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Abstract 

Means to achieve improved thrust density and 
enhanced efficiency are discussed for ion engines 
utilizing extraction grids. High mass propellants offer 
well-known potential benefits, but all previous 
attempts to utilize heavy molecules have failed to 
produce a laboratory device with performance 
approaching the current xenon standard. The 
chemistry of Che fullerene molecules in the discharge 
chamber is analyzed, including the reactions of 
ionization, electron attachment, electron and ion 
recombination, and charge transfer. The CHEMKIN 
modeling program for chemical kinetics is used as an 
aid for the evaluation of engine feasibility. The 
analysis suggests that a positive fullerene ion engine 
can be constructed with performance figures much 
better than has been obtained in past attempts. Intense 

C&, sources can be constructed by similar means, 
although beam neutralization requires a large emission 
area and high energy expenditure which may limit its 
usefulness for spacecraft propulsion. 
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Nomenclature 

main extraction area of ion engine, cm* 
neutralizer emission area, cm2 
magnetic field, gauss 
discharge chamber diameter, cm 
elementary charge, Coulomb or esu 
initial total energy, J 
acceleration of standard gravity, ms-’ 

mean relative velocity of collision partners, ems-’ 

specific impulse, s 
boltzmann constant, JK-’ 
rate coefficient for electron attachment, cm%*’ 
rate coefficient for electron impact ionization, 
cm3se’ 
rate coefficient for electron-ion recombination, 
ClI13s-’ 

rate coefficient for ion-ion recombination, cm3sm’ 
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distance between ion production and extraction 
sites, cm 
mass of ionized propellant molecule or atom, kg 
electron mass, kg 
number density of C60, cm -3 

total electron number density, cmP3 
total ion number density, cme3 
total number density of Maxwellian electrons, 
crnd3 
total number density of primary electrons, cme3 
Go number density, crnm3 

number density of Xe+, crnm3 
number density of Xe, cm-j 

number density of C& cm -3 

number density of C& cm -3 

Maxwellian electron number density as a 
function of energy, cmS3 
electron cyclotron radius, cm 
grid span to gap ratio 
critical distance of closest approach for collision 
partners 
length of drift region 
C60 sublimation rate cm-*i’ 
thrust per unit extraition area, mN/cm* 
ion temperature, K 
elapsed time between ion creation and extraction 
neutralizer extraction voltage 
C60 extraction voltage 
velocity, cm/s 
Bohm velocity, cm/s 
elementary charge multiple for the ith ion 
infinitesimal interval of electron energy, (E f d&j 
- E, electron volts 
electron kinetic energy, electron volts 
maxwellian electron temperature (kT, /e), 
electron volts 
primary electron energy (kT, /e), electron volts 
permittivity constant, C*K’m~* 
thrust to power ratio, mN/kW 
reduced mass for collision pair, kg 
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Introduction 

In a typical ion engine, xenon gas is ionized by 
electron impact in a plasma region. The xenon ions 
are extracted and accelerated with a series of charged 
grids downstream of the plasma region. These 
engines are capable of about 55% thrust efficiency at 
I +, = 3000 s, with ?j,,, and T,, (thrust to power ratio and 
thrust per unit extraction area) of about 40 mN/kW 
and 0.3 mN/cm’, respectively.‘-3 Efficiency at the 
optima1 specific impulse for orbit transfer (1500-2000 
s) is much lower. 

Ideal propellant for these ion engines has a large 
ionization cross section and low ionization potential, 
low cross section for electron attachment, low 
recombination cross section for the singly charged ion, 
little fragmentation in an electrical discharge, high 
molecular mass, space storability, and convenient 
means of supply to the engine. Atomic rather than 
molecular propellants have been used almost 
exclusively, with insignificant attachment, 
recombination, and fragmentation rates. Xenon is 
widely recognized as the best propellant presently 
available for practical ion thrusters. Nevertheless, 
large performance improvements are possible for a 
high-mass molecular propellant with suitable 
properties when utilized in a properly designed engine. 

Background 

The favorable features for ion propulsion using 
the molecular propellant CbO, a recently discovered 
carbon allotrope, have been described previously.’ 
Based on a 720.7 amu molecular mass and 7.6 eV 
ionization energy, the potential efficiency is much 
higher than for xenon, particularly at i,Y, I 3000 s. 
However, intensive research and development efforts 
directed at fullerene ion propulsion have at best 
produced engines which operate at low efficiency 
levels and have serious propellant deposition and other 
prob1ems.4+6 All C6o engines have had low T, levels 

due to an inability to produce and extract C6: at high 
current densities. Fragmentation occurs due to the -1 
ms residence time of C60 and the likely occurrence of 
multiple collisions with electrons during this period.4.6 
RF ion engines built to reduce fragmentation effects by 
avoiding the use of high temperature hollow cathodes 
have also been inefficient.4’5 Due to the large C60 
electron attachment cross section, RF discharges in a 
xenon/C60 ITdXtUre were strongly quenched. The wail 
as well as propellant feed line of these engines has 
been heated to maintain the desired C60 vapor pressure 
for suitable operation without excessive deposition. At 
the required temperature, typically 800-1000 K, 

thermal radiation losses cause a significant drain on 
engine efficiency. Fragmentation and deposition rates 
inside the thruster have been high enough to more 
than nullify the efticiency gain expected with this 
propellant, and could lead to early thruster failure. 

The potential benefits of using higher propellant 
mass in ion engines, increased thrust density and 
efficiency, are well known. Using Child’s law, ion 
engine thrust can be expressed as a function of specific 
impulse, I.lp, grid span-to-gap ratio, R, and propellant 
unit mass, m,: 

(1) 

R, the ratio of extraction grid diameter to the grid 
spacing, is normally the factor limiting achievable 
thrust density for xenon ion engines. Currently, 
practical grid systems do not use R greater than 
several hundred, because of potential grid shorting 
problems caused by thermal distortion. Propellants are 
usually compared by holding the specific impulse 
fixed, since this is a fundamental mission parameter. 
An ion engine operating on C60 then has the potential 
to provide 30 times higher thrust density than an 
engine operating on xenon (same R in each case). In a 
mixed propellant engine, the thrust contributions from 
the two ion types are additive although the f,, will not 
be the same for each propellant. If the utilization and 
ion beam current are the same for each species, xenon 
Isp will be higher than C6O ISp in a xenon-C&, engine by 

&, and the average I, will be 1.7 times that of Cm. 

At the same average Is,,, the mixed propellant engine 
still provides a space charge limited thrust 
considerably higher than the pure xenon engine, with 
roughly equal contributions coming from each species. 
Due to the high Cbo mass, thrust can be increased by 
raising &, at a substantially lower cost in added power 
input. With a 50-50 mix and the same beam current, 
utilization, and Ilp, the engine would provide 2.3 times 
the thrust level of a pure xenon engine. For a pure C60 
engine, it is 5.5 times higher. The power input to 
maintain specific impulse level, neglecting any 
increase in energy cost per extracted ion, is only 17% 
greater, so that thrust to power ratio is increased by a 
factor of 2.0. 

The propellant loss and residue formation 
observed in fullerene engines built to-date results 
primarily from the electron impact ionization process 
that has been used in all cases. To achieve acceptable 
ionization efficiency, the C60 is bombarded by 
energetic electrons in a plasma. The electron energy 
distribution function inside a typical ion engine 
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discharge chamber is double-peaked, with one 
maximum around 30 eV, and another at about 5 eV.’ 
C60 is unusually stable with respect to fragmentation, 
requiring 45 eV of internal energy to undergo 
ionization and subsequent fragmentation by Cl 
ejection.’ The electron impact ionization of f& by a 
single 30 eV electron at modest thermal temperatures 
(I 1000 K) will produce little fragmentation on a 
microsecond time scale but the fragmentation yield 
may be substantial on the millisecond timeframe6.8 
(also, thermal degradation of C60 deposits eventually 
occurs at continuous temperatures on the order of 1000 
K and above.‘) In the designs employed to-date for a 
CGO ion engine, the residence time is on the order of a 

millisecond. The problem of C,d fragmentation in the 
thruster would clearly be reduced if the ions were 
extracted more rapidly after their creation, preferably 
with a residence time of 110 microseconds. 

Analysis of the Production and 
Extraction of Fullerene Ions 

In the conventional gridded ion engine, propellant 
ions predominantly in the +l charge state are 
produced by electron impact ionization. Significant 
ionization occurs in the entire primary electron region, 
which is the discharge chamber portion enclosed by 
the grid system and magnetic field lines that intersect 
the anode.” Low energy electrons have higher 
probability of crossing magnetic field lines, and are 
gradually released to wall surfaces and the low-field 
drift region near the grids. These ions migrate toward 
the screen grid at roughly the Bohm velocity during 
extracted beam operation. With atomic propellants, 
negligible electron-ion recombination occurs in the 
low field region. An orificed hollow cathode 
discharge usually serves as the primary source of 
ionizing electrons, with additional electrons supplied 
from propellant ionization in the main discharge 
region. 

Electron Impact Ionization 
The electron impact ionization cross section for 

C,d formation 

+ 
c60 + e + c60 + 2e (2) 

is large, 5.5x1@” cm* at 38 eV,“Z’2 with an 
appearance energy of 7.61 eV. The corresponding 
cross section for Xe is an order of magnitude lower.13 

The C,6 /C60 ionization rate coefficient can be 
obtained from 

I oi(E)v,tE)n,(E)dE 
ki =(qvJ= b _ I (3) 

I n,WdE 
0 

Jln E”. ‘E,’ 
the assumed Maxwellian distribution. Replacing the 
upper integral in Equ. 3 by a summation and utilizing 
the measured relative cross section from Ref. 11 
calibrated with the absolute value at 38 eV from Ref. 
12, the dependence of rate coefficient on electron 
temperature was obtained from Equ. 4. 

ki E 

The corresponding curve for Xe’/Xe was obtained 
by an analogous process, using the cross section data 
of Ref. 13. For &,o = lOI cmw3, &P = 30 eV, N, = 
4x10” cme3, and N,IN, = 0.15, the production rate of 

C,i in the high magnetic field region by electron 
impact is estimated to be -1x10” cme3s-i. A similar 
calculation for xenon atoms at the same density of lOI 
crnm3 yields a Xe’ production rate one order of 
magnitude lower. 

Recombination 
For an efficient rare gas ion engine, ion current 

densities at the thruster walls as little as 7% of the 
beam current density at the extraction grid plane have 
been demonstrated.” Ion-electron recombination in 
the plasma by the process R’ + e + R + hv is slow due 
to the small cross section of -10e2’ cm2.i5 Even at the 
low densities in rare gas ion engines, dissociative 
recombination via RZ + e -_) R + R’ will be the 
dominant recombination process. The limiting step is 
R’ + R + R + Rt + R’. Xenon has a measured rate 
constant for the latter reaction of 3.6x1U31 cm%-’ at 
300 K,” leading to an estimated Xet production rate 
in a typical xenon ion engine of 1x10’ cm-3s-‘. 
Recombination is clearly insignificant as a Xe’ loss 
mechanism in these engines, since Xe’ extraction rates 
over a lo-30 cm diameter grid set are normally in the 
range 2x10”- 2x1019 se’. 

In a fullerene engine, electron recombination must 
be included in the analysis. Although a measured 

cross section for electron recombination with C,$ 
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C6i + e + C60 

is not presently available, comparison with other 
systems suggests a value of lo-l3 - 10.” cm2 at thermal 
energies. The rate coefficient for molecular ions 
normally decreases as &-“’ up to energies of -0.2 eV 
and as E-~‘* thereafter.” Because of the ability of CbO 
to accommodate the recombination energy without 
dissociating, its rate coefficient may not depend as 
strongly on electron energy. For migration of nascent 

C,“, ions to the extraction grids over a distance of 5 cm 
at the Bohm velocity, the transit time is -70 ps, or -14 
ys for a distance of I cm. During this transit the 
primary electron density and magnetic field strength 
decrease while the Maxwellian electron temperature 
and primary electron energy remain approximately 
constant. The primary electron density is roughly 10x 
lower than the plasma density. For an electron 
temperature of 3 eV, the electron recombination 

probability for C6i during transit, k,N,td, will be on the 
order of unity, a serious problem since the electron 
impact ionization rate may be an order of magnitude 
lower near the grids than near the hollow cathode.” 
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Figure 1. Electron attachment rate coefficient for GO. 

Ion-ion “recombination”, a non issue for xenon 
thrusters, 

c6; + c60 + 2c6O (6) 

must also be considered. The cross section and rate 
constant for Equ. 6 can be estimated from” 

o(E,)=xR 1-g ( 1 0 

and 

(7) 

The result is k+,. -~xIO-~ cm3s-’ only slightly larger 
than the hard sphere cross seciion because the ion 
temperature is much higher than thermal. 
Comparison with rate coefficients for C60 electron 

attachment, ionization to 
+ 

c60 and electron 

recombination with C66 indicates that C,‘, - C6b 
recombination is slow compared to these processes, 
because electrons have much higher velocity than 
fullerene ions. This is also true of the reaction 

xe++c60+c~+xe. (9) 

Unfortunately, the cross section is not presently 
available for several other potentially important 

processes, such as &CtrOn collision with C& to 

produce C,; or C60. 

Electron Attachment 

A serious difficulty for the C$ ion engine 
concerns the rate and unusual properties of Ccc 
electron attachment. The cross section for electron 
attachment is large over the range O-13 eV, exceeding 
that of electron impact ionization even at 13 eV. It 
averages 9x1@15 cm* over the electron energy range O- 
7 eV. The relative rate coefficient for electron 
attachment as computed from an expression analogous 
to Equ. 4, using cross section data from Ref. 17, is 
given in Fig. 1. The electron attachment process has a 
very high rate. For a Maxwellian distribution with an 
electron temperature of 3 eV, the rate of 

c60 + e + c60 (10) 

is 2x10” cmS3s-’ if nho = 1~10~’ cme3 and N,,, = 2x10” 

cmm3. Essentially complete conversion of C60 to C6b 
can occur within a residence time of just 10 ~.ls in such 
a region if N,,, dominates over NP. 

Charge Transfer 
If xenon is present in the main discharge and C60 

is injected into the engine, the rate of charge transfer 
from rare gas ions like Xe’ to Cm must be considered. 
Indeed, charge transfer from rare gas atoms to c60 or 
another heavy molecule could conceivably be used for 
the production of massive, extractable ions with 
potentially high engine thrust and efficiency. A 
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charge transfer engine could be similar to a typical ion 
engine in using rare gas hollow cathodes and magnetic 
confinement of high energy electrons in a rare gas 
discharge. Charge transfer will leave less internal 
energy in the ionized species than electron impact 
ionization. 

CbO has a large charge transfer cross section in 
collisions with rare gas ions, and no fragmentation has 
been observed at collision energies below 20 eV, even 
after several milliseconds. The Langevin rate 
constant, k,,, for the transfer of charge from Xe’ to COO 

+ 
Xe’ + Go + Xe+ Go (11) 

depends on the polarizability of Go, (x, and the 
reduced mass, ~1. 

ai 
kc, = 2ne - . 

0 CL 
(12) 

For the polarizability of 4/3~10-‘~ cm3,‘* the result is 
k,,=2.0x1W9 cm’s_‘, an unusually large reaction rate 

constant for charge transfer. The product kNxc+ gives 
I/t,, where fd is the average time required for 
conversion of individual CbD molecules in the drift 

region to C,d via the charge exchange reaction with 

Xe’. Nxe+ is the Xe+ density, or plasma density, which 
is on the order of 4x10” cme3 near the screen grid in a 
conventional ion engine discharge chamber. The 
plasma density could be tailored via the discharge 
current to provide an adequate supply of Xe’ to the 
drift region, and an appropriate supply of Xe’ and C$ 
to the extraction grids. As a result, the optimum 
plasma density at the entrance to the drift region could 
be substantially higher than 4x10” cmm3. 

A CbO molecule is likely to undergo charge 
transfer if it remains in the drift region for 21.3 ms. 
The average velocity of CbO at 8OOK, approximately 
the temperature necessary to produce an appropriate 
sublimation rate, is 1.5~10~ cm/s. For a 25 cm 
diameter thruster, the transit time across the drift 
region (perpendicular to the ion flow direction) is 1.6 
ms, enough time to allow conversion to C,$ with good 
probability. For the same plasma density, a larger 
diameter thruster provides greater margin to ensure 
that neutral ChO molecules do not transit the drift 
region unreacted, to deposit on the wall surface. COO 
deposits will form due to (a) molecules which travel 
across the drift section diameter without undergoing 
ionization, (b) ion-electron recombination which 
occurs before ion extraction, and (c) anode 

impingement of C,b formed by electron attachment. 
Active heating of the thermally isolated wall of the 
drift section would help to control this problem. 
Fragmentation is highly improbable during transit, 
due to the low electron temperature. The ratio of CbO 
ions to xenon ions could be varied, within limits, by 
adjusting the solid CbO temperature to change its 
sublimation rate, if charge transfer is the dominant 

source of C,d. 
A comparison of charge transfer, electron 

attachment, and recombination reaction rates indicates 
immediately that charge transfer is slow compared to 
the reactions involving electrons, due to the high 
electron mobility. It cannot be ignored in the chemical 
analysis of a thruster containing both Xe and CbO, 
however, and Equ. 4 will be included in the 
subsequent analysis. 

Positive Fullerene Ion Propulsion 
The construction of a viable ion engine utilizing 

C,b must involve the direct injection of COO into a 
region containing energetic electrons such that 
ionization dominates electron attachment. A ring of 
injectors containing solid G,o would direct the 
sublimated C& molecules into the appropriate region. 
None of the previous engine designs has done this. 
The density of Cm can be estimated from 

% 
4s =- 

xdsv ’ 
(13) 

For a 25 mm long region in a 10 cm engine, a 
sublimation rate of 5x10” cmW2 s*’ gives an average Cm 
density in the drift region of 1.7~10’~ cme3. Once 
formed in the region with high primary electron 

density, C,i must be extracted before electron 
recombination occurs. The high rate coefficient for 
CeO ionization by primary electrons (about 10x higher 
than for Xe ionization) aids in this respect, since the 
discharge chamber volume and its length to diameter 
ratio can be relatively small, reducing ion losses to the 
wall and average distance between formation and 
extraction sites. As discussed above, the electron 
recombination cross section has not been measured, 
but the rate coefficient is expected to decrease as &3.3/2 
over most of the electron energy distribution function, 
with a value of about 10T6 cm3 se’ at thermal energies. 
If k, decreases as &-‘I2 up to 0.25 eV and ~~~~~ thereafter, 
an estimate of the product k,n,(&)A&At yields 
-4x 10.*N,Atd for the probability of recombination 
during transit to the extraction region. For N, = 
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3x10” cmA3, E, = 3 eV, NJN, = 1.1, and transit at the 
Bohm velocity, given by’ 

Vh = 
'mNi 

em,N, ’ 

the probability that C,i will undergo 
recombination is -0.2d. for d in centimeters. 

A schematic diagram for an ion engine 

(14) 

electron 

expelling 
positive fullerene ions is given in Fig. 2. The cathode 
tip has been moved forward toward the screen grid and 
the magnetic field is highly divergent compared to 
typical ion engines (see, for example, designs in Refs. 
2,10,14) to reduce the ionization volume and position 
the ionizing region closer to the extraction grids. The 
ion density, primary and Maxwellian electron density, 
and plasma potential are decreasing functions from 
cathode tip to screen grid, whereas Maxwellian 
electron temperature and primary electron energy are 
relatively constant.’ With a typical distance from 
production site to extraction site of about 1 cm, the 
probability of recombination is small. The baftle disc 
shown in the diagram might protect the screen grid 
from erosion by helping to establish proper trajectories 
of cathode ions and electrons, but may not be 

necessary. C,&, which will inevitably be formed in 
signiticant numbers, will not strike the screen grid or 
be extracted due to repulsion by the screen grid sheath. 
The anions will be collected by anode surfaces, with 
deposit growth somewhat limited by electron and ion 
sputtering at the anode surface. 

Due to the large cross section for charge exchange 

in the plume involving &,a and C,& the production 
and migration of charge exchange ions to the 
spacecraft may be a more serious problem than in the 
case of xenon thrusters. 

Negative Fullerene Ion Propulsion 

The very high rate of electron attachment to CW in 
the low-field region suggests the potential utility of a 

C6b ion engine. As in the C,$ case, the CbO would be 
injected. Even with the small discharge volume of the 
design indicated by Fig. 2, when C60 is injected a 
substantial fraction of available fullerene ionic species 

will be C60. In a conventional ion engine, the 
extraction of positive ions leaves a negative space 
charge which is readily moderated by the rapid 
migration of electrons toward regions with more 
positive potential. The extraction of negative ions will 
increase the ratio of positive to negative charge, 
attracting additional electrons to the region. 

Figure 2. Schematic diagram of gridded ion engine 
which reduces residence time. G sublimator and full 
magnetic field circuit not shown. 

To achieve a quasi-neutral plasma near the extraction 
grids of a negative ion engine, positive ions (primarily 

R’ and C,$) must be provided by the discharge in 

numbers sufficient to balance the combination of C,; 
and free electrons. Since electron mobility is far 
higher, the near-grid region should acquire a relatively 
negative potential to encourage positive ion migration 
and limit electron density, thereby maintaining quasi- 
neutrality. To limit electron extraction through the 
grid system, a magnetic field 110 Gauss is required 
with field lines parallel to the grids such that electrons 
must cross the field lines to be extracted. The electron 
cyclotron radius is given by 

r, (cm) = 3.31 J E, W) 
B(gauss) ’ 

(15) 

For 3 eV electrons and a magnetic field of 15 gauss, r, 
= 1.5 cm. The presence of CW near the grids will 
result in a lower electron temperature there compared 

to conventional ion engines. Like the C,$ version of 

Fig. 2, a C&, ion engine could have hollow cathode and 
main discharge based on a rare gas (krypton, xenon, or 
even argon), with C60 injected into the plasma. The 
plasma can be divided into at least three principal 
zones, (i) hollow cathode region, (ii) injection region, 
and (iii) the plume, in which neutralization by positive 
ions must occur. 

Plume neutralization may be accomplished by 
injecting positive ions created in a simplified ion 
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engine. Although the ion current density available 
from a plasma 

c, (cm) = 0.344N,e,/m , (16) 

(N, refers to the plasma center) is more than adequate, 
Child’s law sets a limit to the extracted current which 

is proportional to A V3’*/& . Equating the 

absolute value of extracted current from main 
discharge chamber and neutralizer operating on &a 
and Kr, respectively, leads to the result 
V,=0.4SV~~A,cJAN~2’3. If the emitting areas are equal 
the neutralizer extraction voltage must be about half of 
the t& extraction voltage and the neutralizer will 
consume about one quarter of the expended extraction 
energy. Neutralizer energy consumption is reduced as 
its emitting area increases, but the required geometry 
and energy consumption is a very significant 
disadvantage for the negative ion engine since high 
thrust density and high efficiency are central goals for 
spacecraft propulsion. This type of design is a 

potentially useful source of intense beams of C,b and 
other negative ions derived from parent molecules 
with large electron attachment cross sections, for 
terrestrial applications. 

Table 1. Computed rate coeffkients. 

reaction rate coefficient (cm3ss-‘) 
Equ. 2 l.05x10”;l.56x10-9 
Equ. 5 0.0; 1.0x 10.’ 
Equ. 6 3.95x1o-y 
Equ. 9 5.04x10” 

Equ. 10 0.0;1.41x10-’ 

Equ. 11 8.10x10-’ 

Xe+e+Xe++2e 1.00x 1 o-‘;o.o 

CHEMKIN Analysis 

A standard program for chemical kinetics 
analysis, CHEMKIN, was adapted for a preliminary 
analysis of the chemistry of the fullerene ion engine of 
Fig. 2. The rate constants used for the analysis are 
listed in Table 1. Where two rate coefficients are 
given, these pertain to’primary electrons (Ep = 30 eV) 
and Maxwellian electrons (&,,, = 4 eV), respectively. 

The parameters for Xe, Xe*, primary and 
Maxwellian electrons in region (i) were assumed, with 
the values indicated in Table 2. These parameter 
values are in the normal range expected for a 
conventional xenon ion engine. The simulation 
injected C6a into region (ii) as the hollow cathode 
region (i) species flow into it. Positive ions were given 
a 10 ~1s residence time, with replenishment of the 

parent neutral occuring at the extraction rate x 1.2, 

corresponding to a utilization of 83% for Xe’ and C,,’ 

species. Electron impact ionization produced C$ and 
Xe’ in region (ii), with Maxwellian electron 

attachment to Cbc, producing the C&, in the region. It 
was assumed that each ionizing collision between a 30 
eV primary electron and an atom or molecule would 
transform the primary into a Maxwellian with &R1 = 4 
eV. Replenishment of primary electrons in region (ii) 

occured with N,, constant in region (i) at the value in 
Table 2, allowing primary electrons to transfer only in 
the direction i + ii, with a 0.4 ps residence time in 

Table 2. Input parameters for CHEMKIN calculation. 

parameter input value - 
Nxc 1.8~10” cm‘3 

NW 1 .~xIO’~ cme3 

Nnl 2.0x10” cm” 

Em 4eV 

NP 4x 10”’ cm” 

EP 30 eV 

nb 0 

n& 0 

NX*+ 2.4xlO”‘cm” 

region (i). For the results shown in Fig. 3, the plasma 
was constrained to be quasi-neutral, i.e. Maxwellian 
electron density was adjusted to keep the sum of total 
charge near unity. These electrons can readily adjust 
their concentration, under the influence of small 
potential gradients, to maintain quasi-neutrality. 
Without this condition, the sum of total charge would 
quickly become negative as positive ions are extracted 
and Maxwellian electrons accumulate, many attaching 

to ChO to form C&. Figure 3 indicates that C,6 and C& 
build up quickly during the first 10 l.ts of the 

simulation, with C,i the most abundant ion, easily 

surpassing Xe+ and C,& This occurs despite the very 
high Cm attachment rate because quasi-neutrality 
maintenance dictates a rapid Maxwellian electron loss 
rate which raises the primary to Maxwellian electron 
ratio, favoring ionization over attachment. The results 
of Fig. 3 are preliminary, and this is especially the 
case given that the results indicate difficulty in 
meeting the quasi-neutrality contraint and achieving 
steady state conditions. 
Concluding Remarks 

The failure to demonstrate a working laboratory 
COO engine during the past 5 years has suggested that a 
fullerene ion engine with better performance than the 
current xenon standard cannot be produced. Analysis 
of the kinetics of charged fullerene formation and 
destruction in the discharge chamber reveals why 
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previous designs have not worked. New designs have 
been proposed which will help to alleviate the 
problems. It is believed that the new approach will 
lead to Cao engines with far better performance 
figures. 

Results of this preliminary CHEMKlN 
analysis suggest that C,’ can be produced and 
extracted efficiently in a fullerene engine, provided 
that the engine geometry, Cao injector design, and 
magnetic 

0.00 

Figure 3. Output of CHEMKIN calculation for charge 

con&mined case (see text). 

field are tailored for this purpose. CA could be 
produced efficiently for extraction because of the very 
high electron attachment rate coefficient. However, 
neutralization of the negative ion beam is costly in 
terms of the energy and volume required. 

The fullerene ion engine represents an enabling 
technology that could dramatically increase ion engine 
thrust density and thrust per unit of input power in the 
desired range of specific impulse. It has the potential 
to substantially reduce travel times for electric orbit 
transfer, interplanetary missions, and satellite reposi- 
tioning. 
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