




























































































TETHER TRANSFER FROM LEO TO GEO

As is shown schematically on the facing page, once the NASA planners have

become comfortable with the tether c¢

oncept,

the Shuttle tether system can be

used to transfer the Shuttle momentum to the payload, launching the payload

into a transfer orbit while the S

huttle

returns to earth.

Later, more

advanced systems operating from large platforms can transfer payloads from LEO

to GEO and back.

This can be done with no expenditure of fuel as long as the

amount of mass dropped inward down the earth's gravitational potential well
equals or exceeds the amount of mass sent upwards.

Recommendations:

not received much attention in propulsion research.

The idea of using tethers to transfer energy and momentum has

It is recommended that

those involved in the more traditional forms of propulsion take a serious look
at this concept since the engineering problems of deploying and using tethers

will have been solved by 1987.

If there are potential propulsion applications

for this concept, the mission planners should be ready to take advantage of

the developed technology.
engineering ones,
the contract.

l. "Tethers Open New Space Options", I. Bekey,
(April 1983).
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DYNAMIC STRUCTURES

Another exotic concept that was uncovered in Phase 1 was the idea of dynamic
structures. It is known that the compressional strength of materials is not
strong enough to build a tower into space, and that the tensile strength of
materials is not strong enough to drop a skyhook down from geostationary
orbit. By using dynamic structures, where energy and momentum is transferred
by means of macroscopic interactions with moving masses instead of through the
molecular structure of the materials, it is possible to construct active
structures that can exceed the performance of passive structures.

LAUNCH LOOP - It is well known (and often demonstrated by careless gardeners),
that the momentum of the flow of water through a garden hose is enough to lift
the hose off the ground and send it up in the air. The Launch Loop works by
the same principle, except that the water is replaced by a high speed cable
driven by electromagnetic motors on the ground at both ends. 1In a manner
similar to San Francisco cable cars, vehicles slip-couple electromagnetically
to the moving cable, ride to the top, and gain enough speed to go into orbit.
VERTICAL TOWER - The launch loop does not have to be horizontal. It can work
vertically and be used to construct a tower out to geostationary orbit.
ORBITAL RING - An extreme version of the launch locop has the system circling
the earth in low earth orbit. "Jacob's Ladders®" hang down from the ring to the
top of convenient mountains, allowing you to climb into orbit.

ROTATIRG SKYHOOKS - Although no material is strong enough to lower a cable
down to the earth's surface from geostationary orbit, it is possible to build
a cable 4000 kilometers long and put it into a 2000 kilometer high orbit and
set it spinning so that the ends come within 50-100 kilometers of the earth's
surface six times an orbit. A sub-orbital flight takes you up to the lower
end of the cable. You attach on and a half-rotation later you are on the
upper end of the cable with enough energy to send you into an escape orbit.

What is amazing about these Btudies is that all these concepts seem to be
feasible using ordinary materials, although some designs perform much better
using superconductors. They all have large capital investments, large

circulating powers, and significant potential for damage if the control fails.

Recommendation: These concepts should not be neglected by the propulsion
community, but the problems to be solved 2re usually engineering, system, and
money problems, and are not recommended for study in Phase 2 of the contract.
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NUCLEAR PROPULSION CONCEPTS

When nuclear energy was first found, it was hoped by the propulsion community
that this new energy source would be the long-sought-for replacement for
chemical fuels. Unfortunately, the physics and politics of nuclear reactors
prevented that dream from being realized. Even the most optimistic designs
failed to achieve an increase in specific impulse that was an order of
magnitude larger than the best chemical launch systems.

Although fission reactors have not produced a new propulsion system, and were
deliberately not studied in Phase 1 of the contract, there may be other
techniques for releasing or utilizing nuclear energy. We looked for these in
Phase 1 and found a few things that we think deserve further attention by
others, and one that we recommend for selection for further study in Phase 2.

NUCLEAR PROPULSION CONCEPTS
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NUCLEAR REACTOR PROPULSION - HIGH TEMPERATURE RADIATORS

In our cursory examination of nuclear reactor propulsion, which was covered in
great detail in the FYS81 JPL study and the 1980 Boeing study, it was evident
that the design of the high temperature radiator was the major driver in the
system design., It was also noticed that there are a number of ideas for
constructing a lightweight high temperature radiator, but they are all paper
studies and very little experimental work was noticed. Admittedly radiator

design is not propulsion, but without the radiator the nuclear propulsion
systems will never fly.

Recommendation: It is recommended that the propulsion community give serious
thought to the design, space demonstration, and test of some of the more
advanced forms of light weight, high temperature radiators. The concepts are

not propulsion energy sources however, and are not recommended for Phase 2
studies.

NUCLEAR REACTOR PROPULSION
HIGH TEMPERATURE RADIATORS

e RADIATOR MAJOR DRIVER IN SYSTEM DESIGN

e CONCEPTS EXIST ON PAPER

— DUST RADIATOR
— PARTICLE RADIATOR

— LIQUID DROPLET RADIATOR

e NEED SPACE DEMONSTRATION AND TEST

e APPLICABLE TO SOME SPACE WEAPONS




IMPLODED MICROPELLET FUSION PROPULSION

The original Orion concept obtained prcpulsion by dropping small fission bombs
out the back of the rocket where they were exploded behind a “pusher plate” to
obtain thrust. The Orion concept was/is technically feasible, but
environmentally undesirable and politically unthinkable. The solution is to
switch to "clean" micropellet fusion bombs.

Fusion is being attempted in two ways. One is by containment of the
deuterium-tritium fusion fuel in the form of a hot plasma in some kind of
magnetic bottle. The other is to compress the cold D-T fusion fuel to high
denslties and pressures by impacting a tiny pellet of the fuel with either
laser beams, electron beams, ion beams, or high speed BBs. To date, none of
these approaches have worked, although some neutrons have been released. 1f
imploded micropellet fusion is found to be feasible in the laboratory, then,
even if it never becomes commercially viable as a prime power source, it still
may be viable as an advanced propulsion concept. No matter what the implosion
method may be, the resultant fusion reaction will produce nearly identical
plasmas that can be contained and directed into thrust by a magnetic nozzle.

Recommendation: The Department of Energy is funding the research to develop
the implosion technology. It is recommended that the propulsion community
fund further research on those areas specifically related to the propulsion
application. These would be detailed design studies for the magnetic nozzle,
lightweight radiators, lightweight tritium breeders, and lightweight versions
of the implosion method that finally works. The studies that need to be done
are mostly engineering and optimization studies and it is not recommended that
further study on these concepts be done in Phase 2 of this contract.

IMPLODED MICROPELLET FUSION
PROPULSION

o FUSION OF D-T IN MICROPELLET BY IMPLOSION WITH

— LASER BEAMS

— ELECTRON BEAMS

— ION BEAMS

— HIGH SPEED PROJECTILES

e RESULTANT PLASMA CHANNELED BY MAGNETIC NOZZLE
o DOE FUNDING IMPLOSION TECHNOLOGY
o RESEARCH NEEDED ON PROPULSION APPLICATION

— MAGNETIC NOZZLE DESIGN

— LIGHTWEIGHT RADIATORS

— LIGHTWEIGHT T BREEDER

— LIGHTWEIGHT IMPLOSION METHOD



PELLET EXPANSIORN

Although laser imploded D-T micropellet fusion has not been dfmonatrated in
the laboratory, we already have detailed engineering designs™ for a rocket
engine that can convert those isotropic miniature explosions into directed
thrust. The version shown on the facing page is a magnetic nozzle formed by
two superconducting magnetic rings (the diagram is to be imagined as axially
symmetric). The various dotted curves show how the magnetic fields from the
two coils first contain, then direct the plasma coming from the microexplosion
point. The paper not only discusses the interaction of the plasma with the
magnetic field, but the design of the shielding for the superconducting
magnetic coils that not only stops the gamma rays and neutrons, but uses the
neutrons to breed the tritium needed for future pellets. The design also
includes weight and size estimates for the lasers, mirrors, auxiliary systems,
and heat-pipe radiators.

In a visit to Lawrence Livermore Lab during Phase 1 of the contract, it was
learned that a single superconducting magnetic coil might be preferable to two
coils, since the two coil system requires that each coil be shielded from the
backscattering from the other as well as the microexplosion point, and the
shielding weight penalty overcomes the reduced conversion to thrust of the
more crudely shaped nozzle.

l. "Prospects for Rocket Propulsion with Laser Induced Fusion Microexplosions®
R. Hyde, L. Wood, and J. Nuckolls, AIAA Paper 72-1063 (Dec 1972).
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MAGNETIC MONOPOLES

Magnetic monopoles are hypothetical particles that have only one magnetic
pole, either north or south, not both as magnets do. They were first
predicted by Dirac to explain the quantization of charge. Later theories not
only predict their existence but also predict they are extremely heavy. A
very recent, very complete bibliography" was uncovered in the Phase 1 survey.

Magnetic monopoles could have a significant effect on future propulsion since
they can catalyze proton decay, releasing most of the proton energy. Once one
magnetic monopole has been trapped, then it can be used in a magnetic
accelerator to produce more magnetic monopoles.

One experiment to detect magnetic monopoles has produced a positive reSultz,
but no further events have been seen to date.

Recommendation: If and only if more magnetic monopole events are found, and
especially if a magnetic monopole is captured, then it is recommended that all
other studies on this contract be halted and further study be concentrated on
this concept.

1. "Magnetic Monopole Bibliography 1981-1982 (and previous versions)®" R.E.
Craven and W.P. Trower, Fermilab-82/96 (March 1983).

2. "First Results from a Superconductive Detector for Moving Magnetic
Monopoles®™, Blas Cabrera, Phys. Rev. Let. 48, 1378 (17 May 1982).

MAGNETIC MONOPOLES

* Made early in the universe @
— Small ~ 10?*cm _—
a)

— Heavy ~ 10" GeV (10™

Domains with trapped field
* One possibly seen at Stanford (PRL 48, 1378-81, 1982)
* Not consistent with fractionally charged particles

* Can catalyze proton decay
P+ M=—pet + 7°+ M+ 800MeV

» Search continuing at Stanford and elsewhere



FPRACTIONALLY CHARGED PARTICLES

Fractionally charged particles and quarks are hypothetical particles that have
electric charges that are fractions of the charge of an electron. Quarks are
particles predicted by one of the more accepted theories of quantum
electrodynamics. They have charges that are multiples of 1/3 of an electronic
charge. Some negatively charged quarks can replace an electron in a deuterium
molecule and catalyze D-D fusion which can be used for propulsion.

Fractionally charged particles have been reported to have been observed on a
number of occasions on small niobium balls levitated in a specially
constructed superconducting chamber that is capable of measuring forces due to
the electric field effegts of a small fraction of a charge. DOE is presently
funding two experiments“ based on ink-jet techniques to process multi-kilogram
amounts of finely ground material to extract large quantities of fractionally
charged particles,

Recommendation: If and only if significant quantities of fractionally charged
particles are found, then it is recommended that all other studies on this
contract be halted and further study be concentrated on this concept.

1. G.S. LaRue, J.D. Philips, and W.M. Fairbank, Phys. Rev. Lett. 46, 967
(1981).

2. "Detection and Enrichment of Fractionally Charged Particles in Matter®,
C.D. Hendricks, LLL and G. Zweig, LANL, DOE Advanced Energy Projects 24 and
25, DOE/ER-0150, U.S. Department of Energy, Division of Advanced Energy
Projects, Office of Energy Research, Washington, DC 20545.

RACTIONALLY CHARGED PARTICLES

* A few possibly seen at Stanford (PRL 46, 967, 1981)

* Not consistent with monopoles

e Can initiate‘fusion
2d + Q% =—>T+p+ Q+ 4.0MeV

—3p He® + n + Q + 3.3 MeV
(10" BTU/year/ mole)

¢ DOE funding extraction studies




MUONS

Muons are elementary particles with a mass of 106 MeV and a lifetime of
2.2 microseconds. Sometimes called "heavy electrons™, they carry one unit of
electronic charge. They can act as a fusion catalyst by replacing an electron
in a hydrogen molecule. Because of their large mass, the muon orbits are so
tight that the two nuclei come close enough together that the nuclei have a
finite probability of fusing. Despite their short lifetime, the muons can
catalyze many reactions.

The catalytic capability of the muon has been known for decades, but dismissed
since elementary calculations showed that the muon could not catalyze enough
reactions to compensate for the energy cost of creating it. During Phase 1 of
this contract it was learned that DOE funded experiments to measure the actual
({rather than the calculited) efficiency of muon-catalyzed fusion reactions
were underway at LANL. The experiments are still in progress and the
experimenters are reluctant to release data prematurely. The reaction is not
slTple. "Enhancements® have been observed in the D-T-muon reaction, while
He~”, a natural byproduct of tritium decay, has been observed to scavenge muons
and remove them from the reaction chain. The experiments have been carried
out at high temperatures and pressures and it has been observed that high
temperature increases the reaction yield by factors of 3 or more.

Recommendation: Considering the difficulty of obtaining muons (they have to
be obtained from decaying pions), and the difficulty of obtaining the fusion
fuel (tritium is radioactive), and the marginal ideal efficiency, it is
doubtful if this line of research will lead to a alternate propulsion energy
source. The research effort is still young, however, and should be
encouraged. In addition to the present DOE research, studies should be done
on the effect of using He? filters in the target, using magnetically polarized
muons and targets, and developing more efficient muon generators. If a
breakthough occurs in any of these areas then it is recommended that all other
studies on this contract be halted and further study be concentrated on this
concept.

1. "Measurement of the Efficiency of Muon-Catalyzed Fusion®", S.E. Jones, EG&G

Idaho/LANL, DOE/ER-0150, U.S. Department of Energy, Division of Advanced
Energy Projects, Office of Energy Research, Washington, DC 20545.

MUONS

* “Heavy” electron
Mass = 106 MeV
Lifetime = 2.2 nsec

* Can catalyze 100 or more fusions
BT + T+ D=>He* + n + 17.6 MeV + M

* LANL starting to measure efficiency at high pressure
Resonances observed
He® scavenges muons
High temperature increases yield by 3 or more

* Work needs monitoring and encouragement
He? filters
Polarized targets
Efficient muon generators



ULTRACOLD NEUTRONS

Neutrons that have a very low kinetic energy are moving very slowly and
consequently have a very large guantum mechanical wavelength. For example a
neutron with a velocity of 1 meter per second has a wavelength of 0.4 microns,
about that of light. This gquantum-nuclear wave can interact coherently with
all nuclei within a wavelength. If the nuclei in a nearby wall are repulsive,
the neutron will find itself repelled without approaching the wall. If the
nuclei are reactive, the reaction will have a very large cross section. Thus,
very slow (ultracold) neutrons can be used to initiate a nuclear fission
reaction at will, just by pumping them into some neutron sensitive material
such as uranium or lithium when the reaction is desired. No "critical mass”
is required.

Ultracold neutrons were first made in quantities by using a cold neutron
moderator made of cryogenically cooled hydrogen. Later, 3Fher techniques such
as rapidly moving turbines and vibrators were proposed~ and later used“ to
create significant amounts of ultracold neutrons. Both magnetic bottles
(which work on the nuclear magnetic moment of the neutron) and total internal
reflection bottles (which interact with the coherent guantum wavelength of the
neutron) have been used to contain the neutron longer than its 15 minute beta
decay lifetime (it decays into an electron and a proton).

Recommendation: The finite lifetime of the neutron limits this concept as a
propulsion energy source. There are theoretical indications that the
dineutron (a two neutron deuteron) or a tetraneutron (a four neutron alpha
particle) may be stable against beta decay. If any evidence for these
particles is discovered, then it is recommended that all other studies on this
contract be halted and further study be concentrated on this concept.

1. "Ultracold Neutrons and Their Potential Value in Gravitational Research®,
R.L. Forward, RR-267A, Hughes Research Labs, Malibu, CA 90265 (Oct 1964).

2. "Ultracold Neutrons®™, R. Golub, et al., Sci. Am., 240, 134 (June 1979).

3. "Ultracold Neutrons®, V.I. Luschikov, Physics Today, 42-51 (June 1977).

ULTRACOLD NEUTRONS

Slow (cold) neutrons have large wavelengths

e Can be slowed
— cold moderators
— mechanical turbines, vibrators, etc.
e Can be trapped
— magnetic bottles (Bonn)
— total internal reflection (USSR)
e Can initiate fission
n + U?*=3-fragments + 172 MeV
n + Li*t =>T% + He*t + 4.8 MeV (10,000 barns)
@

Neutron has finite lifetime (~ 15 min)




GAMMA RAYS

Ever since the MbBssbauer effect was discovered, there have been speculations
about constructing an x-ray or gamma-ray laser. There are many low-lying
nuclear states that are not in their ground state, but do not have enough
energy to emit a massive particle and are limited to emitting electromagnetic
enerdy such as x-rays and gamma-rays. Some of these states last for very long
times, but only a few of them can be formed into a molecular crystal that
exhibits the MbBssbauer effect where the natural nuclear reaction linewidth is
maintained by the acoustic phonon selectivity of the crystal.

Conceptually, it should be possible to make a fuel out of elements that had
long-lived metastable nuclear states, then release that energy on demanf by
forming the conditions for a gamma-ray laser. The recent review paper~ on
this subject was studied during Phase 1 and this concept does not look like it
will produce a feasible alternate propulsion energy source. First, the amount
of energy released per nucleon is very low for a nuclear reaction, only 0.01
to 0.15 MeV, while the longest lifetimes for a MBssbauer emitter are less than
an hour.

Recommendation: Although investigation of this concept involves basic physics
research, the potential for payoff in the propulsion field is so slight that
it is not recommended that further study be given to this concept in Phase 2.

1. ®"Approaches to the Development of Gamma-Ray Lasers®, G.C. Baldwin, J.C.
Solem, and V.I. Gol'danskii, Rev. Mod. Phys. 53, 687 (1981).

GAMMA RAYS

Store energy in long-lived metastable nuclear states

Gamma ray laser releases energy on demand

Recent review paper (RMP 53, 687-744, 1981)

Energy release per nucleus low 0.01 — 0.15 MeV

Lifetimes short
107Ag T 44.3 sec
103RK T = 3360 sec (~ 1 hour)



THRUST FROM ANTIMATTER ANNIAILATION

The concept of using antimatter as the energy source for a space propulsion
system has been in the literature for decades, wfth the first paper covering
the subject in some detail being that by Sanger~. The fuel is conceptually
simple to use; you merely mix equal amounts of matter and antimatter together
to obtf;n total conversion of both masses to energy with an energy release of
1.8x10 J/kg of antimatter. In Sanger's time, the only known source of
antimatter was the antielectron or positron, which interacts with electrons to
produce 0.511 MeV gamma rays. Sanger tried to invent electron-gas mirrors to
direct these short wavelength gamma rays to produce a photon rocket.

The antiproton is much more suitable for propulsion systems. The
annihilation of an antiproton by a proton (or neutron) does not produce gamma
rays. Instead the usual product of the annihilation is from three to sevep
protone. On the average there are 3.2 charged pions and 1.6 neutral pions.
The neutral pions have a lifetime of only 90 attoseconds and almost immediate
convert into two high energy gamma rays. The charged pions have a normal
half-1life of only 26 nanoseconds, but because they are moving at high speed
(94% the speed of 1light), their lives are lengthened to 70 nanoseconds. Thus,
they travel an average of 21 meters before they decay. This time and
interaction length is easily long enough to collect the charged pions in a
thrust chamber constructed of magnetic fields and direct the isotropic
microexplosion into directed thrust. Even after the charged pions decay, they
decay into energetic charged muons, which have even longer lifetimes and
interaction lengths for further conversion into thrust. Thus, if sufficient
quantities of antiprotons could be made, captured, and stored, then present
known physical grinciples show that they can be used as a highly efficient
propulsion fuel.

1. "The Theory of Photon Rockets (in German)®", E. Sanger, Ing. Arch 21, 213
(1953).

2. "Antiproton Interactions in Hydrogen and Carbon Below 200 MeV®", L.E. Agnew,
et al., Phys. Rev. 118, 1371 (1960).

3. "Antimatter Propulsion®™, R.L. Forward, J. British Interplanetary Soc. 43,
391 (1982)
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ANTIMATTER PROPULSION (SPECIFIC IMPULSE OPTIMIZATION)

When antiprotons interact with protons (hydrogen), the resultant annihilation products are
high speed pions, two-thirds of which are charged and can be directed into thrust with
magnetic fields. The average energy is 400 MeV which translates to an exhaust velocity of
94% of the speed of light. Thus, pure antimatter rockets are best suited for relativistic
missions. In an important paperl, Dipprey showed that the best way to use the antimatter
is not to use egqual amounts of matter and antimatter. Instead, the antimatter should be
used to heat a much larger amount of propellant. The analysis comes to the conclusion
that except for extreme relativistic spacecraft speeds (>0.5 c¢), the reaction mass needed
is always four times the spacecraft payload mass, or an overall ratio of launch mass to
payload mass of 5:1. The mass of the antimatter needed increases at the square of the
mission “"delta V", but is algfya a negligible fraction of the total mass. Dipprey's work
has been expanded by Cassenti“, who basically confirmed the 5:1 mass ratio and showed that

heating liguid hydrogen with antimatter reaction products should produce an efficiency of
about 448,

In an interview with David Morgan of Lawrence Livermore Labs carried out on Phase 1 of
this contract, it was learned that it may be difficult to transmit the energy of the
charged pions to hydrogen because of the long interaction length and the short pion
lifetime. This interaction needs to be calculated. Morgan also suggested the use of
heavy nuclei instead of protons. The antiprotons would be attracted to the heavy nucleus
and annihilate with one of the protons or neutrons. The pions would immediately transfer
their energy to the rest of the nucleons, lowering the specific impulse and increasing the
efficiency for subrelativistic missions. This approach has the advantage that the energy
in the neutral pions is not lost, but the disadvantage that the energetic neutrons
generated will be lost and will add to the shielding problem. This interaction needs to

be calculated and perhaps checked by experiments with antiprotons interacting with heavy
nuclei.

1. "Matter-Antimatter Annihilation as an Energy Source in Propulsion®, D.F. Dipprey,
Appendix in “"Frontiers in Propulsion Research”, JPL TM-33-722, D.D. Papailiou, Editor, Jet
Propulsion Lab, Pasadena, CA 91109 (15 March 1975).

2. "Design Considerations for Relativistic Antimatter Rockets®, B.N. Cassenti, J. British
Interplanetary Soc., 35, 396 (1982).

ANTIMATTER PROPULSION . HUGHES |

HUGHES AIRCRAFY COMPANY
RESEARCH LABORATORIES

P

DO NOT USE EQUAL PARTS MATTER AND ANTIMATTER
USE MILLIGRAMS OF ANTIMATTER TO HEAT TONS OF MATTER

OPTIMUM RATIO (FOR ANY SPEED LESS THAN ¢/3)
PAYLOAD MASS 1
REACTION MASS 4

ANTIMATTER < 0.1

D. F. DIPPREY, JPL TM 33-722 (1975)



MATTER-ANTIMATTER PROPULSION (NOZZLE DRSIGN)

The plasma created by the interaction of antiprotons with protons will be too hot to be
contained and directed by thrust chambers and nozzles made of 8olid material.
Fortunately, most of the particles generated are charged and can be contained and directed
by strong magnetic fields., One example of a design for a magnetic field rocket engine is
shown on the facing page. With dimensions in the order of meters, it is about as large
as a Shuttle main engine. Note the path of a particular positive or negative pion traced
out in the diagram. Even though the pion starts out from the annihilation point in a
direction that is opposite to the desired thrust direction, its direction is reversed by
the converging magnetic field lines and it is redirected into the proper direction to
provide thrust. The magnetic fields required are high, 50 T (500,000 gauss), and will
require superconducting magnetic coils that are adequately shielded from the gamma rays
and neutrons generated by the reactions.

A design for a magnetic field nozzle that has considered the shielding problens 15 the
design previously described in the section on Imploded Micropellet Pusion Propulsion. As
seen in the drawing entitled Pellet Expansion, this engine has dimensions of tens of
meters, and only consists of two superconducting rings, both well shielded from the 14 MeV
neutrons that emerge from the fusion microexplosion. After discussion with the authors of
this concept it was determined that this engine design would handle annihilation produced
plasmas as well as the fusion produced plasmas that it was designed for. With only two
coils to form the shape of the magnetic nozzle, this engine design is not as efficient at
converting the isotropic explosion into thrust, but the shielding problems are
significantly reduced. In fact, unpublished work by Hyde and Wood indicates that using
just one superconducting loop to form a crude doughnut-shaped "nozzle® may save enough in
shielding and radiator weight to compensate for the low (65%) thrust conversion efficiency
of the design. Further studies on the design of magnetic nozzles are needed. Such

nozzles might also be useful if other high energy propellants such as metallic hydrogen,
atomic hydrogen, or metastable helium are found.

1. ™"Concepts for the Design of an Antimatter Rocket®™, David L. Morgan, Jr., J. British
Interplanetary Soc. 35, 405 (1982).

2. "Prospects for Rocket Propulsion With Laser Induced Fusion Microexplosions®” R. Byde,
L. Wood, and J. Nuckolls, AIAA Paper No. 72-1063 (Dec 1972).
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MAKING ANTIPROTONS AT FERMILAB

Antimatter in the form of antiprotons is being made and stored today, albeit in small
quantities. The two major producers are IHEP in the USSR and CERN in Switzerland. The
United States Fermilab has started construction of their antiproton facility and expects
to be in operation in 1985. One way to make antiprotons is to send a high energy beam of
protons into a dense tungsten target., When the relativistic protons strike the dense
metal nuclei, their kinetic energy, which is many times their rest-mass energy, is
converted into a spray of particles, some of which are antiprotons. The accelerator at
CERN has generated 3.5 GeV antiprotons with a 26 GeV proton beam and has stored as many as
a trillion aqfiprotons for up to four days in their magnetic ring ®"racetrack®" antiproton
accumulator. At Fermilab in the United States one of the planned antiproton facility
designs is shown on the facing page. An 80 GeV beam of protons hits a tungsten target to
produce a cloud of particles, including antiprotons. A magnetic field focuser and
selector separates the 6 GeV relativistic antiprotons from the resulting debris and
directs them to a particle decelerator that reduces their velocity to subrelativistic
speeds. The slowly moving antimatter is then captured and cooled in an antiproton beam
magnetic storage ring and cooler.

When the antiprotons are generated, they have a wide spread of energies about their
nominal energy of 6 GeV. After they have been captured and decelerated down to 200 MeV,
their average energy is less but the spread is still the same. Two techniques for
reducing the velocity spread have been successfully demonstrated. In the stochastic
cooling scheme, the radio noise generated by fluctuations in the beam are detected. This
noise is amplified, phase shifted, then transmitted across the diameter of the ring to a
kicker that suppresses the fluctuation. In the electron cooling scheme a beam of
monoenergetic electrons is inserted in the ring with the antiprotons. Those antiprotons
moving too slowly will be sped up by the electrons and those moving too fast will be
slowed down. These cooled antiprotons could then go through another stage of deceleration
and cooling to bring them down to speeds suitable for capture, control, and cooling by
other techniques.

l. "The Search for Intermediate Vector Bosons®", D.B. Cline, C. Rubbia, and S§. van der
Meer, Scientific American 247, No. 3, 48 (March 1982).

2 "CERN Builds Proton-Antiproton Ring; Fermilab Plans One", Search and Discovery
Section, Physics Today 32, No. 3, 17-19 (March 1979).
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COMPARISON OF ANTIPROTON PRODUCTION FACILITIES

The characteristics of the thrie antiproton production facilities in the world
are shown on the facing page. The CERN and IHEP data describe operational
systems, while the FNAL (Fermilab) data describe the characteristics of their
latest plans for the facility they expect to have operational in 1985. (Note
that some of the numbers have changed since their 1979 plans described on the
previous pages.) In general, the higher the proton energy, the more efficient
the proton is at generating antiprotons, so the IHEP and FNAL beams generate
more antiprotons per proton, while the CERN facility partially makes up for
that with higher beam currents. The major factor in system efficiency is the
efficiency of the antiproton collector. The CERN collector has the best
angular acceptance (it can capture a 100 mrad beam from a 1 mm target), while
the IHEP can capture a wider spread in momentum (velocity). 8till, both of
these capture efficiencies are very low and only a small fraction of the
antiprotons that are generated are ever captured.

The number of antiprotons generated by each proton increases with increasing
energy in the incident proton. An analysis carried out in Phase 1 showed that
the energy cost to make an antiproton decreases with increasing proton energy
despite the fact that it costs more energy to make the higher speed proton.
The incident proton energy to antiproton rest mass energy per steradian of
angle at the central peak of the antiproton output beam was estimated to vary
from 0.3% for the 26 GeV CERN energies, to 3.5% for the 70 GeV IHEP beam, to
7% for the 120 GeV beam of the planned Fermilab facility. The efficiency
increases to 12% for a 200 GeV beam and 23% for a 400 GeV beam. (Don't forget
that these percentages must be wmultiplied by the actual half-width in
steradians of the output antiproton beam. This data is not readily obtainable
from the literature and is one of the pleces of information that needs to be
collected in the Phase 2 work.) ’

1. "Antiproton Source for the Accelerator-Storage Complex, UNE-IHEP", T.
Vsevolozskaja, et al., FN-353, Fermilab translation of INP, Novosibirsk
preprint 80-182 (1981)

COMPARISON OF ANTIPROTON
PRODUCTION FACILITIES

CERN FNAL [HEP
(EUROPE) (USA) (USSR)

PROTON ENERGY (GeV) 28 120 70
PROTONS/CYCLE (x 1012) 10 3 7
CYCLE DURATION (sec) 2.6 2 7
ANTIPROTON ENERGY (GeV) 3.5 8 5.5
ANGULAR CAPTURE (mm - mrad) 100mr 207 607
MOMENTUM CAPTURE (AP/P) +0.75% +3% %3.2%
ANTIPROTONS/CYCLE (x 109) 25 70 320
ANTIPROTONS/PROTON (x 10-6) 2.5 23 46

ACCUMULATION RATE (105 p/sec) 10 35 47



PRESENT ANTIPROTON CAPTURE EFFICIENCIES

The present capture efficiencies of the antiproton facilities are abysmally low. The
situation is best summarized by the figure on the facing page derived from a very recent
Fermilab publication. The upper part of the figure shows the total number of antiprotons
generated per GeV of antiproton momentum per steradian of solid angle at the central
portion of the antiproton beam. Integrating the curve over the antiproton momenta shows
that each proton produces 7.7 antiprotons per steradian. If the beam half-width is a
steradian, then each proton is producing 7.7 antiprotons. The half-width of the beam is
not given in the paper and was not readily obtainable from phone contacts with Fermilab
sources. In the paper, the number of antiprotons per GeV of antiproton momentum is
estimated assuming that the antiproton collector can only accept those antiprotons with an
angular spread off the axis of 30 mrad (0.0028 steradians). When this curve is integrated
over the antiproton momenta we find that there are only 0.014 antiprotons per proton in
this narrow angular acceptance. Then, of this small angular spread the Fermilab collector
is only able to capture those with a momentum (velocity) spread of +3% or 0.5 GeV around
8.9 GeV. Thus, ideally, they only expect to capture about 3.5x10"4 antiprotons per
proton, with an estimated actual efficiency of 2.3x107° antiprotons per proton (the reason

for the excess loss is not clear at the present time. Further investigation is needed in
Phase 2.)

Data is also given in the paper for a 60 mrad angular acceptance. If the antiproton beam
had a flat angular distribution, this curve should be four times higher than the 30 mrad
curve. It actually is about three times higher, showing that the efficiency is dropping
off with increasing angle away from the center of the antiproton beam. It is suspected
that this is due to the 45 mrad acceptance angle of the particular lithium metal magnetic
lenses that exist in the Fermilab design, but it is not obvious from the paper.

At the present time there does not seem to be any fundamental reason for the present low
capture efficiencies. Multiple thin targets surrounded by wide angular arrays of multiple
lenses with different velocity acceptances should allow for capture of a high percentage
of the generated antiprotons. At the present time it is gquessed that the efficiency of
capture could be raised to 5% or more. This is merely a guess and needs to be backed up
with more detailed analysis in Phase 2.

1. "Calculation of Antiproton Yields for the Fermilab Antiproton Source", C. Hojvat and A.
van Ginneken, Nuc. Inst. and Methods 206, 67 (1983).
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ANTIMATTER CONTROL - ELECTRIC FIELDS

After the antiprotons have been generated, captured, and cooled, it is possible to think
of storing them in that form. It has already been demonstrated at CERN that they can be
stored for days in a magnetic storage ring. Standard rings are heavy, and although
lightweight superconducting storage rings should be locked at as potential "fuel tanks"
for storage of antimatter fuel, it is probable that other techniques will be better. One
approach would be to combine the antiprogfns with antielectrons (positrons) to form
antihydrogen atoms. A recent CERN preprint~ (not yet available) indicates that this has
been or will be done. This beam of electrically neutral antihydrogen atoms can then be
further slowed and stopped by a number of techniques. One technique is called resonant
radiation cooling and capture. A laser with photon energy just less than the transition
energy is used to excite an atom which then re-emits the photon. The energy difference
each cycle comes from the energy of the atom, stopping it and cooling it down. The
resonant light pressure can also be used to create a trap for the antihydrogen by using
three orthogonal laser beams or a resonant cavity.

Since hydrogen is slightly diamagnetic, it can be directed by hexa?ole magnetic channels
and trapped by a magnetic bottle made of superconducting rings. Actually, the best
storage means may be to convert the atomic hydrogen atoms into hydrogen molecules, direct
and cool them with laser beams from molecular hydrogen lasers, and store them as small
particles of antihydrogen ice using a simple electrostatic levitation and servo system as
shown on the facing page. 1If the temperature is kept below 1 K, the sublimation pressure
is so low that the antihydrogen ice will last for years. The antiprotons are extracted by
irradiating the ice with ultraviolet, driving off the positrons, extracting the excess
antiprotons by flel? emission with a high intensity electric field, then directing them to
the thrust chamber.

1. "Enhanced Electron-Ion Capture and Antihydrogen Formation", H. Poth, A. Wolf, and A.
Winnacker, CERN EP preprint (to be submitted to Z. Phys.)

2. "Cooling and Capture of Atoms and Molecules by a Resonant Light Field®", V.S. Letokhov,
et al. Sov. Phys. JETP 45, 698 (1977).

3. "Possibility of Accumulation and Storage of Cold Atoms in Magnetic Traps®, V.S.
Letokhov and V.G. Minogin, Optics Comm. 35, 199 (1980).

4. "Concepts for the Design of an Antimatter Annihilation Rocket", D.L. Morgan, Jr., J.
British Interplanetary Soc. 35, 405 (1982).
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ANTIPROTON ANNIHILATION PROPULSION - POTENTTAL PAYOFF

To scope the problems and potentials of antiproton annihilation propulsion, it is
informative to calculate the mass equivalent of the energy in specific mission scenarios
and typical prime power sources. For example, the kinetic energy in a large orbiting
space vehicle (the Space Shuttle in LEO) is equivalent to 25 milligrams of matter. When
the Space Shuttle takes off, the three main engines generate 7 GW each for about
500 seconds for a total energy output of about 0.1 grams (not counting the solid booster
contribution). Thus, assuming 25% launch efficiency it should only take 0.1 grams of

antimatter fuel to launch the Shuttle (along with 300 tons of lead or bismuth as reaction
mass) .

A large prime power plant (Hoover Dam or a modern nuclear plant) generates 5 GW of power,
while the designs for the Solar Power Satellites go up to 10 GW. A 10 GW power plant
produces the equivalent of 3.5 kilograms of energy per year. If a reasonable fraction of
that energy could be converted into antimatter and stored, then one such plant could
provide enough antimatter for the present space program. Actually, if antiproton
annihilation turns out to be a viable propulsion technique, then it would not be desirable
for safety or environmental reasons to have the antiproton production facility or its
power plants on the earth. The facility should be out in space, powered by sunlight
(probably solar thermal rather than solar photovoltaic) where the high vacuum and low
gravity aids in the design of the proton accelerators and the antiproton collectors. For
the far future, ten 100 GW antiproton factories could produce a gram of antiprotons per
day, which could power high speed space vehicles throughout the solar system and on to the
stars.

The real problem is the low efficiency of the antiprﬁ% sources. CERN has an estimated
"wallplug" to antiprot rest mass efficiency of 2x107-". The wallplug to proton kinetic
energy is only 2x107°. Fermilab has built a superconducting magnet "Energy Saver”
accelerator with improved efficiency. 1t would be valuable to determine the ultimate that
could be obtained.

Recommendation: IF a 200 GeV (or higher energy) accelerator could be designed with a 10%
wallplug efficiency, and IF the antiproton capture efficiency can be increased to 5%, then
the use of antiproton annihilation begins to look feasible for propulsion. Only crude
guesses can be made at the present time at the varlous efficiencies. More investigation
needs to be done in Phase 2.

l. Letter from S. van der Meer, CERN (28 Aoril 1983).

ANTIPROTON ANNIHILATION
PROPULSION POTENTIAL PAYOFF

e ORBITING 75T SHUTTLE CONTAINS 25 mg ENERGY

e 10 GW SPS PRODUCES 3.5 kg ENERGY/YEAR

e CERN "“WALLPLUG’ TO p EFFICIENCY 2 x 10-10

» FERMILAB “ENERGY SAVER'’ USES SUPERCONDUCTORS
 HIGHER ENERGIES GIVE HIGHER EFFICIENCY

e POSSIBLE “WALLPLUG"' TO p EFFICIENCY 1.2 x 10-4

— WALLPLUG TO 200 GeV PROTONS €= 10%
— 200 GeV PROTONS PRODUCE 25p €= 12%
— HIGH-EFFICIENCY p COLLECTORS e= 5%
— ANNIHILATION ROCKET EFFICIENCY €= 20%

e 10 GW SPS CAN PROVIDE p FOR 17 LAUNCHES/YEAR

e 1 TW ANTIPROTON ““FACTORY" COULD PRODUCE
GRAM/DAY

MAY 1383
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ANTIPROTON ANNIHILATION PROPULSION - PROBLEMS TO OVERCOME

The efficient generation, collection, storage, and utilization of antiprotons
for advanced propulsion is a long way in the future. But the goal of
obtaining what many have called the "ultimate fuel®” make it worth looking at
the subject closely before giving up and leaving the topic to future
generations. On the facing page are the problems that must be overcome to
obtain propulsion using antiproton annihilation. (This scenario assumes the
antiprotons will be generated by high speed protons and will be stored as
antibydrogen ice. Other methods of generation or storage will involve changes
in the problems to be solved.) It is interesting to note that many of these
problems have already been studied. Some of them have been solved, and some
of them look solvable based on the results of present research in these areas.

Recommendation: It i8 recommended that antiproton annihilation be one of the
concepts selected for investigation in Phase 2. The plan will involve
examining all the problems listed on the facing page. First we will attempt
to determine if any of the problems are "show-stoppers® in that there seems to
be no solution to the problem and no way around it. If no intractable
problems are found, then one or two of the more critical problem ®"bottlenecks"
will be selected for more intensive study, and an investigative team will be
formed to propose a suitable research program for Phase 3.

ANTIPROTON ANNIHILATION PROPULSION
PROBLEMS TO BE OVERCOME

GENERATE ULTRARELATIVISTIC PROTONS (DONE)

CREATE RELATIVISTIC ANTIPROTONS (DONE)

CAPTURE RELATIVISTIC ANTIPROTONS (DONE - INCREASE EFFICIENCY)
COOL RELATIVISTIC ANTIPROTONS (DONE - STOCHASTIC COOLING)
SLOW ANTIPROTONS TO SUBRELATIVISTIC SPEEDS (DONE)

COOL SUBRELATIVISTIC ANTIPROTONS (DONE - ELECTRON BEAM COOLING)
CONVERT ANTIPROTONS TO ANTIHYDROGEN (DONE?)

COOL ANTIHYDROGEN BEAM (LYMAN a LASER?)

CONVERT ANTIHYDROGEN ATOMS TO MOLECULES (?)

COOL ANTIHYDROGEN MOLECULES (Ho LASER?)

TRAP ANTIHYDROGEN MOLECULES (MAGNETIC FIELDS?)

CONDENSE TO ANTIHYDROGEN ICE (?)

STORE ANTIHYDROGEN ICE (ELECTROSTATIC SUSPENSION)

EXTRACT ANTIPROTONS (e BOMBARDMENT, E-FIELD EXTRACTION)
REACT WITH NORMAL MATTER (HYDROGEN, HEAVY ATOMS)

DIRECT INTO THRUST (MAGNETIC NOZZLE)



