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Propulsion technologies for exploration of the solar system and beyond
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NASA's Advanced Space Transportation Progrég8TP) is investing in technologies to achieve a
factor of 10 reduction in the cost of Earth orbital transportation and a factor of 2 reduction in
propulsion system mass and travel time for planetary missions within the next 15 years. Since more
than 70% of projected launches over the next 10 years will require propulsion systems capable of
attaining destinations beyond low-Earth orbit, investment in in-space technologies will benefit a
large percentage of future missions. The ASTP technology portfolio includes many advanced
propulsion systems. From the next-generation ion propulsion system operating in the 5-10 kW
range to fission-powered multikilowatt systems, substantial advances in spacecraft propulsion
performance are anticipated. Some of the most promising technologies for achieving these goals use
the environment of space itself for energy and propulsion and are generically called
“propellantless,” because they do not require onboard fuel to achieve thrust. An overview of
state-of-the-art space propulsion technologies, such as solar and plasma sails, electrodynamic and
momentum transfer tethers, and aeroassist and aerocapture, are described. Results of recent
Earth-based technology demonstrations and space tests for many of these new propulsion
technologies are discusse@iDOI: 10.1063/1.1431426

|. THE LIMITS OF CHEMICAL PROPULSION Electric propulsion thrusters can be divided into three
. . . broad categorieg1) electrothermal thrusters use electric en-
A vigorous and robust space science and exploration, .y 1 simply heat the propellar(®) electrostatic thrusters
program will require a new generation of propulsion sys-, ¢ charge potential differences to accelerate propellant ions,

tems. Chemical propulsion, which relies on making Chemlca<L:md (3) electromagnetic thrusters use electromagnetic forces
bonds to release energy and produce rocket exhaust, has betg& B) to accelerate a propellant plasma

the workhorse of space exploration since its beginning. How- NASA is pursuing technologies to increase the perfor-

ever, we hgve rgached its pgrformance Iim_its and those ”mitﬁwance of electrostatic thrusters by going to higher power
are now hindering our continued exploration of space. Thqevels and by increasing the, on a system level. Figure 1

sfflmel:]cy with wh_|f(_:h_a chlemlcal _rol(_;kgt L(stes Its fue: :]O Pro-jjjustrates the mission benefit of using electric propulsion to
uce thrust, specific impulsé{), is limited to several hun- i oo <o e navioad mass fraction,

dred seconds or less. In order to attain the high speeds re-
quired to reach outer planetary bodies, much less rendezvous
with them, propulsion system efficiencies well over 1000 s
will be required. Chemical propulsion systems cannot meepl' FISSION PROPULSION
this requirement. A fission reactor in space can be used for propulsion in
two ways. The energy created by the fission reaction can be
used to heat a propellant to extremely high temperatures,
Il. ELECTRIC PROPULSION thus increasing its exhaust velocity ahg. Alternatively,
) ) ) fission energy can be converted to electricity and used to
An electric propulsion system uses electrical energy G,q\ver an electric propulsion system. The first space fission
energize the propel!ant to much hlgher exha}ust veI00|t|e§ystem is likely to use the latter approach for propelling a
(Ve) than those available from chemical reactions. 1on pro-ggries of robotic spacecraft to the outer planets and beyond.
pulsion is an electric propulsion technology that uses ionizegigre 2 shows the relative benefits of nuclear propulsion for
gas as propellant. lonized xenon gas is electrostatically 8Gy,man and robotic exploration missions of interest to NASA.
celerated to a speed of30 km/s and provides the “exhaust” A nuclear electric propulsion system for a Kuiper Belt

for the propulsion system. lon propulsion is being used byexploration mission might use a 100—200 kWclear reac-
commercial telecommunication satellites and has been demga, |3unched “cold—where only zero power testing has

onstrated as a primary spacecraft propulsion system by thgsen conducted. The reactor would be activated at a positive

NSTAR demonstration on the Deep Space 1 mission. C3 (beyond Earth escapéo power a krypton-fueled ion pro-
pulsion system. The propulsion system would carry a science
¥Electronic mail: les.johnson@msfc.nasa.gov payload on an indirect trajectorheliocentric spiral trajec-
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FIG. 1. Electric propulsion systems
provide up to ten times the payload ca-
pacity of chemical rockets to the same
destination.
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tory) building up to a final velocity ok25 AU/year after a Solar sails, plasma sails, aerocapture, and tethers are ex-
10 year run time. After engine burnout, the science payloaémples of propellantless propulsion technologies being in-
would be deployed. vestigated.

The first step toward using advanced fission propulsion
systems is development of a safe, affordable fission system
that can enhance or enable near-term missions of interest. %6 SOLAR SAILS
this objective, NASA is defining a safe, affordable fission
engine(SAFE) test series, designed to demonstrate a 300 kV\é fl

flight conﬂguraﬂop system using non-nuclear testing. T.helightweight deployable structure. Solar sails accelerate under
SAFE-30 test series is a full-core test capable of producin he pressure from solar radiatidessentially a momentum
30 kW using resistance heating to simulate the heat of fis;

) i . transfer from reflected solar photgrthus requiring no pro-
sion. The 30 kW core consists of 48 stainless-steel tubes a photo g 9 P

. . . - pellant. Since a solar sail uses no propellant, it has an effec-
12 stainless-steel/sodium heat pipes welded together Iong'tlﬂﬁlely infinite 1., however, the thrust-to-weight ratio is very
dinally to formulate a core similar to that of a fission flight P A

) ) "™ low, typically between 10* to 10 for the 9 N/knt? solar
system. I_-leat is removed from the core via the 12 heat p'pe?)ressure at Earth's distance from the Sun.
closely simulating the operation of an actual system. In the near term, deployable sails will be fabricated from
materials such as Dupont Mylar® or Kapton® coated with
IV. PROPELLANTLESS PROPULSION ~500 A of aluminum. The thinnest available Kapton films
are 7.6u in thickness and have an areal density=dfl g/m?
Conventional space propulsion relies on the transfer oKajls thinner than this, made from conventional materials,
momentum from propellant to spacecraft, with the momenhaye the potential to rip or tear in the deployment process.
tum of the system remaining unchanged. For example, gecent breakthroughs in composite materials and carbon-
large-mass spacecraft using chemical propulsion will experitiper structures may make sails of areal densityg/n? a
ence a small velocity change through the exhaust of a smaf{ossibility. The reduced sail mass achieved this way may

mass having a large velocity. A rocket, therefore, exchangegiiow much greater acceleration, greater payload carrying ca-
momentum with the propellant, striving to reduce propellantyapjlity, and reduced trip time.

consumption by increasing the exhaust velocity of the pro-
pellant. A rocket can expel hydrogen, water vapor, antimatter
annihilation products, etc.; the principle is still the same. VI. PLASMA SAILS
A “propellantless” propulsion system simply uses a dif- , . . )
ferent form of momentum exchange to produce thrust, usu- AN @pproach to spacecraft propulsion using a virtual sail

ally through interaction with the natural space environmentCOMPosed of low-energy plasma might harness the energy of
the solar wind to propel a spacecraft anywhere in the solar
system and beyond. Such plasma sails will affect their mo-
. mentum transfer with the plentiful solar wind streaming from
. the Sun. Plasma sails use a plasma chamber attached to a
: Chohical+ 1 1 spacecraft as the primary propulsion system. Solar cells and
I - Rerocagure o B solenoid coils would power the creation of a dense magne-
’ e Chemical tized plasma, or ionized gas, that would inflate an electro-
Narosaghore magnetic field up to 19 km in radius around the spacecraft.
T In the future, fission power could be used. The field would
| e e interact with and be dragged by the solar wind. Creating this
o i H R virtual sail will be analogous to raising a giant physical sail
Flight Time (Years) Flight Time (Years) Flight Time (Years) . . .
and harnessing the solar wind, which moves at speetls
FIG. 2. Nuclear electric propulsion enables a new class of space missiondl km/h. Tests of the plasma sail concept are ongoing at Mar-

A solar sail is a propulsion concept which makes use of
at surface of very thin reflective material supported by a
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FIG. 3. Aerocapture dramatically reduces the propulsive requirements for
planetary capture maneuvers.
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shall Space Flight Center and the University of WashingtonFIG. 4. An orbit transfer vehicle propelled by an electrodynamic tether
Thrust measurements, using a Hall thruster to simulate thgould be highly reusable and require no resupply.
solar wind, are planned in 2002—2003.

current,l, from an onboard power supply is fed into a tether
VII. AEROCAPTURE of lengthL against Fhe electromagnetic fqrce induced in it by

the geomagnetic field3. This concept will work near any

Aerocapture relies on the exchange of momentum with glanet with a magnetospher&arth, Jupiter, etg.by ex-

planetary atmosphere to achieve thrust, in this case, a decelhanging momentum with that planets’ rotational angular
erating thrust leading to orbit capture. Aerocapture has nofnomentum. This was demonstrated in Earth orbit by the
yet been demonstrated, though it is very similar to the flight-Tethered Satellite System Reflight mission; the orbiter expe-
proven technique of aerobraking, with the distinction thatrienced a 0.4 N electrodynamic drag thrust during tether op-
aerocapture is employed to reduce the velocity of a spacesration. No instrumentation was flown to actually measure
craft flying by a planet so as to place the spacecraft into orbithis thrust; it is derived from the physics of the electrody-
about the planet. This technique is very attractive for plannamic interaction.
etary orbiters since it permits spacecraft to be launched from  An electrodynamic tether upper stage could be used as
Earth at high speed, providing a short trip time, and theman orbital tug to move payloads within low-earth-orbit
reducing the speed by aerodynamic drag at the target plangl.EQ) after insertion(Fig. 4). The tug would rendezvous
Without aerocapture, a large propulsion system would bgyith the payload and launch vehicle, dock/grapple the pay-
needed on the spacecraft to perform the same reduction @dad, and maneuver it to a new orbital altitude or inclination
velocity, thus reducing the amount of delivered payload, inwithin LEO without the use of boost propellant. The tug
creasing the size of the launch vehite carry the additional  could then lower its orbit to rendezvous with the next pay-
fuel required for planetary captyrer simply making the |oad and repeat the process. Such a system could conceiv-
mission impossible due to the tremendous propulsion reably perform several orbital maneuvering assignments with-
quirements. Figure 3 shows the propulsion system mass sagut resupply, making it a low, recurring-cost space asset. The

ings that are possible with an aerocapture system. same system can be used to change the orbital inclination of
The aerocapture maneuver begins with a shallow apa payload as well.

proach angle to the planet, followed by a descent to rela-

tively dense Iaygrs (_)f the atmosphere_. Once most of th?).(. MOMENTUM-EXCHANGE ELECTRODYNAMIC

needed deceleration is reached, the vehicle maneuvers to eEg0OST TETHERS

the atmosphere. To account for the inaccuracies of the atmo-

spheric entering conditions and for the atmospheric uncer- An Earth-orbiting, spinning tether system can be used to

tainties, the vehicle needs to have guidance and control d00st payloads into higher orbits with a Hohmann-type

well as maneuvering capabilities. Given the communicatiorfransfer. A tether system would be anchored to a relatively

time delay resulting from the mission distances from Earthlarge mass in LEO, awaiting rendezvous with a payload de-

the entire operation requires the vehicle to operate autondivered to orbit. The uplifted payload would meet with the

mously while in the planet's atmosphere. tether facility which then begins a slow spin-up using elec-

trodynamic tethergfor propellantless operatipror another

low thrust, highl ¢, thruster. At the proper moment and tether

system orientation, the payload is released into a transfer
A predominantly uninsulatedbare wirg conducting orbit, potentially to geostationary transfer or@&TO) or lu-

tether, terminated at one end by a plasma contactor, can lmar transfer orbit.

used as an electromagnetic thruster. A propulsive force of Following spin-up of the tether and satellite system, the

F=IL XB is generated on a spacecraft/tether system when jpayload is released at the local vertical. The satellite is in-

VIIl. ELECTRODYNAMIC TETHERS
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_________________ Detta 7925 the launch vehicle benefits derived from using a momentum
exchange tether boost system.

_________ Delta 7325

(855 M) X. SUMMARY

A sustained investment in new in-space propulsion tech-
g nologies will change the way scientists seek to explore our
‘é‘ solar system. Early implementation of advanced electric pro-
4 pulsion systems will increase the mass fraction of many
. planned missions. Fielding nuclear electric propulsion sys-
_-p(:::,)s tems will enable new classes of missions and allow pro-
(s15M) longed on-site investigations. Revolutionary propellantless
CED Horr Mars Mars propulsion systems will dramatically reduce trip times and
(Mhor ) (Lunar Prospector)  (GlggLSoe ey (T sy provide new vantage points for scientific exploration of our

;:MLEO with tether boost station solar system and beyond.

FIG. 5. A MXER tether system could reduce launch vehicle size and cost1j g polket al, AIAA-99-2274, 35th AIAA Joint Propulsion Conference,
for a variety of planetary exploration missions. Los Angeles, CA, 1999.

2R. Frisbee(personal communication, NASA Jet Propulsion Laboratory,
Pasadena, CA, 2000
jected into a higher orbit with perigee at the release location:’C- Garner and M. Leipold, 36th AIAA Joint Propulsion Conference, JPC-
. L . ... ' 00-0126, Huntsville, AL, 2000.
the orbital tether platform is _|nJected into a onver orbit With 4p” A “Mewaldt, and P. C. Liewer, AIAA SPACE 2000 Conference and
apogee at the release location. Momentum is transferred toexhibit, Long Beach, CA, September 2000.
the satellite from the orbiting tether boost station. The satel-’R. M. Winglee, Space Technology and Applications International Forum,
lite then enter TO trajectory an mplishes the trans;Puqueraue, NM, February 2001.
f e. € el'ttle sa (53 hOTha]ecl Otfy a (1haCCO bp N test et a 36D. L. Gallagheret al, NASA/TP-1998-208475, NASA Marshall Space
er '_n as i e as : € platiorm en_re 00sts 10 IS _Op- Flight Center, Huntsville, AL, 1998.
erational altitude. The system thus achieves transfer time$s. E. Gilchrist, L. Johnson, and S. Bilen, 35th AIAA Joint Propulsion
comparable to a chemical upper stage with the efficiencies of Conference, AIAA-99-2841, Los Angeles, CA, 1999.
electric propulsion This type of system could be used to K. Sorenseripersonal communication, NASA Marshall Space Flight Cen-
. . ) o ter, Huntsville, AL, 2001
reduce launch vehicle requirements or to increase injectedy; g. Bangham, E. Lorenzini, and L. Vestal, NASA/TP-1998-206959,

payload mass for any interplanetary mission. Figure 5 shows NASA Marshall Space Flight Center, Huntsville, AL, 1998.



