which can be used to 

10 provide increased thruster efficiency at moderate ex- 
haust velocities in ion propulsion systems. 

SUMMARY O F  T H E  INVENTION 
The preceding and other shortcomings of the prior 

l5 art are addressed and overcome by the present inven- 
tion that provides, in a first aspect, an ion propulsion 
engine using sublimated solid form fullerene, particu- 
larly a stable carbon structure having even numbers of 
carbon atoms in the range of above about 32 atoms, 

2o such pure (&, pure C7o or a mixture thereof as a propel- 
lant. The fullerene may have an attached or included 
atom of another element, such as u@c70, a Uranium 
atom incorporated in a C7ocage. The propellant may be 
selectively sublimated from the solid form at a selected 

25 temperature and pressure, and ionized by D C  or R F  
discharge or other known methods of ionization. 

In another aspect, the invention provides a method of 
generating ion propulsion for a space vehicle by provid- 

3o ing a quantity of fullerenes in solid form in the space 
vehicle, sublimating the fullerenes, ionizing the subli- 
mated fullerene, and discharging the ionized sublimated 
fullerene for propulsion. 

In another aspect, the invention provides an ion pro- 
35 pulsion engine including a quantity of fullerenes in solid 

form, a sublimation chamber for sublimating the fulle- 
renes, means for ionizing the sublimated fullerene, and 
means for discharging the ionized sublimated fullerene 
for propulsion. 

The foregoing and additional features and advantages 
of this invention will become further apparent from the 
detailed description and accompanying drawing figures 
that follow. In the figures and written description, nu- 
merals indicate the various features of the invention, 

45 like numerals referring to like features throughout both 
the drawing figures and the written description. 

4o 

BRIEF DESCRIPTION O F  THE DRAWING 
FIG. 1 is a graphical representation showing the 

50 approximate thruster efficiency of an ion propulsion 
engine using Cm propellant according to the instant 
invention in comparison with several conventional pro- 
pulsion engines. 

FIG. 2 is a block diagram of an ion propulsion engine 
55 using a fullerene propellant ionized by D C  discharge 

according to the instant invention. 
FIG. 3 is a block diagram of an ion propulsion engine 

using a fullerene propellant ionized by R F  discharge 
according to the instant invention. 

DETAILED DESCRIPTION OF T H E  
PREFERRED EMBODIMENT 

Referring now to FIG. 1, the approximate thruster 
efficiency of an ion propulsion engine using Cm propel- 

65 lant according to the instant invention is shown as a 
function of specific impulse in the lo00 to 3000 Ibf- 
sAbm specific impulse range required, for example, for 
orbit transfer missions. 

60 
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For comparison purposes, the efficiency of conven- 
tional xenon ion engines and hydrogen and ammonia 
arcjet propulsion systems are shown on the same scale. 
As is clearly identifiably shown in this graph, the effi- 
ciencies of the arcjet systems peak below this specific 
impulse range, while the efficiency of the xenon engine 
peaks above this range. The efficiency of an ion propul- 
sion engine using Cmpropellant according to the instant 
invention is substantially higher than either the arcjet or 
xenon ion propulsion engines in this particular range. 

Referring now to FIG. 2, space vehicle 10 may in- 
clude one or more fullerene propellant thruster engines 
12 in accordance with the present invention for produc- 
ing thrust for positioning, stabilizing or similar space 
vehicle propulsion requirements. Thruster engines 12 
will be described for convenience with Cm propellant 
although other stable carbon structures and mixtures 
thereof may be used as will be described below. Cm 
thruster engines 12 includes discharge chamber 14 oper- 
ated under the control of control system 16 generally in 
accordance with known techniques for ion propulsion 
engines. 

In particular, in the DC voltage discharge ionization 
engine shown in FIG. 2, control system 16 applies the 
appropriate DC voltages to cathode 18, anode 20, and 
screen and accelerator grids 22 and 24 in discharge 
chamber 14 to ionize and accelerate fullerene ions 26 
out of port 28 under the influence of a magnetic field 
applied by solenoid windings or permanent magnets 30. 
Ions 26 in accordance with the present invention are 
created from molecular Ca 38 produced in sublimation 
chamber 32 and applied to discharge chamber 14 via 
conduit 34 through mesh screen 36. 

In sublimation chamber 32, free molecular Cm38 may 
be selectively produced by heating solid form Cm 40 to 
sublimation at a temperature on the order of about 350" 
C. at a pressure of about 1 Torr. After passing through 
fine mesh screen 36 in conduit 34, molecular Cm 38 is 
ionized to become Cm ions 26 by DC discharge, or 
alternatively by other means described in greater detail 
below with regard to FIG. 3. 

Cm, known as buckminsterfullerene in honor of the 
developer of the geodesic dome which it is said to re- 
semble, is an allotrope of carbon. Cm is one of the even 
numbered stable carbon structures known as fullerenes. 
Fullerene ions in general, and Cm ions in particular, 
provide special advantages for use in ion propulsion 
systems because they provide increased propulsion sys- 
tem efficiency, especially in the critical lo00 to 3000 
Ibf-sflbm specific impulse range. This improvement 
results in part from a decreased power requirement for 
ionization. In addition, they have an extremely low 
tendency to fragment and may have a low rate of ero- 
sion of surfaces they impact. 

Cmis conveniently storable on board space vehicle 10 
so that preformed clusters, available by sublimation 
from a solid form of the material, may be used. 

The formation of Cm from the vaporization of graph- 
ite has been well demonstrated. Cm has a molecular 
mass of 720 amu, is extremely stable, can be easily pro- 
duced and is electrically insulating when deposited. 
Only a small incidence of fragmentation of diatomic 
carbon from the molecule is believed to occur during 
ionization. The ionization potential of Cm is only about 
7.5 eV, well below that of Xe (12.1 eV). 

One measure of the relative advantages of Cm 
thruster engine 12 over a conventional xenon ion pro- 
pulsion engine is the difference in energy required to 
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4 
produce one Cm ion in the exhaust plume through port 
28 compared to that required to produce one xenon ion 
in similar circumstances. 

The average energy, EB, required to produce an ion 
expelled in the exhaust plume may be determined in 
accordance with equation (I), as follows: 

where fB is the fraction of ions extracted from the 
plasma in discharge chamber 14, fcis the fraction of ion 
current to cathode 18, VD is the discharge voltage at 
anode 20, C o  is the primary electron utilization factor, 
m is the propellant flow rate, and nPis the propellant 
utilization efficiency. 

is called the baseline plasma ion energy 
cost and can be defined as: 

The factor 

where EO is the average energy lost to ionization and 
excitation, EMis the average energy of Maxwellian elec- 
trons reaching anode 20 and Vcis  the plasma potential 
from which electrons emitted at cathode 18 are acceler- 
ated. The ion energy cost is an important figure of merit 
for an ion propulsion system because energy used to 
create ions cannot be recovered. 

C o  is the primary electron utilization factor and re- 
flects the degree of interaction between neutral particles 
and primary electrons, that is, electrons emitted by 
cathode 18 which have not yet undergone a collision. 
Large values of C o  are desirable because they reflect 
more efficient ion production. C o  is proportional to the 
total collision cross section and inversely proportional 
to the velocity of the neutral propellant particles. At a 
fixed temperature, the velocity of the neutral particles is 
given by 

(3) 

where T is the temperature, KBis Boltzmann's constant, 
and M is the mass of the particle. The ratio of the veloci- 
ties of Cm ions 26 to xenon atoms is on the otder of 0.43. 
The radius of a xenon atom is about-2.2 A while the 
radius of a Cm molecule is about 3.5A. Assuming that 
the collision cross section is proportional to the square 
of the neutral particle radius, the collision cross section 
of Cm ions 26 are Hence, the primary utilization factor, 
Co, is expected to be about 6 times greater for Cm than 
for Xe. 

Although accurate values for the baseline plasma ion 
energy cost cP* are not presently available, the value of 
cP' for Cm is expected to be less than that for xenon 
because the ionization potential of Qo is lower than for 
xenon, and therefore the discharge voltage need not be 
as high. These factors will contribute to lower values of 
EO, e ~ a n d  VD. 

Using typical values of these variables for xenon of 
M = l W  mA, f~=0 .6 ,  fc=O.l, V ~ = 5 0  V, Co=3.0 
A- and q,* = 50 volts, the approximate energy cost per 
xenon beam ion is on the order of about 190 eV for a 
propellant utilization efficiency, nP=0.8. Approximat- 
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5 
ing the energy cost for a Cm beam ion based on the 
primary electron utilization factor calculated above, the 
energy cost per Cm ion would be about 90 eV for the 
same propellant utilization efficiency. This implies that 
the energy cost per atomic mass unit for Cmis about 8.6 
percent of that for Xe. In addition, the lower diffusivity 
of Cm would lead to improvements of the utilization 
efficiency, nw, further improving the performance of 
Cm relative to Xe. 

The improved ion engine efficiency at low specific 
impulse may be understood from the following relation: 

Y2% (4) 

where y is the thrust loss factor due to beam divergence 
and double ionization, nw is the propellant utilization 
efficiency, mi is the ion mass, I, is the specific impulse, 
and V,,is the neutralizer coupling voltage. For a xenon 
ion engine operating at 1500 Ibf-sAbm and an ion pro- 
duction cost of 190 eV per ion, the efficiency would be 
approximately 40%. 

However, for Cm thruster engine 12, the higher ac- 
celerating voltage and lower ion product costs im- 
proves the efficiency to be on the order of about 67% 
for the same specific impulse of 1500 Ibf-sAbm. The 
efficiency of Cm thruster engine 12 for specific impulses 
in the range between 1000 and 3000 Ibf-sAbm is shown 
in FIG. 1 for comparison with the efficiencies of con- 
ventional xenon propulsion engines and mercury and 
ammonia arcjets. 

In addition to providing improvements in thruster 
power efficiency in this range, the use of Cm ions 26 as 
a propellant may result in increased lifetime for Cm 
thruster engine 12. Preliminary studies in which Cm 
ions were accelerated to high velocities in the range of 
about 6700 meters per second into various barriers, such 
as stainless steel and silicon barriers, provided no evi- 
dence of sputter or erosion of the barrier surfaces. This 
indicates that Cm molecules may at least partially ab- 
sorb the collision energy and therefore cause less ero- 
sion damage in Cm thruster engines 12 than would oth- 
erwise be predicted. 

In addition, the larger mass of fullerenes such as Cm 
when compared to conventional atomic propellants 
such a xenon result in the requirement for lower dis- 
charge currents to achieve the same mass flux through 
the accelerator grids and therefore may improve 
thruster lifetimes as a result of the reduced demands on 
the cathode. 

In addition to the pure Cm indicated as solid form 
Cm 40 in FIG. 2, it may be convenient to utilize other 
fullerenes as propellants including other of the so-called 
stable carbon cage structure fullerenes having even 
numbers of carbon atoms in the range of 60 to 200. In 
particular, combinations or  mixtures of different mass 
number fullerenes may be attractive for economic or 
other mission specific reasons. The conventional tech- 
niques for creating and collecting carbon cage struc- 
tures often provide high concentrations of one particu- 
lar structure in combination with lower concentrations 
of one or more other mass number structures. 

Processes for producing Cm often produce Cm in the 
presence of C70 in ratios in the range of about 60:M to 
80:20 of Cm to C70. Further concentrating the Cm to 

6 
exclude the C7o may prove to be more expensive than 
required because Cm molecules may more conveniently 
be separated from other carbon cage structures during 
selective sublimation as a result of the differences in the 

5 sublimation temperature. That is, a convenient and rela- 
tively inexpensive mixture of about 80:20 c m  to C70may 
be used as solid form Cm 40 in Cm thruster engines 12 
while sublimation at 350" C. at a pressure of 1 Torr 
causes primarily Cm to sublimate therefrom. 

Referring now to FIG. 3, ionization is provided in 
discharge chamber 42 by RF radiation antenna 44 under 
the control of control system 16. Cm is not electrically 
conducting and may plate onto electrodes, such as cath- 
ode 18 and anode 20 shown in FIG. 1, to form an insu- 
lating coating. This insulation would tend to reduce the 
efficiency of Cm thruster engine 12 as shown in FIG. 1 
because the ionization of ions 26 by DC discharge re- 
quires cathode 18 to be able to emit electrons. A layer of 

2o non-conducting Cm would make it more difficult for 
cathode 18 to emit electrons. An R F  ionization ap- 
proach, as shown in FIG. 3, is not substantially ham- 
pered by the coating of R F  radiation antenna 44 with a 
layer of insulation. 

While this invention has been described with refer- 
ence to its presently preferred embodiments, its scope is 
not limited thereto. Rather, such scope is only limited in 
so far as defined by the following set of claims and 
includes all equivalents thereof. 

lo 

25 

30 What is claimed is: 
1. An ion propulsion engine, comprising: 
a quantity of fullerene in solid form; 
a sublimation chamber for sublimating the fullerene, 
means for ionizing the sublimated fullerene; and 
means for discharging the ionized sublimated fulle- 

2. The ion propulsion engine claimed in claim 1 

stable carbon structures having even numbers of car- 

3. The ion propulsion engine claimed in claim 2 
wherein the stable carbon structures further comprise: 

Cm. 
4. The ion propulsion engine claimed in claim 2 

45 wherein the stable carbon structures further comprise: 
a mixture primarily of Cm and C70. 
5. The ion propulsion engine claimed in claim 4 

means for selectively sublimating %in preference to 

6. The ion propulsion engine claimed in claim 2 
wherein the stable carbon structures further comprise: 

c7. 
7. The ion propulsion engine claimed in claim 2 

wherein the stable carbon structures further comprise: 
a fullerene cage with an atom incorporated therein. 
8. The ion propulsion engine claimed in claim 1 

wherein the means for ionizing the sublimated fullerene 

35 
rene for propulsion. 

wherein the fullerene further comprise: 

40 bon atoms in the range of 60 to 200. 

wherein the sublimation chamber further comprises: 

*O other fullerenes. 

55 

60 further comprises: 
a cathode; 
an anode; and 
means for applying a DC voltage therebetween. 
9. The ion propulsion engine claimed in claim 1 

65 wherein the means for ionizing the sublimated fullerene 

means for applying an R F  discharge to the subli- 
further comprises: 

mated fullerene. 
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8 
10. The ion propulsion engine claimed in claim 1 

wherein the means for discharging the ionized subli- 
mated fullerene for propulsion further comprises: 

15. The method of generating ion propulsion claimed 
in claim 14 wherein the step of sublimating the fUkrene 
further comprises: 

for providing propulsion in the range of above 

11. A method of generating ion propulsion for a space 

providing a quantity of fUkrene in solid form in the 

sublimating the fullerene, 
ionizing the sublimated fullerene; and discharging the 

12. The method of generating ion propulsion claimed 
in claim 11 wherein the fullerene are stable carbon l5 

range of 60 to 200. 

in claim 12 wherein the stable carbon structures are 2o 
primarily Cm. 
14. The method of generating ion ProPulSion claimed 

in claim 12 wherein the stable carbon structures are a 
mixture of Cm and c70.  

selectively sublimating C6o in preference to (270. 
16. The method of generating ion propulsion claimed 

in claim 12 wherein the stable carbon structures are 
primarily c70. 
17. The method of generating ion propulsion claimed 

in claim 12 wherein the stable carbon structures include 

18. The method of generating ion propulsion claimed 
in claim 11 wherein the step of ionizing the sublimated 
fullerene further comprises: 

applying a DC voltage discharge to the sublimated 

5 about loo0 lbf-sAbm. 

vehicle, comprising the steps of: 

space vehicle; 10 fullerene cages incorporating other atoms. 

ionized sublimated fullerene for propulsion. 

structures having even numbers of carbon atoms in the 19. The method of generating ion propulsion 
in claim 11 wherein the step of ionizing the sublimated 
fullerene further comprises: 13. The method Of generating ion propulsion applying an RF discharge to the sublimated fullerene. 

The method of generating ion propulsion claimed 
in claim 11 wherein the step of discharging the ionized 
sublimated fullerene provides propulsion in the range 
above about loo0 lbf-sflbm. * * * * *  
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