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Abstract

A conservative mission scenario, like for example
multiple swing-by maneuvers, result normally in
very long mission times. This paper presents a
new approach to long-range space missions,, the
so-called Small Body Strategy (SBS), which
combines the use of electric propulsion technology
and In-Situe Propellant Production on comets or
asteroids. The availability of essentially unlimited,
extraterrestrial amounts of propellant enables
missions, which have been impossible to
accomplish untii now due to their high Av
requirements. Furthermore, the SBS can also lead
to a reduction of initial masses. Some relations are
introduced to estimate the benefits of such a
mission scenario. Furthermore an introduction to
comets and asteroids is given as well as a survey
of SBS candidates. Since this mission requires
unusual features of an electric propulsion system,
a discussion and first selection of different EP
system is given. The paper concludes with a
sample analysis for SBS'’s indicating the possibility
for exo-solar missions in the 400 AU range.

Introduction

In recent years, the ideas of In-Situ Resource
Utilization  (ISRU) and In-Situ  Propellant
Production (ISPP) have become widely accepted.
As of today, a number of missions have been
planned utilizing these philosophies. However,
most of these missions are using ISRU/ISPP-—
technologies mainly to reduce the amount of
propellant one has to carry for the return trip. This
paper investigates a mission scenario using |SPP
technologies for missions demanding very high Av
and large amounts of propellant, respectively. It is
assumed that the necessary propellant is
produced on ‘small bodies’, either comets or
asteroids for which the landing and departure
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costs would be insignificant.

The special element of interest here is the use
of electric propulsion. This permits a wide range of
candidate propellants without regard to selection
and processing for chemical reactivity. The high
exhaust speed available with electric propulsion
systems in conjunction with the substantial
amounts of propellant provided by ISPP allows for
very high Av missions. After describing the basic
mission scenarios, we consider candidate small
bodies and the associated electric propulsion
technologies.

Mission Scenarios

The basic mission scenario comprises the
following phases: 1) Travel to the vicinity of the
small body, 2) Reconnaissance of the small body
to find an appropriate landing site, 3) Landing, 4)
Propellant production, 5) Departure for the mission
destination. The first phase could occur in any of
several ways, such as direct launch from the
Earth’s surface to the small body, or a low-thrust
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maneuver from LEO driven by a nuclear-electric
propulsion system. The latter approach could
incorporate the nuclear power plant needed for
long-range, high Av missions after ISPP.

The second phase recognizes the need
for considerable autonomy of the spacecraft in
order to achieve success in the third and fourth
phases. Power limits propellant production in the
fourth phase. With electric propulsion, the eventual
kinetic energy per unit mass will dwarf the energy
costs of processing propellant from the material of
the small body. Autonomous ISPP still requires
considerable ingenuity. A machine that receives a
mixture of ice and rock from a comet, melts out the
water and then distills and re-freezes it into a pure
ice cube does not seen too unreasonable. The
nuclear reactor that powers the electric thruster in
the fifth phase could readily supply the necessary
heat for ISPP in the fourth phase. Figure 1
displays the basic mission schematically.

Small-Body Strategy vs Direct Approach

For the proposed mission scenario to make
sense, it must offer some advantage in terms of
payload mass, Av, or trip time that compensates
significantly for the extra complexity compared to a
direct trajectory. The ability to access an
essentially unlimited, extraterrestrial supply of
propellant provides an opportunity for very high
values of Av. If the goal, however, is merely to
achieve escape from the Solar System, the
necessary value of Av, for an impulsive maneuver,
is only 40% of the circular orbit speed. For a low-
thrust spiral, Av approximately equals the circular
orbit speed. Thus, in the case of missions for
which trip time is not an important factor, all the
maneuvering to intercept and land on the small
body must not exceed such modest values of Av.
This condition precludes use small bodies in very
elliptic, high-energy orbits. The mass required for
ISPP further erodes the Av allowable for the
proposed small-body strategy. Candidate bodies
for this strategy, therefore, should have orbital
parameters close to that of the earth in order to
minimize rendezvous and landing costs.

An idealized analysis of the relationships
between initial mass and Av illustrates the basic
constraints.  Suppose  quasi-circular  spiral
trajectories from an initial orbit, at orbital speed v,
directly to escape (v = 0) or to a small body with
circular orbit speed ve. In the second case, the
spacecraft obtains the additional propellant
needed to proceed on a quasi-circular spiral
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trajectory to escape. The initial mass for the direct
approach is:

Mo)p = (mpay +Ms) eXp (Ve / Ue)

(1)

where m,,, and m,, are the masses of the
payload and power supply, respectively, and u, is
the exhaust speed. The mission via the small body
needs less propellant to reach the small body, but
must include a mass, my,, for the ISPP system:

Mo)s = (mpay + MpPS + mpp) exp [(ve=vs)/ ug]l (2)

for v¢ < v,, (the small body orbiting outside
the initial body), or:

Mo)s = (mpay + Mps + mpp) exp [( Vs —2ve )/ Ue ]

@)

for the small-body orbit inside of that of the
initial body. The ratio of initial masses is then:
Vs < Vg!

Mo)s / Mo)o = (1 +fyp) €XP (- Vs/Ue)  (4)

Vs 2> Ve!

My)s / Mojp=(1+ fpp) exp [(vs-2v M ue] (5)

where o, = My, /(Mgay + My) is the relative
mass of the propellant processing system
compared to the payload and power supply mass.
For f,, approaching zero, we could achieve
reduction of initial (wet) mass by interacting with
any small body whose orbital radius exceeds a
quarter of the radius of the initial orbit of the
spacecraft. As the system mass for propellant
processing increases, and we include the costs of
local maneuvers and plane changes, the range of
orbital radii for candidate small bodies decreases.
Inclusion of trip-time as a dominant factor in
the mission expands the possibilities for benefit
from the small-body strategy, especially for
traversing long distances. Higher values of Av
provide shorter travel times, but require
exponentially-more propellant mass. Examples in
which reduced trip time could enable a mission
include exo-Solar System probes (e.g., Oort
Cloud), and human exploration of the outer
planets using fast trajectories. The latter extends
readily to human missions to Europa, whose
relatively low gravity (~ 1/7 of earth) might still
quaiify it as a small body.
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Small Bodies

The use of small bodies like comets or
asteroids as source for our propellant has
numerous advantages. Compared to the Moon or
planets, small bodies require relatively little
propellant for interaction or escape from the
propellant source. Another advantage, especially
in the case of comets, is the relative high
availability of suitable material. Water, which is a
prime candidate for propellant, occurs on comets
in a much higher concentration then on Mars or
the Moon.

A typical bright comet is between 1-10 km in

diameter and has a mass between 10'? -10' kg
with an estimated bulk density of well below a
g/lcm®. Four different kinds of comets commonly
occur. Short-period comets like Encke or Tempel2
with a period P = 3 - 25 years, Intermediate period
comets (P=25 - 200 years, e.g. Halley), Long-
period comets (P=200 - 10° years) and the “new”
comets. The flyby at Halley in 1986 seems to have
confirmed Whipple’s icy conglomerate model for
cometary nuclei. In this model the nucleus is
composed of water, other volatile ices and
interstellar dust grains in an intimate,
heterogeneous mixture. The evaluation of the
composition of the nucleus is, at present, only
possible by spectroscopic measurements of gases
from the volatile constituents. Observations of
species, such as CN, C,, C, CH, and CO",
indicate that we will find the parent molecules H.,
CH,4, NHs, and possible CO, CO, and some CN
compounds in the cometary material.’ Laboratory
models predict that about 27% by volume of
comets material is in form of amorphous H,O ice
and 21% consists of complex nonvolatile organic
molecules of prebiotic type.’
The amount of available water is especially
impressive compared with about 1% H,O in
Martian soil ®, (and about the same possibly for the
soil in the polar regions of the Moon),
demonstrating one of the advantages of mining
comets.

Asteroids range in diameters from 1000 km
down to pebble size. Most of the asteroids are
found in the main asteroid belt with semi-major
axis a = 2.1 - 3.3 AU. Small groups are also
located at the L4 and L5 Lagrange points of
Jupiter's orbit (a = 5.2 AU). The Near-Earth
Asteroids (NEA), constitute another group, and
have semi-major axes between 1 and 1.5 AU.
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Spectroscopic measurements show that most of
the asteroids are rich in pyroxene (MG-, Fe-, Ca-,
Na-, Al-, Ti-Silicate) and Olivene (Fosterite
(Mg.Si0,) and Foyalite (Fe,SiOy4)). Studies of
meteorites have shown a much broader variety
then found on the Moon. It is assumed that a least
one fifth of the Near-Earth Asteroids are rich in
volatiles, providing abundances of hydrogen,
carbon, and nitrogen “. Eighty percent of the NEA
are metal rich.

Target Selection

A first criterion for choosing a comet as target
follows from the definition of the four categories of
comets. “New” comets appear, pass inside the
earth’s orbit for the first time and depart, never to
be seen again (at least by the same civilization).
This makes mission planning much more difficult
because these comets can only be traced for a
fraction about 107 to 10° of their orbit.
Furthermore, non-gravitational accelerations, due
to momentum transfer to the nucleus by
sublimating ices, change the orbit, in a manner
that is poorly characterized for new comets. The
high speed of their trajectories, of course,
represents a major disadvantage with new
comets. This last point also applies generally to
Long-period and Intermediate-period comets,
leaving only the Short-period comets for further
consideration. Their relative low inclination
(average inclination about 13°) and their moderate
velocity trajectories makes them much more
accessible for the small-body strategy then the
other classes of comets.

The rendezvous itself would probably take
place neither at perihelion nor at aphelion. Even if
the mission allows the necessary Av for a
rendezvous at perihelion, the rendezvous and
landing would occur at the time of the highest
surface activity. A precise evaluation of a landing
place would then be nearly impossible and it could
even endanger the final approach since a comet
may change its orbit due to explosive surface-
vaporization.

On the other hand, a rendezvous at aphelion
results in long mission times. Even if acceptable, it
causes problems of a different kind. Most comets
have their aphelion near or beyond the orbit of
Mars. Therefore, poor light conditions may make
sufficient visual acquisition of the comet prior to a
close encounter impossible. (This problem
occurred in the case of the DS-1 mission where
the spacecraft's sensor could not detect the comet
due to the poor light conditions). Furthermore, the
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very long communication distance to Earth
demands a highly sophisticated, autonomous
guidance and navigation system, similar to the one
proposed by Kawaguchi et al..”

Another issue concerning the rendezvous
point involves thermal shielding of the spacecraft,
if our target has a perihelion much smaller than 1
AU. Intersection with such a comet should occur
after perihelion, as it crosses the earth’s orbit, (by
which time the surface should have calmed down.

System Issues

Electric propulsion, in principle, provides
considerable flexibility for propellant choice, but
the details of thruster operation and propellant
characteristics nevertheless must intrude. We
already have an idea of the composition of small
bodies from earth-based observations. Several
missions to comets and asteroids are planned or
are already on their way, (e.g., DS1, Stardust and
NEAR). We may assume, therefore, that in the
near future we will have a much better knowledge
of the composition of comets and asteroids. New
spectral investigation of comets, however, implies
that there is no unique composition of comets °;
this is also true for asteroids. Even if we find the
propellant we expect, we have to assume that
impurities may still be present.

Two important characteristics for the
propulsion system are: 1) high flexibility regarding
propellant type, (i.e., nearly the same performance
for as many potential propellants as possible), and
2) low sensitivity to impurities. Some propulsion-
system designs depend critically on the propellant
(e.g., mass/charge ratio). Others have different
exhaust speeds and efficiencies for different
propellants, but might still function in a propellant-
rich situation (with, of course, different trip-times at
fixed power). A brief review of electric propulsion
technology can indicate likely candidate systems.

Electrothermal systems (Arcjets)

A comprehensive collection of experimental
data exists for arcjets working with a large
spectrum of propellants. Suitable propellants are
H,O, CHa, NHa, Hp, NoHa, Na, O, He, Ar etc..” We
have a high probability of finding the first three of
these on comets, and also some asteroids.

The exhaust speed u., depends on the
enthalpy per unit mass provided to the flow by the
electrical discharge, and the extent to which
expansion of this flow generates directed kinetic
energy. In order to achieve high specific impuise,
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we prefer propellant with low molecular mass.
Tests’ with one engine and different propellants
indicate that, compared to a operation with H,
only, we have to expect a decrease in thrust of
about 15-20% for a mixture of H, (66%) and N,
(34%) and a reduction of about 40% for using pure
N,. Other tests® showed that the choice of
propellant also strongly influences the thermal
load on the engine (~10% of the total power input
for Hy, up to 30% for the Nu/H,-mixture) and the
stability of the discharge arc. Furthermore, the
lifetime of an arcjet mainly depends on the erosion
rate of the cathode. For steady state operation,
erosion in the case of N, exceeds that for H, by an
order of magnitude, and is fifty times higher for the
N,/H, mixture.

Electromagnetic Thrusters

Here we must first distinguish between steady
or quasi-steady devices (such as,
magnetoplasmadynamic thrusters) and pulsed
arrangements. In the latter, the significant time-
variation of the magnetic field over the flow field
can de-couple the directed kinetic energy from the
energy absorbed internally by the propellant. The
exhaust speed and thrust efficiency then depend
less sensitively on the properties of the propellant
than for thrusters in which electromagnetic work
demands commensurate dissipation in the flow.

Pulsed thrusters — These devices include so-
called ‘mass-drivers’, the pulsed inductive thruster,
railguns, and other arrangements in which
electromagnetic forces accelerate a slug of
material. One could imagine, for example, a block
of known mass of some inhomogeneous material
capable of sustaining an arc discharge on its
upstream surface. The exit speed of this block will
largely depend on the electromagnetic impulse
delivered by the power system divided by the
mass of the block. It will not depend strongly on
chemical composition , if the resistance of the arc
is much less than the dynamic impedance of the
moving block. This scheme, however, might
encounter significant problems, if applied to very
high exhaust speeds, requiring difficult trade-offs
between thruster size and ISPP complexity.

Steady or quasi-steady electromagnetic
thrusters - Estimates of the exhaust speed in
these thrusters follow from consideration of the
energy that must convect away in order to
maintain steady state. This leads to an exhaust
speed scaling with so-called Alfven critical speed.
More generally, the square of the flow speed at
the (magneto-) sonic point will equal twice the
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change in static enthalpy between the entrance
and this point. (lonization energy tends to
dominate this enthalpy change, hence the
connection to Alfven critical speed.) Subsequent
expansion of the flow to space vacuum increases
the exhaust speed by upwards of a factor of two.

In general, we prefer propellant with low molecular
mass in order to have a high Alfven critical speed.
For example, H, and N, have values of 55.1 km/s
and 16.32 km/s respectively. Addition of one part
N, in three parts H, reduces the value of Alfven
critical speed to 45.4 km/s.

Water remains an attractive candidate with a
value of 23.3 km/s. Thus, instead of accelerating
a block of ice, in a pulsed arrangement, we could
evaporate water vapor from a reasonably purified
ice block and accelerate it with a much smaller,
steady thruster.

Hall thrusters — These plasma thrusters
operate without the limitation threatened by Alfven
critical speed because the electric field developed
for acceleration of the ions is not paralle! to the
electric field associated with dissipation in the
plasma. Plasma entering the acceleration region
does not represent a low speed short across a
finear motor, as in the MPD thrusters. An
azimuthal current of electrons in collisionless,
crossed-field drift provides the electromotive force.
Dissipation occurs due to plasma microinstabilities
and as an axial, leakage current along the
insulating wall. The reduced percentage of
dissipation compared to an MPD thruster permits
lower mass flow rates of propellant and therefore
higher speeds for given input power. Thus, Hall
thrusters can provide efficiency values over 60%
and exhaust speeds for xenon of more than 20
km/s, which greatly exceeds Alfven critical speed.
The use of Hall thrusters with molecular gases
remains a subject for future exploration. Their
application in the small-body strategy could
involve further refinement of ISPP to provide a
single atomic species for one or more Hall
thrusters, or actual use of a molecular gas. The
basic robustness of the Hall thruster, especially
the absence of precision grids for ion production
and acceleration, makes such devices interesting
possibilities.

Electrostatic Systems

lon propulsion - Their high specific impulse
make ion thrusters attractive for a high Av mission.
The main propellants for ion propulsion have been
cesium, mercury and, more recently, the noble
gases xenon and argon. Unfortunately these
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elements can be found most probable neither in
comets nor in asteroids in appreciable amounts.

Whereas electrothermal and electromagnetic
propulsion systems can work with different
propellants without hardware changes, a change
in propellant in an ion engine would cause major
problems. The grid system in which the ions are
accelerated and focused represents the main
problem, but the ion source is also sensitive to
propellant properties. While certainly affecting the
basic performance of the thruster (exhaust speed,
efficiency), variation of propellant can greatly alter
the lifetime of the system (e.g., by grid erosion due
to less than optimal focusing). Use of ion thrusters
for the small-body strategy thus places greater
demands on the ISPP system and on precise
analysis of the small-body composition well before
attempting the mission.

Particulate thrusters — Electrostatic forces
can also accelerate macroparticles, such as
droplets or granules. The traditional difficulty of
accepting a significant variation of mass-to-charge
ratio, if overcome in the basic design, may reduce
the sensitivity of the thruster to propellant
composition. The higher mass of the
macroparticles, however, demands much higher
operating voltages than used in ion engines, so a
successful  candidate design  will  require
considerable effort.

To summarize our brief review of electric
propulsion for the small-body strategy, we have: 1)
considerable flexibility of propellant choice with the
plasma thrusters, but lower values of exhaust
speed , 2) more difficult technology with pulsed
systems vs steady-state, but less sensitivity to
propellant properties, and 3) greatest exhaust
speed, but most difficulty with electrostatic
devices. The Hall thruster offers some intriguing
possibilities, if research and development could
extend beyond the present concentration on noble
gases.

Some Examples of SBS Missions

The small-body strategy offers mission
advantages in various ways, some of which we
can display here. These include obtaining very
high values of Av for long-range missions, and
covering greater distances in a given amount of
time than would be possible with direct
approaches. In both cases, the power supply
constrains the range of possibilities. After
producing a certain amount of propellant on a
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small body we use a low thrust EP system for first
spiraling away from sun and then, after reaching
escape velocity, go further out on a linear
trajectory. Mission time was restricted to 40 years.
A simple model was developed in order to
calculate how far we could get. The distance was
nondimentionalized and is given by:

a:l+( b ln( ~—I—2—)~1 (6)
[|Z ’42

/

with t, as the difference between the given total
mission time and the time necessary to reach
escape velocity. The characteristic time tg, is given
by the ratio of initial mass my to the propeliant
mass flow and the ratio of the initial velocity on an
assumed circular orbit to the exhaust velocity:

Iy = ﬁ“—ew[— \—J (7)

m u

¢

If the total propellant mass is not enough
for a 40 years thrust period but large enough for
escape, a ballistic trajectory for the remaining
mission time was assumed. Fig.2 shows the result
of these calculations for two assumed final
masses (payload and power supply) of 15t and 25t
respectively. The discontinuity at the maximum is
the result of switching functions for the accelerated
and the baliistic part of the trajectory.
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It was already mentioned earlier in the
paper that we might have to assume impurities in
the produced propellant or even, depending on our
methods to collect and refine the propellant
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material, larger amounts of unsuitable material.
Since this results in a decrease in performance, it
is important to estimate the impact of such waste
masses. In order to do so, we might assume
several different scenarios to deal with the waste
masses:

(a) The waste mass is retained on the
spacecraft and is accelerated together with the
payload. The maximum value of thereby produced
Av depends only on the used propulsion
technology and the initial mass of the spacecraft. If
we denote the percentage of the waste mass with
w, and assume the payload mass as small
compared to the wasted mass and further assume
no gravity losses then our maximum Av is given by
the following proportionality relation:

100

Av ~ m(—] (8)

\W

This relation shows that the maximum Av is
independent of the initial propellant mass and only
depends on the percentage of the waste material
(equivalent to the inert mass fraction of a rocket).

{(b) Instead of keeping the waste mass on
the spacecraft we also could separate it from the
spacecraft and just leave it behind. The advantage
of this method is that we do not have to supply
energy to accelerate a huge amount of “dead”
material together with our useful propellant and
the payload (better usage of the limited energy of
our power supply system). Assuming that the
waste mass is tossed away in a manner that it
leaves the influence sphere of the spacecraft but
does not contribute to the thrust, then the Av after
a certain operation time t and for a propellant
mass flow

Morop, @Nd & waste mass flow My is given by:

m

Av=u,-Inf ————— 9)
i ¥
with
f= Mo _ 100—-w (10)
mpmp + M e 100

Ue is hereby the exhaust velocity of the engine.
(c) A further alternative is the injection of

the waste mass into the exhaust beam. Collision

processes between propellant and waste mass
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particles will increase the temperature in the
exhaust beam, which eventually leads to a
decreased exhaust speed. This loss can be
described using a simplified force and power
conservation:

My, U, =, U (11)

¢ Kavl] v

B )

M, u’=m,, -u- +AP (12)

¢ exil [avti thermal
The teft hand sides of eq.(11) and eq.(12) describe
hereby the condition before the mixing takes place
and the right sides describe the conditions at the
exit of the engine. With eq.(10) we can express

(13)

I .
A[)l/wrmul = —2_ ' mEP : I/lf ' (1 - / )

the thermal losses APyermar:

Assuming that we are able to transform a part of
the thermal losses back into directed kinetic
energy (e.g. with a nozzle), and this is done with a
recovery efficiency n. , it then can be shown that
the effective exhaust speed ue,; is given by:

») . A0S /
U =, (f7 - f (1= F)) (14)
Replacing ue in eq. (9) with ue: gives then the
gained Av as a function of the operation time. In
Fig. 3, all three methods are compared with each
other. Hereby it was assumed that the propellant
mass was 200t whereas 25% are seen as waste
mass. Payload and power supply system have a
total mass of 20 t. The used propulsion system
has a specific impulse of about 10000s and the
propellant mass flow is 0.0001 kg/s.
For case (c) a recovery efficiency of n.=0 and n,
=0.4 respectively are assumed.

Produced Av vs operation time with propellant mass fiow=0.0001 kg/s
150 T T T T ™ T T

J

Separating the waste mass (case b)
- - - Case (¢) withn, =0.4

~"~Case (c) with . =0

wo} T Keening the waste mass (case a)

dv [knvs}

50

" n n N N
3] B 10 15 20 25 30 35 a0
Operation time [years]

Fig.3: Different methods to deal with the waste mass and
their impact on the maximum achievable Av (same
performance parameters like above and assumed 25% waste
mass, Mp,, =15t and my,,, =200t )
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Fig.3 shows that the best results are gained when
the mass is just separated from the suitable
material. This is comparable with the staging of
launching rockets. Case (a), keeping the waste
mass on the small body resuits in the smallest Av
gain. Mixing the waste masses into the exhaust
beam results in a Av gain somehow between case
(a) and (b), depending on the recovery efficiency
Ne-

it is interesting to note that in contrast to case (a)
the maximum Av depends not only on the
percentage of unsuitable material but also on the
initial mass of the spacecraft.

Conclusions

The idealized analysis of the relationship
between initial mass and Av showed the basic
constraints of the Small Body Strategy (SBS).
Criteria to choose the appropriate small body
candidates were identified. The benefits of the
presented mission scenario strongly depend on
the chosen small body. Further calculations are
necessary to identify small body candidates for a
specific mission.

A short review of different electric
propulsion systems showed that we have
considerable flexibility of propellant choice with the
plasma thrusters, but lower values of exhaust
speed. The more complicated technology of
pulsed vs steady-state systems is balanced by
their lower sensitivity to propellant properties.
Though electrostatic systems offer the greatest
exhaust speed, they may present the greatest
difficulties in terms of lifetime for this special
mission scenario (high mass-charge distribution).
The Hall thruster offers some intriguing
possibilities, if research and development can
extend beyond the present concentration on noble
gases. Further experimental and theoretical effort
is required to find the optimum electric propulsion
system for a Small Body Strategy.
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