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INTRODUCTION AND SUMMARY

The objective of the 21st Century Space Propulsion Study was to
identify new space propulsion concepts that would add to Air Force
capabilities in space on into the 21st Century. Completely new
and revolutionary concepts were desired, rather than extensions of

Vproven propulsion techniques.

The study initially focused on three major thrusts. The first was
to continue to study the feasibility of antiproton annihilation
propulsion, the promising new space propulsion concept identified
by the Principal Investigator (PI) in a previous contract carried
out for the Astronautics Laboratory (AL). The second was to
continue to monitor experimental research at the forefront of
engineering and physics to discover new technology and novel
scientific phenomena that might have application to space
propulsion. The third was to seek out anomalous areas of
understanding in well-known and less-known theories of physics.
These anomalous areas were then to be studied in an attempt to
find breakthroughs in physical understanding that could lead to
major advances in science and technology, especially those
breakthroughs that could lead to revolutionary advances in space
propulsion.

The 33 month study effort was very productive. Major advances
were made in the field of solar sails, with four papers and two
patent applications. Significant advances were made in the field
of tether propulsion, with a paper, a report, and a patent
application. A number of more exotic concepts were studied, with
most of the concepts being found invalid or unproven, but even
here, some progress was made, resulting in three papers and three
reports. In all, ten different concepts were developed to the
point that scientific papers were prepared for presentation at
professional meetings and/or publication in technical journals.
In addition, five reports were prepared for use by AL and other
government agencies in formulating future space technology policy.

Three of the concepts developed on the contract were deemed novel
enough that patent disclosures were prepared and filed with the
Air Force Staff Judge Advocate. These are discussed in the
section on Patents and New Technology.

In addition to the nearly dozen studies that came to a successful
conclusion, there were other studies that were undertaken, but
after a time it was realized that further effort on those areas
would be unproductive and those studies were dropped. Most of the
purported "reactionless space drives" and "antigravity" machines
that the PI was asked to evaluate fall into that category.



A- maj,o.. contractually reqired effort on the study was to advance
the~ cause of antiprotonr annihilatio~a technology. All1 through the
contract period,,, the;P1. continued to edit the Mirror Matter
NtzwsIetter, an; informative newsletter on antimatter science and
techaollogy distributed. to over 800 scientists, engineers, and
JIlbraries_. Tbn issues,,, each the length of a scientific paper, and
tota~Ing; 80',.OG words--the length of a standard novel- -were
pubiished~ diiring,, the- study ef fort.
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ANTIPROTON ANNIHILATION PROPULSION

Antimatter propulsion is no longer science fiction. Antimatter is
already being generated, captured, cooled, and stored at a number
of particle physics laboratories around the world, albeit in small
quantities. When an antihwatter particle is allowed to contact a
normal matter particle, all of the mass in both particles is
released as energy, making it the most energetic fuel known. The
most effective particle of antimatter for propulsion is the
antiproton rather than the antielectron. To make a compact fuel
for easy storage, the antiproton should be combined with the
antielectron to make frozen antihydrogen. In antimatter
propulsion, milligrams of antihydrogen are used to heat tons of
reaction fluid (water or liquid normal hydrogen) to high
temperatures. The hot reaction fluid is then exhausted from a
nozzle to produce high thrust at high specific impulse.

In three prior contracts2 -3 for AL, the PI of this contract
carried out studxz of the physical, technological, and economic
feasibility of making, storing, and using antiprotons for space
propulsion. The conclusion of the studies were that antiproton
propulsion is feasible, but expensive. Because the low mass of
the antimatter fuel more than compensates for its high price,
comparative mission studies show that antimatter fuel can be cost
effective in space, where even normal chemical fuel is expensive
because its mass must be lifted into orbit before it can be used.
Because the mass ratio of an antimatter powered spacecraft never
exceeds 5:1, no matter what the efficiency of utilization of
antimatter, and no matter how much Av the mission requires,
antiproton annihilation propulsion is mission enabling, in that it
allows mission to be performed that cannot be performed by any
other propulsion system.

The primary thrust called out in the contract for this study
effort was to continue to advance the concept of advanced space
propulsion using the annihilation energy from stored antiprotons.
To carry out this task the PI was to encourage, monitor, and
report on experimental and theoretical antimatter research around
the world. He was to identify those scientific and technological
issues that were important to determining the feasibility of
antiproton annihilation propulsion, but were not being adequately
addressed. He was then to propose investigations to address those
issues, as well as the best researchers to carry out those
investigations.

A specific subtask called out in the contract was to continue to
edit and distribute the Mirror Matter Newsletter. This is a free,
informative newsletter containing news and bibliographic
information about the science and technology of stored antimatter.
Through the newsletter and by personal contact, the PI was to
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introduce new investigators to the field, inform them of relevant
work by others, assist them in making contact with potential
sources of research support, and otherwise improve their research
effectiveness. A partial listing of those activities follows:

During 6-13 September 1987, the PI attended the IV LEAR Antiproton
Physics Workshop in Switzerland. There were 150 attendees, nearly
all of them European, plus three Soviet scientists. The Workshop
organizers requested that the PI give an informal short talk on
Antiproton Annihilation Propulsion based on cleared material in a
previous contract report.2 The talk was followed by a strenuous
question and answer session which lasted two hours. A number of
skeptics were convinced by the talk that they could no longer
ignore the subject and eighteen attendees asked to have further
information sent to them. A few skeptics allowed their anti-
military and/or anti-American emotions to cloud their scientific
objectivity and became abusive. The results of the meeting were
reported to interested US scientists through the next issue of the
Mirror Matter Newsletter.

During 4-9 October 1987, the PI attended the Second Antiproton
Science and Technology Workshop at RAND Corporation in Santa
Monica, California, to participate in the Antiproton Production
and Collection Working Group. Two papers were contributed for the
proceedings, "Production of Heavy Antinuclei: Review of
Experimental Results" and "Antimatter Science and Technology
Bibliography". Both papers were appendices in a cleared final
report' to a previous AL contract.

A survey of the presentations at the Workshop found no
"showstoppers" that would prevent the production and storage of
macroscopic amounts of antimatter. Indeed, the optimism expressed
in a number of the papers by experts in particle physics
engineering seemed to indicate that with sufficient R&D funding,
most of the obvious problems were solvable. The three problem
areas that needed the most effort were the high rate cooling of
large numbers of antiprotons, the high rate conversion of
antihydrogen atomic gas into a condensed molecular solid, and the
design of antimatter engines with acceptable prompt and delayed
radiation levels. The meeting results were reported to interested
US scientists in the next issue of the Mirror Matter Newsletter.

From 10-17 October 1987, the PI attended the 38th Congress of the
International Astronautical Federation in Brighton, England where
he was Co-Chairman of the Interstellar Space Exploration
Symposium. During the meeting, the PI added substantive comments
to two papers on antiproton propulsion given by others and
collected a number of new readers for the Mirror Matter
Newsletter. One paper, a new propulsion scheme proposed by
Subotcwicz of Czechoslovakia based -n the "pionization" of matter
in heavy ion collisions was found by the PI to be seriously in
error in its basic particle physics assumptions.
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From 29 November to 2 December 1987, the PI attended ANTIMATTER
'87, a Symposium on the Production and Investigation of Atomic
Antimatter held in Karlsruhe, Germany. There were over 70
scientists attending, most of them from European countries.
Thirty-five papers were presented on subjects ranging from
positron, antiproton, and heavier antinuclei production, three
methods for the production of antihydrogen atoms from antiprotons,
laser cooling and neutral antiatom manipulation, and antimatter
trapping concepts including two new trap concepts. These results
were reported to interested US scientists in the following issue

Vof the Mirror Matter Newsletter.

On 9 January 1988, the PI presented a two-hour tutorial lecture on
Antiproton Annihilation Propulsion as part of a Nuclear Propulsion
Short Course held prior to the 5th Space Nuclear Propulsion
Workshop in Albuquerque, New Mexico.

In December 1988 a special issue of the Mirror Matter Newsletter
was written and distributed to insure that the AL initiated SBIR
announcement for AF 89-192 "Technology for Storage, Handling, and
Use of Antimatter", got the widest possible distribution to those
US scientists with ar active interest in research on antimatter.

From 13-15 February 1989, the PI attended the Aerospace
Engineering Conference and Show in Los Angeles, California, where
he chaired a session he had organized on Antiproton Power and
Propulsion. The session had papers by Col. James Ross Nunn, then
Commander of the Air Force Astronautics Laboratory; Dr. Bruno
Augenstein, RAND Corporation; Dr. Giovanni Vulpetti from
Telespazio in Rome, Italy; Mr. V.E. Haloulakos of McDonnell-
Douglas; and the PI. The PI repeated his paper at the evening
"instant replay" session. The upcoming conference session was
announced to interested US researchers in the prior issue of the
Mirror Matter Newsletter.

From 9-11 May 1989, the PI attended the Workshop on Antiproton
Technology held at Brookhaven National Laboratory in Upton, New
York and contributed to the discussions. The results of the
workshop were reported to interested US scientists in the next
issue of the Mirror Matter Newsletter.

All through the contract period, the PI wroce, published, and
distributed the Mirror Matter Newsletter, an informative
newsletter on antimatter science and technology distributed free
to over 800 scientists, engineers, and libraries, most of them in
the United States. Distributed about once every three months,
each issue contained 10-14 pages, single spaced, of news and
bibliographic information about antimatter science and technology.
The intent of the newsletter was to act as an information source
on antimatter until the typical formal and informal channels of
communication between antimatter scientists and engineers had
developed. As a result of interactions through the newsletter and
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the various workshops over the past years, those standard
communication channels have now developed. There is an
International Low Energy Antimatter Conference now scheduled for
every other year, and Antimatter Users Workshops planned annually
in the US. As a result, the newsletter was terminated with the
18th issue. dated May 1990. Copies of issues 1 through 7 can be
found in Appendix F of a previous contract report.3 A complete
set of back issues (220 pages) can be obtained from: Forward
Unlimited, P.O. Box 2783, Malibu, CA 90265-7783 USA, for the cost
of reproduction and mailing (about $25.00).
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SOLAR SAILS

Solar sails are lightweight sheets of reflective material attached
to a spacecraft that use the light pressure force from solar
photons to produce propulsive thrust. The major advantaqe of
solar sails as a propulsion system is that the spacecraft does not
need to carry either an znergy source or reaction mass in order to
obtain propulsion, and as a result never runs out of fuel. Over
the decades, a good deal of effort has gone into the design of
solar sails, and many reports have been written and published, but
as yet, no solar sail has flown. Part of the reason is that solar
sail technology is unproven and therefore a risky option for
mission planners. Another reason is that solar sails must be
deployed above about 1000 kilometers altitude, because below that
altitude the atmospheric drag force on the rail exceeds the solar
light pressure force.

If solar sails could be made practical and launchable at Space
Shuttle altitudes, then they could be of significant service to
future Air Force needs. Solar sails could move military space
assets from LEO to GEO, from a point in GEO over one country to
another point in GEO over another country, or from any place in
space to any other place, as often as desired, without the expense
of launching propellant into space. Solar Sails could also allow
a military space vehicle to continuously "hover" over the polar
regions of the Earth for surveillance, weather, communication, and
weapons purposes.

GREY SOLAR SAILS

During the study effort, the PI contributed significantly to both
the basic science and the technology applications of solar sails.
During his research on the subject of solar sails, he found that
there was no document that accurately described the physical
properties of a non-ideal "grey" solar sail. As a result, he
wrote the definitive paper on the subject, a lengthy analysis of
"Grey Solar Sails", that was published in the Journal of the
Astronautical Sciences.'

SOLAR PHOTON THRUSTER

A major contribution of the PI to the technology of solar sails
was the invention of a new sail structure called the Solar Photon
Thruster. A more detailed discussion of the Solar Photon Thruster
can be found in the Patents and New Technology section starting on
page 21. A technical paper describing the concept has been
accepted for publication in the Journal of Spacecraft and
Rockets.5
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As is shown in Figure 1 on page 22, the Solar Photon Thruster is a
two-sail structure in a Cassegrain configuration that has
improved performance over a standard solar sail of the same area
because it separates the function of collecting the solar photons
from the function of reflecting the solar photons. The collector
sail on a Solar Photon Thruster is a large reflecting surface
similar in size and mass per unit area to that of a standard flat
solar sail. The collector sail always faces the Sun so as to
present the maximum area for collection of sunlight. The
collector is also a curved light concentrator. The concentrated
sunlight is sent to a reflecting sail of much smaller area and
mass, which redirects the light in the proper direction to produce
the desired thrust direction.

While a flat solar sail suffers in effective light collection area
when it is tilted in order to direct the light pressure force in a
direction other than directly away from the sun, the Solar Photon
Thruster always has the maximum collecting area facing the sun, no
matter what the desired thrust direction.

A major advantage of the Solar Photon Thruster over the prior art
solar sails is that it can be launched at Space Shuttle altitudes
if placed in a polar terminator orbit. In this orientation, the
spacecraft stays continuously in the sunlight so the large
collecting sail is always facing the sun collecting the maximum
amount of sunlight for maximum thrust, while at the same time
traveling edge-on to the atmosphere to produce minimum drag. The
reflecting sail is then adjusted to give maximum thrust along the
orbit, rapidly raising the altitude. Within a few days the Solar
Photon Thruster will be above 1000 km altitude and can be switched
to any desired orbital trajectory optimum for the missior,.

LIGHT-LEVITATED GEOSTATIONARY ORBITS

During the study, the PI found new methods to utilize spacecraft
with solar sails, whether the sails are standard flat sails or the
new improved Solar Photon Thruster. For example, solar sails can
be used to "levitate" a communication satellSte in equatorial
geostationary orbit to a new orbit that is north or south of the
equatorial orbit, yet is still geostationary to a point on the
ground. This concept is described further in a paper "Light-
Levitated Geosynchronous Cylindrical Orbits: Correction and
ExparisioiW- uiaL was accepted for publication in the Journal of the
Astronautical Sciences.6
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STATITE: A NON-ORBITING SPACECRAFT

During the study effort, the PI also invented a new class of
spacecraft, called a statite. All spacecraft flown to date are
satellites of the Earth or some other gravitating body. A
satellite of Earth is defined as a spacecraft that is in orbit
about a point that is the common center of mass of the spacecraft
and the Earth. In contrast, the statite is a spacecraft that does
not orbit. Since it does not orbit, it is not a satellite. The
generic name of "statite" has been given to these types of
spacecraft since they remain static or stationary with respect to
the common center of the spacecraft and the Earth. The statite
remains stationary by using light pressure force on a solar sail
to exactly counteract the attractive gravitational force of the
Earth. A patent was filed on the concept which is discussed
further in the section on Patents and New Technology. A paper
discussing the concept has been accepted for publication in the
Journal of Spacecraft and Rockets.?

In most applications, the statite is placed at a point above the
dark side of the Earth as shown in Figure 2 on page 24, while the
Earth spins beneath it. From the viewpoint of an observer on the
rotating Earth, the statite rotates around the pole once every 24
hours. Thus, ground stations for communication with these systems
must have their antennas on a polar mount with a 24 hour clock
drive. Since the distance between the ground station and the
statite does not change significantly in magnitude, and the
doppler shifts are very low, the electronics needed for these
versions of the system of the invention are nearly as simple as
those at the fixed position ground stations used for the
equatorial geostationary orbit satellites.

A typical distance of a statite from the center of the Earth will
be 30 to 100 Earth radii. (For reference, geostationary orbit is
at 6.6 Earth radii and the Moon is at 63 Earth radii.) Thus, one
unavoidable disadva:itage of the statite system is that the
communication link round-trip delay time is a number of seconds,
making it more suitable for surveillance, weather mapping, data
links, and faxes than two-way telephone conversations.

At distances of about 250 earth radii, it is possible for a
statite to be placed so that it "hovers" over the north or south
poles of the Earth 365 days a year--even during the half of the
year when the polar region being observed is in the sunlight.
Details of the exact altitudes and conditions for different sail
designs can be found in the paper.7

Because a statite is not orbiting and has the ability to hover
over the polar regions, it can accomplish a number of military
unique missions that could enhance the Air Force's future posture
in space. A polesitter statite over the poles could provide
continuous global weather maps of the regions around the poles,
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where all the weather starts. True hemisphere-wide communications
to the north or south hemispheres could be accomplished with a
single satellite. A polesitter statite could also serve as an
early warning of over-the-pole ballistic missile attacks. Placing
statites off the polar axi:s at fixed latitudes over the dark side
of the Earth would result in lower statite altitudes, and
therefore shorter round-trip communication delay times, and higher
resolution for infrared and microwave surveillance.

Since a statite is not orbiting, anything dropped from it does not
stay in orbit, but falls straight down. A statite carrying a load
of "intelligent crowbars" would be a unique weapon system that
could surgically take out individual buildings, individual
vehicles, even perhaps individual people by direct hit-to-kill
impact from a terminal-guided atmospheric penetrator.

A two kilogram "intelligent crowbar" dropped from a statite
hovering over the Earth at 30 Earth radii would reach the upper
atmosphere of Earth in 17 hours. It would be traveling at 9 km/s,
or nearly escape velocity. If the incident that instigated the
dropping of the crowbar were over, the crowbar could be fragmented
and burned up in the upper atmosphere like a meteor. If the
danger persisted, the crowbar would pass through the 150 km of
atmosphere in 15-20 seconds, striking the surface with an energy
of 80 MJ (the equivalent of 20 kg of high explosive). This energy
could be deposited over an area by fragmenting the crowbar at the
proper altitude, or alternatively, the crowbar could penetrate
protective buildings or shallow bunkers to reach its point target.

When used in limited warfare, such a weapon could reach a target
anywhere on the globe in less than a day without risking US
manpower or assets, and destroy that target while causing minimum
ancillary damage. It would be an ideal weapon for dealing with
terrorists, tinpot dictators, and drug runners (by direct hit) and
their plantations (by air bursts).

10



TETHERS

Tethers are long cables in space that are used to couple
spacecraft to each other, to other masses, and to force fields in
space. The tether coupling allows the transfer of energy and
momentum from one object to another, and so are a form of space
propulsion.

In the early 1990s there will be two shuttle experiments to
demonstrate the engineering feasibility of the tether concept.
NASA is funding Martin Marietta to build the tether (2.5 mm
diameter and 100 km long) and the deployment mechanism, while
Italy is building the spacecraft that will fly at the end of the
tether. The first experiment, scheduled for 1991, will deploy the
spacecraft upward from the Shuttle on a conducting tether cable to
demonstrate power generation from the motion of the conducting
cable through the Earth's magnetic field. By pumping current
through the cable, thrust would be generated by the "push" of the
cable against the Earth's magnetic field. The second flight will
deploy an atmospheric research spacecraft downward, where it will
fly through the upper atmosphere, too low for spacecraft and too
high for aircraft. The tether connection to the Shuttle
spacecraft provides the propulsion needed to overcome the drag.

Other tether experiments on unmanned spacecraft are underway to
study the dynamics of reeling tethers in and out, and releasing
payloads from the end of librating or rotating tethers. The field
of space tethers is a promising evolving technology and some
versions have application to future Air Force needs. During the
contract effort, the PI continually monitored this developing
field and was able to make some contributions.

TETHER BOOTSTRAP PROPULSION

In March 1989, the Principal Investigator attended a Workshop on
Advanced Propulsion at NASA/Lewis Research Center. While there he
met a NASA engineer, Geoffrey R. Landis, that had come up with a
new concept for using tethers for spacecraft propulsion that did
not involve the use of expendable propellant. At the time, Landis
was proposing to use the concept to shift the positions of
spacecraft along geosynchronous orbit. This application alone is
of significant military value, since it can allow military assets
to be moved to new positions at will, defeating enemy
countermeasures.

The PI realized that the concept was more general, and could be
used to not only shift positions at constant altitude, but could
also be used to change altitude. Although energy was required, no
propellant was needed. The PI encouraged Landis to expand his
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original internal memo into an official NASA Memorandum' covering
the broader aspects of his concept, thus bringing the concept to
the attention of the propulsion and tether communities. The basic
concept of Geoffrey R. Landis is that if two halves of a space-
craft (or a spacecraft and its expended booster) are extended on a
long tether, the center-of-mass of the extended system shifts
slightly downward from the original center-of-mass and the orbital
period decreases. This shift in the center-of-mass occurs because
the Earth's gravity force causes an acceleration on the masses
that varies as 1/r2 , while the counteracting centrifugal force due
to orbital motion causes an acceleration that varies as r. For
very long tethers, the two forces no longer exactly cancel at the
two ends and there is a residual, second order, force which must
be balanced by a shift in the center of mass. When the tether is
pulled in again, the center-of-mass of the combined system raises
upward. By alternately extending and contracting the tether at
proper points in the orbit, the tether can be used to "pump" an
initially circular orbit into a highly elliptical orbit, and
perhaps to escape.

Unlike other tether propulsion concepts in the literature, where
one mass (the payload) is raised in orbit while another mas3s (the
counterweight) is lowered in orbit, the technique developed by
Landis allows the center-of-mass of the entire system to be raised
from a low circular orbit into a high elliptical orbit--
conceptually into an escape orbit from Earth--without the use of
rockets or reaction mass. Energy is required, which can be
supplied from an onboard power supply, but no reaction mass is
needed, and if the Earth-to-LEO booster is used as a counterweight
for the payload mass, the only weight penalty is the mass of the
tether (compared with the weight penalty of a LEO-GEO booster
rocket). A report discussing the new concept was prepared and
submitted to the Contract Technical Monitor in May 1989 (See
Appendix A.)

Most important from the standpoint of possible Air Force
applications of the technique, Landis estimates that it would take
only 6.5 days to go from a circular LEO of 0.75 Earth radii (about
5000 km) to a highly elliptical transfer orbit that goes up to
GEO. There, a rocket burn could circularize the orbit, or
possibly the expended booster (which is also transferred along
with the payload) can be tossed away in the right direction to
obtain the angular momentum necessary to achieve circular GEO.

Since this new propulsion concept seems to be able to provide
useful, reasonably rapid propulsion near the Earth without the use
of rockets and only the use of a power supply, which many Air
Force payloads have anyway, it is recommended that someone in the
Advanced Propulsion Branch of the Astronautics Laboratory tollow
and encourage the work of Landis, and perhaps carry out parallel
studies on its feasibility for and applicability to present and
future Air Force space missions.
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