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~tadvanced propulsion to uncove:r and carry out a technical
_assessment of any concept that showed promise of leading to a

major advance in available energy sources for space power and
propulsion in the next century. 1In general, any concept that
might derive energy from the space environment was to be
considered, as well as any unconventional methods of storing
energy in a compact form that may have applicability to space
power and propulgion. In Phase 1, 64 concepts were uncovered
and preliminary technical assessments were carried out on 28 of
the more promising concepts. For Phase 2, it was recommended
that further studies be carried out on solid metastable helium,
solar heated plasmas, perforated solar sails, and antiproton
annihilation propulsion. Of these, the Air Force selected two
concepts to receive the major portion of the Phase 2 effort,
solar heated plasmas and antiproton annihilation As time
permitted, studies were to also continue on friee radical
hydrogen, quantum dynamic energy, and ionospheric lasing. At
the conclusion of the technical effort it was determined that
six concepts had the potential to provide a new alternate
propulsion energy source and it was recommended that the Air
Force sponsor further research in those areas. The recommended
concepts were: Antiproton annihilation propulsion;: where
antiprotons would be manufactured by a large special-purpose
particle accelerator, conveited into antihydrogen ice, stored
using electric and magnetic fields, then used to heat large
amounts of hydrogen to provide thrust. Perforated solar sails;
where holes smaller than a wavelength of sunlight are made in
solar sails to decrease the mass to area ratio and the
atmospheric drag without reducing reflectivity. Solar heated
piasmas; where sunlight is used to heat and sustain an alkali
metal plasma discharge which captures the solar energy and
transfers it at high efficiency to a hydrogen working fluid.
Lasing the ionosphere; where mirrors are used to extract laser
energy from large volumes of the upper atmosphere. 5olid
metastable helium; where excited helium molecules are induced
to form a stable solid by a combination of laser light and
magnetic fields. Electromagnetic vacuum fluctuation energy:;
where electric fields are used to extract electrical energy
from the attractive Casimir vacuum fluctuation force that is
known to exist between any two conductors.
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SECTION 0

INTRCDUCTION AND SUMMARY

The objective of the contract efiort was to identify new sources
of propulsion energy or new propulsion concepts for known energy
sources, study the problems still remaining that prevent the
concept from being feasible, and recommend a program of research
and development to solve those problems. Since the purpose of
the contract was to produce "quantum breakthroughs in energy
storage and propulsion", I deliberately spent little time
investigating well-studied subjects such as airbreathing
propulsion, chemical propellants, electric propulsion, advanced
chemical batteries, or conventional nuclear reactor propulsioa
concepts. )
The work aqn the contract was greatly aided by a number of prior
surveys of advanced propulsion. If a topic is adequately covered
in one of these surveys and no new information was found, then
the topic is only covered briefly, if at all, in this final
report. In the text of this final report, these prior reports
will be referred to as:

[AFRPL 1972]: AFRPL-TR-72-31, "Advanced Propulsion Concepts -
Project Outgrcwth", F.B. Mead, Jr, Air Force Rocket Propulsion
Laboratory, Edwards AFB, CA 93523 (1972)

"JPL 1975): ' JPL-TM-33-722, "Frontiers in Propulsion Research”,
D.D. Papailiou, Jet Propulsion Laboratory, Pasadena, CA 91109
(1975)

[Boeing 198l1]: Boeing, "Advanced Propulsion Systems - Concepts |
for Orbital Transfer Study", Final Report on Contract NAS8-33935
with NASA/Marshall Space Flight Center by Dr. Dana G. Andrews,
Boeing Aerospace Company, Seattle, Washington 98124 (July 1980 to
July 1981).

(JPL 1982]}: JPL Report 715-151, "Ultra High Performance
Propulsion for Planetary Spacecraft", FY81 Final Report, P.W.
Garrison, R.H. Frisbee, M.F. Pompa, Jet Propulsion Laboratory,
Pasadena, California (January 1982).

0-1
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PHASE 1 ACTIVITIES

The Phase 1l activities on the contract were to consist of a
preliminary survey of all possible propulsion energy concepts,
including those that might violate the presently known laws of
physics. A condensed version of the Phase 1 Statement of work
follows:

Phase 1l: Technical Assessment

The contractor shall conduct a thorough literature
search and carry out an intense technical assessment of
the latest concepts in science and engineering that
show promise of leading to a major advance, in availabie
energy sources for space power and propulsion in the
next century. In general, the contractor shall study
any physical concept that might derive energy from the
space environment, as well as any unconventional
methods of storing energy in a compact form that may
have applicability to spar:e power and propulsion.. The
best of these shall be investigated in Phase 2.

A literature search combined with a large number of personal
contacts with people involved in the field of advanced propulsion
{insured that as many new concepts as possible were uncovered.
"Although some time was spent on detailed analysis when the
concept warranted it, most of the activities in Phase 1 were of
the data collection type rather than data analysis. This effort
resulted in the uncovering of 64 propulsion energy concepts, of
which 28 were well defined enough to be selected for preliminary
technical assegsment.

CONCEPTS RECEIVING PRELIMINARY TECHNICAL ASSESSMENT
metallic hydrogen microwave sails
free-radical hydrogen tether power systems
metastable helium tether propulsinn
mass drivers dynamic structures

: lightweight lenses
- solar heated plasmas

O ionospharic laser

beamed microwave thrusters

high temperature radiators
nuclear fission pulsejet
imploded micropellet fusion
monopole catalyzed fusion

laser heated thrusters quark catalyzed fusion

laser electric thrusters ultracold neutron fission
solar sails muon catalyzed fusion
perforated light sails metastable excited nuclei
laser sails antiproton annihilation
qguantum dynamic energy anisotropic radiator thruster
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The remaining 36 concepts were, for one reason or another, not
felt to show sufficient promise of leading to a major advance in
available energy sources for space power and propulsion in the
next century. Those concepts are listed below. In this list,
when I use the word "drive" in the description of the concept,
that means that the concept proposes a mechanism that violates
one or more of the laws of conservation of mass-energy, linear
momentum, or angular momentum. The "drive" concepts are not on
this list because they violate conservation laws, but because of
the lack of hard evidence (working models) to base any assessment
on. (Indeed, the real breakthrough in propulsion will come when
we can find a "drive" that somehow gets around the momentum
conservation laws, just as the last breakthrough came when
Einstein and Fermi found a way around the law of conservation of
mass by demonstrating how to convert mass into energy.)

CONCEPTS NOT RECEIVING PRELIMINARY TECHNICAL ASSESSMENT
negative matter

Alfvén propulsion
gravity propulsion

black hole thermal energy source
sodium heat engine
fission fragment rocket

e-~beam activated radioactivity space warps

induced dipole microwave thruster time machines
stimulated K capture spin annihilation drive
solar heat collector prime power antigravity

inertia c¢ancellation drive flywheels

inertia redistribution drive fusion ramjet

psychokinetics (PK)
water flow drive
rotary launcher
scissors launcher

microwave phase drive
oscillating proton drive
momentum annihilation drive
electrcmagnetohydrodynamic drive
hyperfield resonance drive/warp high speed pellet beam
unbalanced rotor (Dean) drive gravity shielding
magnetic levitator and thruster tachyons

cold-gas turbine thruster radioisotope sail
cryogenic oscillator beta-decay battery

i

PHASE 1 RESULTS

Of the 28 concepts that received technical assessment in Phase 1,
I recommended that four be considered for more detailed study in
Phase 2. The concepts recommended were solid metastable helium,
solar hecated plasmas, perforated solar sails, and antiproton
annihilation propulsion. Of these, the Air Force selected two
concepts to receive the major portion of the Phase 2 effort,
solar heated plasmas and antiproton annihilation. As time
permitted, studies were to also continue on free radical
hydrogen, quantum dynamic energy, and ionospheric lasing.

0-3
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PHASE 2 ACTIVITIES

The Phase 2 activities consisted of a more intensive analysis of
the selected topics leading to a recommended program of research
and development to advance those concepts. A condensed version
of the Phase 2 Statement of Work follows:

Phase 2: Concept Definition

The contractor shall identify the problems that still
exist in making the selected concepts feasible, and
identify the people or groups of people that can best
analyze and propose solutions for those remaining
problems. The contractor shall then assemble that team
of investigators to attack the remaining problems in
the selected technologies and put together a program
plan that will be proposed to the Air Force Rocket
Propulsion Laboratory. This program plan will outline
the steps required for full development of the selected
concepts.

Antiproton annihilation received most of the effort in Phase 2.
In this concept antiprotons are manufactured by a large special-
purpose particle accelerator, converted into antihydrogen ice,
stored using electric and mag.uetic fields, then used to heat
large amounts of hydrogen to produce thrust. There are at least
17 significant problems that must be solved to make this concept
feasible. The three major problems are the efficiency of
production of aptiprotons, identification of the annihilation
products of an antiproton in a heavy nucleus, and the conversion
efficiency of the annihilation products into thrust. I can see
solutions to all the major problems and most of the minor
problems. As a result, I believe that antiproton annihilation
propulsion is feasible, although expensive, and will provide the
Air Force with a significant advance in propulsion technology in
the coming century. I have identified the people that can best
tackle the remaining problems and have recommended a research
program to the Air Force.

Early in Phase 2 it was found that a program on solar heated
plasma propulsion was underway at the University of Washington.
In this concept, sunlight is used to heat and sustain an alkali
metal plasma discharge which captures the solar energy and
transfers it at high efficiency to a hydrogen working fluid. The
University of Washington work on solar pumped plasma propulsion
is in addition to studies on solar pumped plasmas for lasers and
prime power carried out at a number of other institutions. The
major problems are maximizing the absorption of sunlight,
sustaining the plasma, and transferring the energy to the
hydrogen working fluid at high temperature while minimizing the

. . '
...................
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window damage, reradiation and wall losses, and amount of alkali
metal used. It was relatively easy to identify those groups of
people that could best analyze and propose solutions to the
remaining problems in solar heated plasma propulsion. Only three
weeks were found necessary for this task.

I expected to spend less than a week on both quantum dynamic
energy and ionospheric lasing since my initial opinion was that
both concepts were not feasible. An extensive literature search
uncovered ongoing proprietary work in ionospheric lasing that
showed that it may indeed be possible to make the ionosphere lase
and that the power levels could be significant. Two weeks were
spent on this topic. My look at extracting energy from quantum
fluctuations started out with a great deal of skepticism. A i
reading of the extensive body of literature in the field,
however, uncovered a well-known, experimentally verified force,
called the Casimir force, that is due to the electromagnetic
fluctuations in the vacuum, I invented methods for using this
force to increase the energy in a stored electric field, thus
converting the electromagnetic vacuum fluctuation energy into
uscble electric energy. Three weeks were spent studying this
completely new energy source. As a result, no time was left for
the study of free radical hydrogen.

<«

CONCEPTS UNCOVEPED THAT HAVE POTENTIAL PROPULSION ENERGY PAYOFFP

During both Phase 1 and Phase 2 of the contract I identified six
new concepts for alternate propulsion energy sources that had not
been known, or had been deemed unfeasible or too far off in the
future by the prior surveys of advanced propulsion. These are
each discussed in detail in the following sections of this
report.

1. Antiproton Annihilation - Mentioned in many previous advanced
propulsion studies but thought to be unfeasible or limited to
interstellar missions in the far distant future when technology

has advancec¢ further. I have determined that antiproton
annihilation propulsion is probably feasible with reasonable
extrapolations of present day technology, although the

engineering development effort will be difficult and expensive.
Antiproton annihilation is certainly worth further intensive .
study as a high risk/high payoff concept. -

2. Solar Heated Plasmas - An approach to a solar thermal rocket
that can obtain an exhaust temperature close to the sun's
temperature. Concentrated sunlight is used to heat and sustain a
plasma discharge in a mixture of alkali metal and hydrogen gas.
This is a near-term advanced propulsion concept suitable for the
follow-on phase of the existing AFRPL solar thermal rocket

program.
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3. Perforated Solar Sails - A concept for an improved performancé
solar or laser sail invented during Phase 1 of this contract.

The sail is perforated with holes smaller than a wavelength of
light to reduce mass and atmespheric drag without reducing the
reflectivity. This concept was not studied in detail in Phase 2
because other topics had higher priority.

1. Lasing the Ionosphere - Methods for extracting energy from
solar pumped molecules in the ionosphere by laser action.

5. Solid Metastable Helium - A new approach to making stable
excited helium by using lasers and magnetic fields to form it
into a ferromagnetic room-temperature solid. This concept was
not studied in Phase 2 because AFRPL was already supporting the
work. :

6. Vacuum Fluctuation Energy Source - A concept invented during
this contract for extracting electrical energy from the
electromagnetic fluctuations of the vacuum.

[

in addition to these six concepts chosen for detailed study on
this contract because of their promise and novelty, I identified
a number of other propulsion energy concepts that are either good
advanced propulsion concepts already being lntensively studied .
(laser propulsion, tethers), or are a promising concept that has
some fundamental problem with no solution available yet (metallic
hydrogen, magnetic monopole catalyzed fusion). These are biiefly
discussed in Section 7. i
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SECTION 1

ANTIPROTON ANNIHILATION PROPULSION

In this section I discuss a new high specific impulse, high
thrust propulsion system based on the generation, storage, and
utilizatich of antiprotons. I will first summarize how I think
the first antiproton annihilation propulsion system will operate,
all the way from the production of the antiprotons to the
conversion into propulsive thrust. I will then discuss each of
the steps in more detail in separate paragraphs that follow.

The antiprotons will be generated by antiproton "factories"
especially designed for the purpose that use extrapolations of
the antiproton production facilities at IHEP in the USSR, CERN in
Switzerland, and Fermilab in the USA. The antiprotons are
generated by the collision of high energy protons with multiple
arrays of thin metal targets. The high energy antiprotons
emanating from the targets are collected by arrays of magnetic
lenses leading to stacks of holding rings, each desigped to
handle antiprotons in different energy bands. There, using
stochastic cooling, the energy spread of the captured antiprotons
is narrowed, allowing the the multiple beams to be decelerated to
a common subrelativistic speed, transferred to another holding
ring and cooled again using electron cooling. With the aid of
laser interactions, the antiprotons are combined with positrons
to form first atomic hydrogen, then molecular hydrogen beams.

The molecular hydrogen beams are then further cooled and
decelerated using resonant light from a molecular hydrogen laser,
then brought to a stop and trapped as milligram sized balls of
antihydrogen ice using a combination of laser light, magnetic
bottles, and electrostatic fields. If kept below 2 K, the
lifetime will be limited by the quality of the vacuum of the
storage container rather than sublimation. The storage
containers containing the few milligrams of antihydrogen "fuel"
are then transferred to the using vehicle. When propulsive
energy is desired, the antiprotons are extracted from the
antihydrogen ice ball by strong localized electric fields and
directed by electric and magnetic fields to the "magnetic bottle"
reaction chamber of the rocket. 1In the rocket chamber, the
antiprotons interact at low energies with a reaction mass made of
heavy nuclei. The annihilation of the antiproton with a proton
or neutron in the heavy nucleus will produce a number of high
energy pions. The pions will immediately transfer their kinetic
energy to the rest of the nucleus, which will break up into alpha
particles {along with a small number of neutrons, protons, and
larger fragments). The isotropic kinetic energy of the charged
particles is then channeled into unidirectional thrust by a
rocket nozzle made of magnetic fields.
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THRUST PROM ANTIMATTER ANNIHILATION

It has long been realized that antimatter would be a valuable
propulsion energy source because it allows for the complete
conversion of mass to energy. Early studies of the concept
[S&nger, 1953) assumed that the antimatter would be antielectrons
or pousitrons, which interact with electrons to produce 0.511 MeV
gamma rays. Sanger unsuccessfully 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 does not produce gamma rays immediatel’. Instead the
products of the annihilation are from three to seven pions. On
the average there are 3.2 charged pions and 1.6 neutral pions
[Agnew 1960). 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-life of

26 nanoseconds, but because thev are moving at 94% the speed of
light, their lives are lengthened to 70 nanoseconds. Thus, as is
shown in Figure 1-1, 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 principles show that they can be used as a highly
efficient propulsion fuel [Forward 1982].

21 m—»le 1.85 km
70 nsec '] 6.2 usec

SUPERCONDUCTING

MAGNETIC NOZZLE

Figure 1-1
Thrust from antiproton annihilation
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Because of the extreme difficulty in obtaining significant
quantities of antimatter, the idea of an antimatter rocket has
usually remained in the "science fiction" category. Any papers
before 1980 [see 27 references in section 02.01 of bibliography
by Mallove, et al. 1980] were usually concerned with interstellar
missions and glossed over the problems of generating, storing,
and using the antimatter. Recent progress in particle physics on
methods for obtaining intense antiproton beams, however, have
caused those in the space propulsion community to take another
look at the concept of antimatter propulsion and see if the
concept can be removed from the "science fiction” categorv to the
"engineeringly difficult and very costly" category, at which
point the military services or NASA could begin considering its
use. The last five years has seen the presentation of a number
of papers on antimatter propulsion [Forward 1980, Cassenti 1983,
Zito 1983, Vulpetti 1983a and b}, including a special issue of
. the Journal of the British Interplanetary Society on the subject
of antimatter propulsion [Massier 1982, Forward 1982, Cassenti
1982, Morgan 1982, 2Zito 1982, Chapline 1982].

A typical scenario for the proposed antiproton annihilation
propulsion system {[Forward 1982, Morgan 1982] is that antiprotons
will be generated by high energy particle beams, the antiprotons
will be collected, cooled, and decelerated to sub-relativistic
speeds using a combination of electron and stochastic cooling.
With the aid of lasers, the antiprotons will be combined with
positrons to produce antihydrogen atoms and then antihydrogen
molecules. These molecular beams will be further cooled and
decelerated using lesers, then trapped and condensed into balls
of antihydrogen ice by a combination of laser beams and magnetic
fields. The antihydrogen ice will be transferred to high-vacuum
crycgenic storage containers that use a combination of passive
magnetic levitation and active electrostatic levitation to handle
low and high acceleration environments with minimum energy input
to the antihydrogen ice. The "fuel tanks" with their
antihydrogen ice "fuel" will be transferred to the using vehicle.
The antiprotons will be extracted from the antihydrogen ice
pellet at a few eV by strong localized fields and directed by
electric and magnetic fields to the reaction chamber of the
rocket. The antiprotons will be mixed at low energy with a beam
of heavy atoms. They will be electrostatically attracted to the
positive heavy nuclei producing a high capture cross-section and
after a brief time as an antiprotonic atom, the antiproton will
annihilate with a proton or neutron in the heavy nucleus. Nearly
all the energy in the resultant annihilation process, including
the energy in the short-lived neutral pions will be transmitted
to the remainder of the heavy nucleus breaking it up into alpha
particles plus larger and smaller chunks. Most of the fragments
will be charged and their kinetic energy can be transferred into
directed thrust by either a magnetic nozzle {[Morgan 1975, 1976,
1982] or by interaction with a flowing wall of hydrogen gas
protecting a material nozzle [Chang and Fisher 1983].
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The problems to be solved in making the antio>roton annihilation
scenario feasible can be listed as:

Antiproton Generation

Antiproton Capture

Cooling at Relativistic Velocities

Deceleration from Relativistic to Subrelativistic Velocities
Cooling at Subrelativistic Velocities

Conversion of Antiproton Beam to Antihydrogen Beam

Cooling of Antihydrogen Beam

Conversion of Antihydrogen Atoms to Antihydrogen Molecules
Cooling of Molecular Antihydrogen Beam

Stopping of Antihydrogen Molecules

Trapping of Antihydrogen Molecules

Conversion of Antihydrogen Gas to Antihydrogen Ice

Long Term Storage of Antihydrogen Ice

Extraction of Antihydrogen from Ice

Annihilation of Antihydrogen

Transfer of Annihilation Energy to Working Fluid
Conversion of Working Fluid Energy to Thrust

I have looked at these problems one at a time. Some, like
generation, capture, relativistic cooling, deceleration, and
subrelativistic cooling have alresady been demonstrated. I can
see solutions to most of the rest of the problems, although not
all of them. 1In the remainder of this section we will see what
is the present state of the art, what are the problems yet to be
solved, and how one might approach a solution to those problems.

COMPARISON OF PRESENT ANTIPROTON PRODUCTION FACILITIES

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 Europe. Fermilab in the US has
started construction of their antiproton facility and expects to
be in operation in 1985. 1In these facilities, the antiprotons
are generated by sending 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. A magnetic field focuser and
selector separates the antiprotons from the resulting debris and
directs it to a storage ring.

When the antiprotons are generated, they have a wide spread of
energies. This makes it difficult to decelerate them to
subrelativistic velocities, so it is necessary to "cool" the beam
- so that all the antiprotons have the same energy. Two techniques
i for reducing the velocity spread have been successfully

é! 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 an electromagnetic kicker that suppresses the
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. fluctuation [Herr and Rubbia 1980, van der Meer 1981, Kells

“ 1981]. 1In the electron cooling scheme a beam of monoenergetic
electrons is inserted in the ring with the antiprotons. Those
antiprotons moving too slow will be sped up by the electrons and
those movi.g too fast will be slowed down {Budker and Skrinskii
1978, Cline, et al 1979, Krienen 1980, Young 1980, Forster, et
al., 1981, Kells, et al. 1981, Bell, et al. 1981, Hfitten, Poth
and Wolf 1982]. 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. The accelerator at CERN has generated 3.5 GeV
antiprotons with a 26 GeV proton beam and has stored as many as a
trillion antiprotons for up to four days in their magnetic ring
"racetrack" antiproton accumulator [Physics Today 1979,
Scientific American 1982].

The characteristics of the three antiproton production facilities
in the world are shown in Figure 1-2 [Vsevolozskaja, et al.
1980] . The CERN data [Gareyte 1980, Robinson 1981} and IHEP data
[Ageyev 1980] describe operational systems, while the FNAL
(Fermilab) data [Paysics Today 1979, Young 1981] describe the
characteristics of their latest plans for the facility they
expect to have operational in 1985. 1In general, the higher the
proton energy, the more efficient the proton is at generating
antiprotons, so the IHEP and FNAL Leams 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). Still, both of these
capture efficiencies are very low and only a small fraction of
the antiprotons that are generated are ever captured.

CERN FNAL IHEP
(EUROPE) (USA) (USSR

PROTON ENERGY (GeV) 28 120 70
' PROTON RATE (1012 p/cycle) 10 3 7
T CYCLE DURATION (sec) 2.6 2
‘ ANTIPROTON ENERGY (GeV) 3.5 8 5.5
‘ ANGULAR CAPTURE (mm - mrad)  100m 207 60T
MOMENTUM CAPTURE (AP/P) +0.75% 3% +3.2%
: ANTIPROTON PROD. (106 p/cycle) 25 70 320
¢ ACCUMULATION RATE (106 F/sec) 10 35 47
) NUMBER EFFICIENCY (10-6 P/pj 2.5 23 46
ENERGY EFF (10-6 2m c2/Ep) 0.2 04 1.3
Figure 1-2

Comparison of antiproton production facilities
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The plans at all these facilities are to run each machine ii an
ani%proton generator for the order of a day until about 10

antiprotons are captured, cooled, and stored in an
antiproton accumulator ring. Then these antiprotons are
reinserted back into the main ring going in the opposite
direction to the proton beam. The two beams intersect in one or
more experiment areas that have detectors to study the exotic
particles created by the proton-antiproton collisions [Physics
Today 1979, Robinson 1981, Cline et al. 1982].

To give some scale to wggt has already been accomplished at these
research facilities, antiprotons have a mass of

17 picograms. When thlS amount of antimatter is annihilated with
an equivalent amount of normal matter, it will release

3 kilojoules, an engineeringly significant quantity of energy.

To obtain this "firecracker" amount of annihilation energy
required the use of billion dollar machines that used an enormous
amount of electric energy. Yet it is important to recognize that
scientists working in basic physics, using research tools not
designed for the job, have produced and continue to produce
significant quantities of annihilation energy. .

PRESENT ANTIPROTON PRODUCTION RATES

The literature on the production «f antiprotons by the impact of
a proton beam on a metal target is in a state of flux. The
absolute production rate is unknown to a factor of two or more
[Krienen and MacLachlan 1981], and there is no agreement between
the various papers on the spr2ad in energy and momentum
[Chirikov, et al. 1977, Kirk 1980, Krienen and MacLachlan 1981,
Vsevolozskaya 1981, Mbhrlng and Ranft 1982, Hojvat and van
Ginneken 1983]. For example, in the simple matter of the
variation of tHfe production in angle (or transverse momentum),
there is no agreement in the literature even in the exponent of
the transverse momentum much less the scaling factor. The reason
for this lack of agreement is probablv due *to two causes. First,
the experimental data is sparse and usually at lower energies
than are being contemplated for the antiproton production
facilities, so rough fits can be obtained with any reasonable
function. Second, due to the angular limitations of the
antiproton collecting lenses, most of the collection takes place
near zero transverse momentum where discrepancies in exponents
and scaling factors are not important. As w2 consider higher
efficiency production, however, we will have to design lens
systems to collect those antiprotons with larger transverse
momentum, and it would be desirable to know how the distribution
falls off with angle.

The present capture efficiencies of the antiproton facilities are
abysmally low. The situation is best summarized by Figure 1-3
from a recent Fermilab publication [Hojvat and van Ginneken
1983]). The upper part of the figure shows the total number of
antiprotons generated per GeV of antiproton momentum per
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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. 1In 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 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 would expect to capture only about 3.5x10°4
antiprofons per proton, with an estimated actual efficiency of
2.3x107° antiprotons per proton {(See Figure 1-2).

. 1

! ] | | I
d3N NUMBER OF ANTIPROTONS PER 120 GeV PROTON (p/p)

N = 7.7 p/(p - STERADIAN)

10°1 | -]

60 mrad

g 103 |- N = 0.034 p/p (0.01 ster.) —
S dN | g
3 dP L N =0.0145p
t\ | AP 30 mrad
R »>le T = +3% (0.003 ster.)
( 104 - ] -
5 g AP = 0.5 GeV
] N =35x10%pp
) — ¢ (Nget = 2.3 x 1075 p/p) -
- 0 5 10 15 20 25 30
¥ ANTIPROTON MOMENTUM P, GeV/c
Figure 1-3
Present antiproton capture efficiencies
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ESTIMATED FUTURE ANTIPROTON PRODUCTION RATES

The last collection of experimental data on total antiproton
production rates was done over a decade ago [Antinucci, et al.
1973). Many of the measurements were made using colliding beams
of protons, so the data is only partially relevant to the problem
of colliding protons with heavy nuclei, which is known to give a
higher antiproton production rate. As is shown in the first
three columns in Figure 1-4, the number of antiprotons produced
per proton rises with increased center-of-mass energy. At

200 GeV proton kinetic energy, the colliding beams produce

0.3 antiprotons per proton with an energy efficiency (antiproton
annihilation energy divided by proton kinetic energy) of 0.16%.
(There are roughly 5 K mesons, 50 pi mesons, and large numbers of
positrons and electrons produced for each antiproton generated.)

A more recent estimate [Hojvat and van Ginneken 1983] for the
antiproton production spectra has the limitation that the authors
were only interested in calculating the production rate on the
Fermilab machine. Their magnetic lenses have an angular cutoff
of 45 mrad, so the calculations were cut off at 60 mrad, .even
through the production rate was still increasing with increasing
collection angle. As is shown in Figure 1-4, the energy
efficiency for 60 mrad cutoff shows a broad peak around 200 GeV.
If we increasing the assumed ccllection angle to 200 mrad, then I
estimate that we can get collect:on rates and energy efficiencies
for a proton beam into a heavy metal target that are comparable
to the Antinucci data for colliding beams. As is shcwn in

Figure 1-4, I estimate that at a proton b2am energy of 200 GeV we
can obtain a production rate of 0.2 antiprotons per proton at an
energy efficiency of 0.2%.

ENERGY OF | COLLIDING BEAMS* BEAM INTO TARGET

PROTON 47 PRODUCTION 60 mrad CUTOFF! {200 mrad CUTOFF (est)
BEAMIS)
E@eV) | 5ot | emiE%) | nipip) | e2mE%) | n(pp) | e (2mE%)
25 0.09 0.16 0.006 0.04 0.02 0.14
100 0.20 0.18 0.03 0.06 0.09 0.17
200 0.31 0.16 0.07 0.07 0.21 0.20
400 0.45 0.1 0.13 0.06 0.39 0.18
1000 - - 0.21 0.04 0.63 0.12
Figure 1-4

Estimated antiproton production rates
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ANTIPROTON FACTORY

In Figure 1-5 I show a conceptual design for an antiproton
factory which would utilize the technologies being developed at
CERN, Fermilab, and IHEP, but on a much larger scale and with the
design optimized for energy efficiency. There would be more than
one proton beam with each beam operated at the optimum beam
current. Each proton beam would strike a thin liquid metal
target and the resulting particles would be sorted by an array of
wide-angle collecting lenses to extract the antiprotons and
positrons. The main proton beam would go on to a beam cooler
that would reduce the beam spread due to small angle scattering
before the next target. The positrons with the right energy
would be picked off and sent to the antihydrogen generator, while
all the antiprotons possible would be sorted by energy and sent
to a stack of stochastic coolers, each optimized for a particular
central antiproton momentum. After stochastic cooling, the stack
of beams at different energies would go to a decelerator stack
that would reduce all the antiproton energies to the same
subrelativistic energy (200 MeV). The combined beam would then
be sent to an electron cooling ring before being further
decelerated and sent on to the antihydrogen generator where the
antiprotons are combined with the positrons to make antihydrogen

atoms.
.
THIN LIQUID TO BEAM
TARGET COOLER
200 GsV PROTON BEAM AND NEXT
{ONE OF MANY) 04202 rad TARGET
0£0.2 rad
DEBRIS 0.4 £0.2 rad
N INCLUDING
e p~ANDe* COLLECTOR
ANTHYORO DECELERATOR PTAND e ARRAY y
DROGEN — ;
BEAM YO H LASER - e A
ENHANCED POSITRON
COOLER — | ANTIHYDROGEN BYPASS ENERGY
AND TRAP GENERATOR SORTER
B STOCHASTIC ~ STACK . . 50 Gav
COOLER - eVic
OECELERATOR STACK MULTIPLE
COLD 200 MeV AP ~ 5 GeV/c p BEAMS
P BEAM EACH
ELECTRON
COOLING
RING
e ———————
ANTIPROTON
DECELERATOR
200 MeV STACK PRECOOLED
SUBRELATIVISTIC RELATIVISTIC
© BEAM b BEAMS
Figure 1-5
Antiproton factory (one segment)
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LASER ENHANCED ANTIHYDROGEN FORMATION

The antihydrogen generator would follow the general concepts
described in a recent research publication at CERN ([Neumann,
Poth, Winnacker, and Wolf 1983). As is shown in Figure 1-6, if a
beam of positrons are traveling at the same speed with a beam of
antiprotons they will ultimately attract one another and
recombine to form antihydrogen. This natural process can be
enhanced by factors of 100 or mcre by stimulating the capture
process with photons at the right wavelength. 1If the laser beam
is traveling in the opposite direction to the particles, a
visible laser can be used since the laser frequency will be
shifted to the desired ultraviolet frequency by the relativistic
doppler shift.

——p
ANTIPROTON RING

— ol

BENDING
MAGNETS l
7
TO A ATOM
IO RATOM > INTERACTION REGION
= = %: PHOTON Fete" MIRROR
4 R X +—a*
LENS e F" | LENS
SEPARATOR \ COMBINER
MAGNET FOCUSED MAGNET
? | LASER et
N BEAM T E
POSITRON RING
- g +
> MIRR 0>\; e LASERAMPLIFIER <~ /%unaon
A LASER RING
PARTICLE MOTION SHIFTS PHOTONS INTO UV
”:! CAPTURE ENHANCED BY >100
.
o
N
-
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.’! .
. Figure 1-6
" Laser enhanced antihydrogen formation
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COOLING, SLOWING, AND TRAPPING ANTIHYDROGEN

Once an antihydrogen beam has been formed, there are a number of
techniques available for cooling the an:-ihydrogen down, slowing
it to a stop, and storing it in a trap. Traps for atoms were
first proposed by Letokov {1968, 1977, 1980, 1981) and Ashkin
{1970, 1976, 1978, 1979]). Deflection focusing, trapping, and
cooling have been demonstrated many times [Wineland et al. 1978,
Bjorkholm, et al. 1978, Balykin et al. 1979, 1980, Gordon and
Ashkin 1980, Phillips and Metcalf 1982, Prodan, Phillips, and
Metcalf 1982). The activities in the field of cooling and
trapping atoms has progressed to the point where a Workshop on
laser cooling and trapping was held recently at the National
Bureau of Standards [Phillips 1983]. 1In one paper |Phillips,
Prodan and Metcalf 1983) reported that they slowed and cocled a
neutral beam of sodium atoms using a near resonant,

. counhterpropagating laser. To keep the laser liane tuned to the
doppler-shifted atomic resonance frecuency, thev "rel a spatially
varying magnetic field to vary the transition Lieaenc” using the
Zeeman shift. An alternate approach to compenseat:'n. for the
Doppler shifted tLransition frequency is to "chiry tine frequency
of a tunable laser. Both NBS, Gaithersburg  rrodan and Phillips
1983), NBS, Boulder ([Blatt, Ertmer, and Hall 1983), and CUNY
[Lubell and Rubin 1983]) are looking at this approach.

.
There are many concepts for traps for atoms. One can use passive
electric fields if the atoms exhibit a positive Stark energy so
that they concentrate at the minimum of an electric field.
Although the 2 Sl/ state of atomic hydrogen (and antihydrogen)
has this property ﬁWing 1980, 1983a)], the short lifetime makes it
of little use for long term storage. The depth of most atomic
traps is quite shallow, so even gravitational effects have to be
considered [Wing 1983b]. Yet in a final trapping system,
gravitational or centrifugal effects might be useful in the final
trapping steps, since it provides yet another way to add or
subtract energy from an atom without touching it. One is not
limited to simple traps. Once could use combinations of forces
such as the hybrid laser-magnet trap for spin-polarized atoms
[Stwalley 1983] which uses a solenoidal magnetic field for
trapping in one direction and a "doughnut mode" laser beam along
the magnetic field axis for trapping in the orthogonal
directions. Evanescent radiation fields can also interact with
neutral atoms to form traps [Cook and Hill 1982].

Although it might be possible to store antihydrogen as an atomic
gas [R.W. Cline, et al 1980, Sprik, Walraven and Silvera 1983},
the atomic form of antihydrogen is more difficult to control,
cool, and trap than sodium. The fundamental problem is that
while one Lyman alpha photon will excite an antihydrogen atom, if
a second photon arrives before the atom has decayed back into its
ground state, the second photon may ionize the antihydrogen atom.
Although proprietary ideas exist for overcoming these problems,
it is likely that it will be found necessary to convert the
antihydrogen atoms into artihydrogen molecules, then store it as
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antihydrogen ice. The conversion of antihydrogen atoms to
antihydrogen molecules takes place naturally (with the release of
lots of energy, that is why spin-polarized normal 'hydrogen is
being looked at as a potential rocket fuel). A large number of
the molecules remain in a metastable orthohydrogen state. Left
to itself, cold antihydrogen molecules will ultimately all
convert to parahydrogen, the ground state of the molecule, but
unless a catalyst is used, the process takes many days. Research
is needed on the use of lasers and magnetic fields with high
gradients to convert the antihydrogen atoms into antihydrogen
mulecules. These antihydrogen molecules can then be further
cooled and trapped using lasers operating on a molecular hydrogen
line [Breusova, et al. 1979]), then turned into antihydrogen ice
in the preferred parahydrogen state.

PASSIVE MAGNETIC FIELD ANTIHYDROGEN ICE TRAP

Since antihydrogen ice, like hydrogen ice, is diamagnetic, a
simple passive trap for a ball of antihydrogen ice could be made
of magnetic fields [Metcalf 1983). There are a number of
different ways to configure permanent magnets and coils to
produce a magnetic field minimum that would attract a diamagnetic
material such as ygraphite [Waldron 1966] or hydrogen. The simple
example shown in Figure 1-6 consists of two superconducting coils
spaced so that there is a magnetic minimum midway between them
(Letokhov and Minogin 1980]. This kind of trap would be
completely stable and require no power. It is not very deep,
however, and although quite suitable for storage of antihydrogen
ice in free fall, could not levitate the antihydrogen ice at high
acceleration levels.

SUPERCONDUCTING
RINGS WITH
PERSISTENT

CURRENT

DIAMAGNETIC O
BALL OF
ANTIHYDROGEN

DIAMAGNETICS
ATTRACTED TO
FIELD MINIMUM

Figure 1-6
Stable magnetic levitation of antihydrogen ice
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ACTIVE ELECTRIC LEVITATION AND CONTROL OF ANTIHYDROGEN ICE

For high acceleration levels, a more suitable trap would be a
servo controlled dc voltage electrostatic levitation trap such as
that shown in Figure 1-7. Such traps have been made at JPL and
have levitated large spheres with the density of antihydrogen ice
(0.0763 g/cc) in the earth's field [Rhim, Saffren, and Elleman
1982}. Since the antihydrogen ice will be formed at millidegrees
or below, and the heat input from the electric levitator will be
low, the sublimation pressure of the antihydrogen will be so low
that the antihydrogen ice ball should last for years. The
antiprotons are extracted from the ice ball by irradiating the
ice with ultraviolet, driving off the positrons, extracting the
excess antiprotons by field emission with a high intensity
electric field, then directing them to the thrust chamber [Morgan

1982].
*
Y ELECTRON GUN
[ ] [
—"\j POSITION
CONTROLLER

LIGHT

SOURCE ANTIMATTER BALL WiTH DETECTOR

SLIGHT EXCESS CHARGE
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Figure 1-7
Electrostatic levitation of antihydrogen ice
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MORGAN MAGNETIC NOZZLE

The plasma created by the interaction of antiprotons with protons
may be too hot to be contained and directed by thrust chambers
and nozzles made of solid 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
megnetic field rocket engine is siown in Figure 1-8 [Morgan
1582]}. With dimensions in the order of meters, it is about as
large as a Shuttl2? 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.

DIMENSIONS IN METERS

- TRANSFER | ANNIHILATIQN,
SYSTEM ENGINE

- 0,45 9>14— 0, 55—

WIDTH OF
ANTIPROTON S

BEAM = 10 cm raﬁxﬁpgik —
N\ 28007 —:’.’__ANNIHILATION

et araes REGION

Feee

COiLS -~

NEUTRAL i ATOMS

Figure 1-8 .
Morgan magnetic nozzle for antimatter propulsion




)

Ve ey
ST

ey

[l Sl R

- o i e s

23 N‘r‘ I3

P e AR AR

’

SN R P
WA T f N
3 h"'v‘,";".:r-. L .l‘ 4‘1. -
N . e . -

X L By Y.

MINIMUM ANTIMATTER OPTIMIZATION

When antiprotons interact with protons (hydrogen), the resultant
annihilation products are 400 MeV pions, which translates into an
exhaust velocity of 94% of the speed of light. Thus, pure
antimatter rockets are best suited for relativistic missions. 1In
an important paper [Dipprey 1975), it was shown that in order to
use the minimum amount of antimatter for the mission, the best
way to use the antimatter is not to use equal 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
as the square of the mission "delta vee", but is always a
negligible fraction of the total mass. Dipprey's work has been
expanded by Cassenti ([1982), who basically confirmed the 5:1 mass
ratio and showed that heating liquid hydrogen with antimatter
reaction products should produce an energy efficiency of about
44%.

It may turn out to 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. It has been suggested that we use heavy nuclei
instead of protons [Morgan 1975, 1982]. 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 any 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.

CASSENTI ANALYSIS OF ANTIMATTER POWERED MISSION

In some very preliminary studies of an antihydrogen/hydrogen
rocket, Cassenti has estimated some of the parameters in an
antimatter powered orbit transfer mission. The mission was to
take a 10 ton spacecraft from LEO to GEO back to LEO (using
aeroassist). The mission delta vee was assumed to be 5.5 km/sec.
Using the Dipprey minimum anctimatter optimization, Cassenti found
that the optimum exhaust velocity was 3.4 km/sec (specific
impvlse of only 350 sec), the reaction mass required was 40 tons,
and the amount of antihydrogen needed was only 6 mg. The energy
efficiency of this model was only 22% and both Cassenti and
Morgan think that this can be raised significantly (35 to 50%) by
annihilation of the antiprotons in heavy nuclei rather than
hydrogen. If the amount of antihydrogen used is raised from 6 mg
to 10 mg, then the amount of hydrogen reaction mass drops
dramatically, from 40 tons to 15 tons, with the exhaust velocity
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rising to 5 km/sec. Thus, in this range of the parameters, an
additional 4 mg of antihydrogen saves 25 tons of reaction mass.
Whether this trade-off is worth it depends upon the relative cost
of antihydrogen per milligram compared to the cost of hydrogen
per ton in LEO,

ANTIHYDROGEN FACTORY - ESTIMATED ENERGY EFFICIENCIES

In Figure 1-9 I make a first cut at an estimate for the energy
efficiency of a factory for producing antihydrogen fuel for
propulsion.

The present dc to RF and RF to beam energy efficiencies of proton
accelerators are quite high, especially if superconducting
magnets are used. The real losses come in the conversion of the
high energy protons into a fraction of an antiproton. The rest
of the estimates are purely optimistic guesses as to what a well
designed antihydrogen factory should be able to do.

Y
i~ RO

If all these efficiencies hold, then an antihydrogen factory
should be able to produce antimatter fuel with an energy
efficiency of better than 0.01%.

VT -t L
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EFFICIENCY
DC MAINS TO RF 0.75
RF TO 200 GeV PROTONS 0.95
0.2p/p(€=0.2x0.938 GeV x 2/200 GeV) 0.002
ANTIPROTON CAPTURE - ANGULAR SPREAD 0.50
ANTIPROTON CAPTURE - MOMENTUM SPREAD 0.50
STOCHASTIC COOLER LOSSES 0.90
DECELERATOR LOSSES 0.90
ELECTRON COOLER LOSSES 0.90
CONVERSION TO ANTIHYDROGEN ATOMS 0.90
ATOMIC BEAM SLOWING AND COOLING 0.90
TRAP LOSSES 0.90
EXTRACTION LOSSES 0.90
TOTAL ENERGY EFFICIENCY 1.7 x 10-4

Figure 1-9
Estimated energy efficiency of an antiproton factory
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ANTIPROTON FUEL COST ESTIMATES

A large prime power plant (Grand Coulee Dam or a modern nuclear
plant) generates 5 GW of power, while the designs for the
proposed Solar Power Satezllites 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 a large Air Force space program.

If antiproton annihilation turns out to be a viable propulsion
technique, 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.

Since the sunlight is free, we can assume that the fuel cost is
zero. However, we have to amortize the cost of building the
power plant and the antihydrogen factory, which I estimate to
cost $3.5B/year (roughly a billion dollars per kilogram of raw
energy).

If the antiproton factory is run at an efficiency of 0.01%, then
it will produce about 350 milligrams of antihydrogen per year at
roughly 10 million dollars per milligram.

Since hydrogen reaction mass (or any fuel) in space costs on the
order of five thousand dollars per kilogram to lift it into LEO,
we find that reaction mass costs about five million dollars per
ton. Thus, in cost, a milligram of antimatter is equivalent to
two tons of fuel, depending upon assumed launch costs. As was
seen in the earlier Cassenti study, an additional 4 milligrams
($40M) of antimatter fuel in the rocket saved 25 tons ($125M) of
reaction mass. Thus, although these cost estimates are far from
firm, it laoks as though antimatter might be a cost-effective
fuel for space propulsion.

ANTIPROTON ANNIHILATION PROPULSION - CONCLUSIONS

Our major conclusion about antiproton propulsion is that the
ccncept is feasible but expensive. Yet, despite the high cost of
antimatter, it may be a cost effective fuel in space where any
fuel is expensive. There is high risk in the development of
antiproton propulsion. The najor uncertainties seem to be jn the
efficient production and capture of the antiprotons to keep the
cost of the antimatter down. The storage problems look
tractable.

Although initial studies can be done using earth-based machines,
the antiproton factory will probably have to be made in space
where the vacuum, real-estate, gravity, shielding, and safety
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problems are eased. This implies a large, front-end capital
investment that can only be sold as part of a large Air Force
manned presence in space.

The problems that need working on first are to determine the
total antiproton production rate and spectrum versus proton
energy, the maximum feasible limits to antiproton capture
efficiencies of physically feasible lenses and accumulator rings,
and the maximum efficiency of the antimatter rocket that uses the
antiproton fuel.

ANTIPROTON ANNIHILATION PROPULSION - RECOMMENDATIONS

It is recommended that the Air Force work with DOE and the
various National Laboratories to obtain the data needed to
accurately determine the antiproton production spectrum at
various proton beam energies and with various targets. In
addition, particle accelerator designers should be asked to look
at designs for high current machines suitable for an antiproton
factory instead of higher voltage designs that are the trend of
current elementary particle physics efforts. '

Knowledge of the interaction of antimatter with normal matter at
very low relative velocities and the type and spectrum of the
resulting particles is essential in determining the efficiency of
an antimatter rocket. The more efficiently the rocket uses the
antimatter, the less antimatter we need to make for a given
mission. Research is needed to determine the annihilation cross-
sections at low energy and their impact on the design of
antimatter rockets.
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If the efficiencies of production and utilization of antimatter
hold up (or are improved over the present estimates), then
research on the other aspects of antimatter propulsion such as

%} trapping and cooling of atoms and molecules should be supported.
o Research on control of hydrogen atoms and molecules should

o replace the present research on easy-to-control alkali metal

» atoms as soon as feasible.
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SECTION 2

SOLAR HEATED PLASMA PROPULSION

The space environment is full of sunlight, 1.4 kilowatts per
square meter or 1.4 gigawatts per square kilometer at the orbit
of the earth. It is a significant source of energy that is free
for the taking. 711 we need to do is find good ways to collect
that sunlight and turn it into propulsion energy. One method,
already in use in solar electric propulsion, is o convert the
sunlight into electricity wit solar cells, then use the
electricity to power an electric thruster. The low energy
conversion efficiencies and the high specific mass of solar cells
limit these systems to low thrust levels. Another method of
using the sunlight in space is to use large solar sails driven by
the photon momentum. Again, these systems are limited to 1low
thrust levels because of the very high (theoretically infinite)
specific impulse of the propulsion method. 1In this section we
will discuss various versions of the solar thermal rocket, where
sunlight is collected and used to directly heat a working fluid.
This solar heated thermal rocket is one subclass of a more
general class of rocket, radiation heated thermal rockets. This
class of rocket collects propulsion energy in the form of
radiation (sunlight, laser light, microwaves, etc.) from some
distant source, aid uses the energy to heat some wocking fluid
(hydrogen, water, carbon or metal seeded hydrogen) which produces
thrust when expanded through a nozzle.

RADIATION HEATED THERMAL ROCKETS - SOLAR vs. LASER

There are two basic types of radiation that can be used to power
a radiation heated rocket. One is incoherent radiation such as
sunlight. The other is coherent radiation such as microwaves or
laser light. Coherent radiation can be brought to an intense
focus to create very high temperatures. Focused sunlight can
only produce a temperature that is less than or at most equal to
the temperature of the sun itself (5800 K). This limits the
maximum specific impulse obtainable from a solar heated thermal
rocket to about 1500 sec.

Because of this temperature limit, as well as other desirable
features of coherent radiation, most of the advanced propulsion
efforts on radiation heated thermal rockets have been on laser
propulsion systems. Work on the propulsion aspects of this
concept is well underway at NASA/Marshall and NASA/Lewis [Jones
and Keefer 1982] and work on the high power lasers and the
pointing and tracking optics is well underway on a number of DOD
and DOE high power laser programs.
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Yet, a realistic evaluation of the complexity and cost of a laser
thermal rocket system must include the complexity and cost of the
laser source and the transmission optics, not just the collecting
optics and the laser rocket engine. Laser thermal rockets are
certainly worth studying, but it will be many years before they
come into being, and they will always be more expensive to
operate than a solar thermal rocket. Solar thermal rocket: can
give a significant improvement in performance over a chemical
rocket, the energy source (sunlight) is available now, and the
energy is free. These incoherent cousins of the laser rockets
deserve more attention by the advanced propulsion community.

SOLAR THERMAL ROCKETS

A generic example of a solar thermal rocket vehicle is shown in
Figure 2-1. The collector consists of two large inflatable
mirrors with an elliptical cross-section 23 m wide by 40 m long.
They rotate about two axes so that they can collect sunlight
independent of the relative orientation of the thrust vector and
the sun angle. The light is directed to a focus inside the
thermal thruster. The type of thermal thruster can vary |
depending upon the technology used to convert the sunlight into
thrust. The vehicle was designed by Rockwell under an AFRPL

: contract (Etheridge 1979]. The study considered two different

. types of solar thermal engines. One used hydrogen passed through
- a black-body metallic heat exchanger that had an estimated
specific impulse of 872 sec. The other had a windowed chamber

type of thruster and a carbon-particle-laden hydrogen flow with a
specific impulse of 1041 sec.
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} Solar thermal rocket [Etheridge 1978]
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There are four difterent types of solar thermal thruster designs
that have been looked at.

Heat Exchanger Absorber - In the heat exchanger absorber thruster
design, the sunlight is absorbed by a dark heat exchanger made of
refractory metal or ceramic which transfers the heat to hydrogen
or some other reaction fluid that is expelled to provide thrust.
A ground test heat exchanger absorber/thruster system is peing
fabricated by Rockwell/Rocketdyne for the AFRPL [Shoji 1983].

The thruster will be tested in the new Solar Concentratcr
Facility at the AFRPL. The melting point of the rhenium tubing
used for the heat exchanger limits the operational temperature of
the Air Force thermal thruster to 2750 K and the specific impulse
to 800 sec.

Particulate Seed Absorber - By seeding hydrogen gas with

0.2 micron carbon particles, the sunlight can be absorbed by the
carbon particles and the heat transferred rapidly to the
hydrcgen. Temperatures of 3900 K can be reached this way, but
the mass of the seed keeps the specific impulse down. A Rockwell
study indicated that a specific impulse of 1041 sec could be
reached [Etheridge 1979), while a later study felt that the
specific impulse would be less than 1000 sec ([Boeing 1981).

Rotating Bed Absorber - By flowing hydrogen through a bed of

100 micron tantalum carbide particles temperatures of 4000 K can
be reached. By retaining the particles using centrifugal force
supplied by a rotating chamber, the specific impulse reaches

1100 sec [Boeing 1981). Although this approach gives the highest
- specific impulse, it is felt that the complexity and weight of

N the rotating bed makes this concept less desirable than the solar
heated plasma version.

Alkali Metal Plasma Absorber - The most promising solar heated
rocket concept and the one recommended for further study is the
- solar sustained alkali metal plasma thruster. The sunlight is

' absorbed in a small amount of alkali metal vapor which transfers
the energy to hydrogen. Temperatures in excess »>f 3900 K and
specific impulses of 1000 sec are predicted for this system
[Rault and Hertzberg 1983]. These performance numbers are only

. P
It Mt

e Lt )

@ |

e estimates and need to be substantiated by laboratory studies of
"N the interaction of sunlight with alkali metal plasmas and.the

AN interaction of the heated plasmas with the hydrogen reaction

3EN mass. We need to determine the conversion efficiency of sunlight
}f into thrust taking into account all of the loss processes and the
g percentage amounts and types of alkali metal seedant needed to

i absorb the sunlight and the effect of that seedant mass on the

,j: specific impulse.
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SOLAR HEATED PLASMA THRUSTER

The basic concept of a solar heatad plasma thruster is shown in
Figure 2-2 [Rault and Hertzberg 1983]., It consists of a main
reaction chamber with a sapphire window at one end and the
exhaust nozzle at the other. Surrounding the window is a black
coated flat disc preheater which absorbs the sunlight falling
outside the main high intensity beam. The high intensity
sunlight is transmitted through the window which is cooled on its
inner face with pure hydrogen which does not absorb the sunlight.
The premixed alkali-hydrogen propellant is preheated by
regeneration in tne chamber walls or the front disc preheater to
above 1200 K. This keeps the alkali metal in a "dry" vapor state
with no condensate droplets. The heated alkali-hydrogen
propellant then enters the core of the reaction chamber whkere the
alkali metal vapor absorbs the sunlight and transfers the energy
to the hydrogen reaction mass.

-
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In the solar heated plasma thruster the concentrated sunlight is
transmitted through a transparent window and absorbed within an
internal volume of alkali metal vapor. In this gaseous volume
absorber concept, the reradiated infrared energy from the hot
gasses downstream is partially reabsorbed by the cooler gases
entering the receiver near the front window. As is shown in
Figure 2-3, the reradiation losses from this volumetric alkali
metal absorber are much lower than the reradiation loses from a
blackbody surface absorber [Mattick et al. 1979]. The volumetric
absorber can operate at a higher temperature than a blackbody
absorber because it is not limited by the melting point of
materials. In addition, because the reradiation losses in a
volumetric absorber are less, it maintains a high collection
efficiency even at very high temperatures where a blackbody
radiator is emitting as much energy in the infrared as it is
absorbing in the visible.
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POTASSIUM ABSORPTION SPECTRUM AND SPACE SOLAR SPECTRUM

An example of the predicted absorption of a hot plasma of
potassium vapor over the wavelength region covered by the solar
emission spectrum is shown in Figure 2-4 [Hertzberg et al. 1978].
As can been seen, there is a transmission band predicted for the
green part of the visible spectrum. This prediction has been
confirmed by recent work at Columbia and Princeton University,
where a stream of hot potassium vapor was found to look green in
transmitted light ([Ligere 1983, Ligere et al. 1983]. A similar
stream of hot sodium vapor did not transmit green light, so a
mixture of the two should be quite "black" from the ultraviolet
to the long infrared.
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SOLAR HEATED PLASMAS - CONCLUSIONS

From a review of the literature in solar heated plasmas and
discussions with the principal investigators in the field, we
have concluded that solar heated plasmas are a promising advanced
propulsion research field for the Air Force Rocket Propulsion
Laboratory to engage in, both through contract work and in-house
efforts. The research is obviously an excellent extension to the
ongoing AFRPL solar thermal rocket program. The potential for
doubling the specific impulse over chemical rockets while
maintaining reasonably high thrust levels gives adequate
justification for the research.

A significant advantage of solar heated thrusters is that if the
research and development work at the AFRPL produces a good
thruster design, then the thruster can be developed into a usable
flight propulsion system without having to depend upon concurrent
developments elsewhere. This is in contrast to work on laser
thrusters where a good thruster design cannot be flight tested
until some other branch of DoD or NASA develops the nigh power
laser source and the transmitter optics needed to beam the laser
energy to the vehicle optics. Also, unlike R&D in laser
thrusters, the characteristics of the radiation source is
completely known and the energy costs nothing.

Even if the research in solar heated plasmas uncovers a problem
which makes a solar heated plasma thruster unfeasible, the
research information will nevertheless be valusble to other
programs, such as laser heated thrusters, solar pumped lasers,
and solar prime power systems.

SOLAR HEATED PLASMAS - RECOMMENDATIONS

It is recommended that basic research be supported on alkali
metal plasmas and their application to solar thermal propulsion.
B rortion of this work would be done at universities and other
research centers, combined with studies carried out in special
facilities at the AFRPL.

Alkali metals are dangerous to work with, and when hot alkali
metal vapors are combined with hydrogen, the mixture is one that
is better handled at the AFRPL than in some basement university
laboratory. In addition to the present Solar Concentrator
Facility at the AFRPL, it is recommended that the AFRP. consider
the construction and operation of a versatile alkali metal
research facility, and a alkali metal/hydrogen facility to study
the interaction of hot alkali metal plasmas with hydrogen gas at
various mixtures and flow rates. All of this will ultimately
lead to the design, construction, and bench test of a solar
heated plasma rocket.

2-7

»
“«




P

3
A _',;0 3

-l -
PR Y

SCLAR HEATED PLASMAS BIBLIOGRAPHY

.

Boeing, "Advanced Propulsion Systems - Concepts for Orbital
Transfer Study", Final Report, NASA/Marshall Contract NAS8-33935,
g D.G. Andrews, Boeing Rerospace Company, Seattle, Washington 98124
) (July 1980 to July 1981).

Yy
kY L]

-'.

5 G.J. Dunning and A.J. Palmer, "Toward a high-temperature solar
electric converter", J. Appl. Phys. 52, 7086-7091 {1981l).

: F.G. Etheridge, "Solar Rocket System Concept Analysis", Final
Report on AFRPL Contract F04611-79-C-0007, AFRPL-TR-79-79,
Rockwell International, Space Systems Group, Downey, CA 90241
(Nov 1979).

A. Hertzberg, et al, "High temperature solar photon engines",

s AIAA reprint 78-1177, 1llth Fluid and Plasma Dynamics Conf.,
Seattle, WA (10-12 July 1978).

Communications (1983).

~y M.K. Ligare, Spectroscopy of Dense Potassium Vapors, Ph.D.

il Thesis, Columbia University (1983). :

(]

& M. Ligare, S. Schaefer, J. Huennekens, and W. Happer, "Infrared
il; spectroscopy of a dense potassium vapor jet", Princeton

5 University Physics Department preprint submitted to Optics

B

A,.T. Mattick, A. Hertzberg, R. Decher, and C.V. Lau, J. Energy 3,
e 30 (1979).

: L.W. Jones and D.R. Keefer, "NASA's Laser-Propulsion Project",
o Astronautics & Aeronautics, pp. 66ff (September 1982).

D. Rault, Radiation energy receiver for high performance energy

g; conversion cycles, 2h.D. Thesis, Univ. Washington (1983).

f: D. Rault and A. Hertzberg, "Radiation energy receiver for laser
@x and solar propulsion systems", AIAA reprint 83-1207, 19th Joint
- Propulsion Conf., Seattle, WA (27-29 June 1983).

®

FE R.J. Rodgers, N.L. Krascella, and J.S. Kendall, "Solar Sustaired
?{ Plasma/Absorber Conceptual Design", Final Report, NASA/Ames

- Contract NAS2-10010, United Technologies Research Center, East
i Hartford, Conn. (Feb 1979).

@ J.M. shoji, "Performance potential of advanced solar thermal

N propulsion"”, AIAA preprint 83-1307, 19th Joint Propulsion Conf.,
?: Seattle, WA (27-29 June 1983).

e

L

.




piet e

o Y
Eal el et vy

[ S S

S oiohr e SR b s e

4
e
L
L
L
1
1
'

DR §

‘‘‘‘‘‘‘

SECTION 3

PERFORATED SOLAR SAILS

One of the known alternate propulsion energy sources in space is
sunlight. If the collecting structures are large ecnough, the
amount of power available becomes enormous -- 1.4 GW/km“. One
way of obtaining thrust from this power is to attach a large,
light-reflecting sail to a payload. The light reflecting from
the sail will produce a force per unit area F that is
proportional to the incident power per unit area P divided by
the speed of light ¢

F = 2P/c .

The factor of 2 arises from the double transfer of momentum of
the photon to the sail, once as it hits the sail and again as it
is reflec%ed from the sail. For a highly reflective_sail, the
l.4 GW/km“ solar flux will produce a force of 9 N/km“. This is a
reasonable force level considering that the spacecraft requires
no fuel and can maintain this thrust level for the life of the
spacecraft. To achieve significant accelerations, however, ways
must be found to reduce the mass per unit area of the sail
without seriously affecting the reflectivity or structural
stability.

SOLAR SAILS - PRESENT STATUS

In 1977 a JPL team designed a rumber of solar sails that would
use near term thin film and structures technology to ccnstruct a
high-performance spacecraft that could reach the very difficult
target of the retrograde Halley's Comet [Friedman 1978].

Although many thought that the predicted performance of the solar
sails was better than that of a comparable Solar Electric
Propulsion System (SEPS), the SEPS was chosen for the mission
because the technology was more mature. (The SEPS was later
cancelled by Congress.)

The recommended JPL solar sailcraft design used a central mast
and booms to spread a square sail 850 meters on a side (l1/2 mile)
made of 2 micron kapton plastic coated with aluminum. The other
side had an emissive coating to improve the thermal performance
while the sail was in a "cranking orbit" ne-r the sun to shift
from earth orbital coordinates to the retrog ade Halley comet
orbital coordinates. The sail areal density was 6 grams per
square meter and the total sail mass was five tons. Since the
sail had to be launched in 1985 to meet the comet in time, no
advanced technology was used.

3-1
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Although improved technologies and designs exist [Drexler 1979]
that would make a modern solar sail far exceed an electric
propulsion system for many missions, there seems to be no
research being supported on these advanced concepts. One small
group of engineers [WSF] is attempting to launch a small kapton
sail using private funding. Other than that, no activity in
solar sail research was found in the United States, and only
paper studies in Europe.

The solar sail has a major drawback in that it cannot be launched
or operated below about 1000 kilometers. The air drag below this
altitude is larger than the solar thrust. On this contract we
have invented a version of the solar sail, called a perforated
solar sail, that may be able to overcome this problem as well as
provide improved performance. '

PERFORATED SOLAR SAILS -~ CONCEPT

It is well known that a microwave reflector does not have. to be
made of solid metal in order to be a good reflector of
microwaves. Many radar dishes, in order to reduce weight and
wind loading, are made of wire mesh with holes smaller than the
wavelength of the microwave radiz2tion. In the same manner, it
should be possible to reduce the mess of a solar sail by
fabricating it with holes smaller than a wavelength of most of
the light in the solar spectrum. It is also probable that the
air drag of a perforated sail will be less than that of a solid
sail, especially at high altitudes where the air is in the
molecular flow regime. Whether perforated sails can be launched
at the upper range of the Shuttle orbital altitude is an
unanswered question that can probably only be resolved by a
Shuttle flight test.

Techniques exist in the laboratory to make a thin perforated
sail. Focused ion beams have already demonstrated the capability
to make holes down to 0.1 microns, well below solar light
wavelengths. Crossed holographic gratings have already been
developed in photosensitive resists and used to make arrays of
square posts with 0.2 to 0.5 micron spacing. The use of a
positive rather than a negative resist would produce a square
grating with similar sized square holes.

A schematic design of a perforated microstructured solar sail is
shown in Figure 3-1 [Forward 1983]). The basic concept is to
decrease the mass per unit area of an aluminum or aluminum coated
kapton sail by making submicron perforations in the sail
material. If the holes are significantly smaller than a
wavelength of light, the light will be reflected.

Solar sails in earth orbits will not experience high light
fluxes, so their normal infrared reradiation will suffice to keep
them from melting. If, however, high intensity laser light is

3-2
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used to push the sail, or the sail is to travel in near the sun
during its mission, it will need to have an improved emissivity
on the backside to keep the sail temperature below the melting
point. The emissivity of a metal surface can be increased over
the bulk metal emissivity by constructing microstructures on the
backside that have dimensions corresponding to the peak inf:ared
wavelength emitted by the sail at its operational temperature.

In the example shown in Figure 3-1, the microstructures are
simple quarter-wave antennas driven at the base by random thermal
Nyquist currents. The radiation pattern from these simple spikes
is not optimum, being a doughnut shaped pattern with a null in
the rearward direction, but there should still be a significant
increase in emissivity with these structures. More complicated
microstructures such as broadband end-fire antennas or slots may
have better emissive properties although they will be more
. difficult to fabricate.
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Figure 3-1 . '
Perforated microstructured light sail
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PERFORATED SOLAR SAILS - POTENTIAL PAYOFF

If perforated solar sails can be made, then there are significant
per formance potentials to be gained.

IF the physics cooperates, it may be possible to manufacture and
launch perforated solar sails from low earth orbit.

IF the mass of an unfurlable plastic-backed sail can be lowered
~0 0.1 metric tons per square kilometer by using perforation
techniques, then it will have the low mass and performance of an
aluminum film sail with the ruggedness and unfurlabilty of a
plastic-backed sail.

IF a perforated aluminum film sail can be made with a 10:1
reduction in mass over a non-perforated film sail, then new
missions become possible, such as creating new geostationary
orbits that are not on the equator. One such concept is
described on the next section.

IF microstructures on the backside allow us to make a film that
is highly reflective on one side and highly emissive on the
other, then this would allow us to operate the sail close to the
sun (where the accelerations are higher).

POLAR LEVITATED GEOSTATIONARY ORBITS USING PERFORATED SOLAR SAILS

One of the potential applications of an ultrathin perforated
solar sail is to use the light pressure from the sun to levitate
the orbit of a geostationary satellite up out of the equatorial
plane. At the present time, the only geostationary orbits are
those along the equator at 35,800 kilometers altitude

(42,200 kilometers from the center of the earth). Although
geostationary spacecraft can be seen at the Arctic and Antarctic
Circles (depending upon the local horizon topography), they
cannot be used by ground stations near the poles.

If a spacecraft were supplied with a lightweight sail, it could
use the sunlight to supply a constant force in the poleward
direction. This would levitate the orbit out of the equatorial
plane and the spacecraft would orbit about a point determined by
the relative magnitude of the earth gravity forces and the solar
light pressure forces. The amount of displacement above or below
the equatorial plane is limited to a few hundred kilometers for
unfurlable kapton sails and a few thousand kilometers for very
thin aluminum film sails [Forward 1981]. By perforating the
sail, however, we can improve the displacement distance
significantly. Figure 3-2 shows a geostationary orbit that is
levitated by the constant solar pressure 13,000 km northward from
the equatorial plane, about twice the radius of the earth. The
details of the calculations for this configuration are presented

in a paper prepared for journal publication that will be found in
Appendix B.
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The levitated orbit is noticeably displaced in the direction
opposite to the sun. (This effect was noticed on the Echo
satellite.) By varying the sail angle with the seasons, the
levitated orbit can be kept synchronous with the earth's
rotation. The time chosen for Figure 3-2 is at summer solstice,
where the sun angle is the worst for providing northward thrust.
In this worst case example, the position of the satellite is not
truly geostationary. As seen from the north pole, it moves

+1.7 degrees about its nominal elevation angle of 9.3 degrees.
The development of perforated solar sails and their use to create
levitated orbits would not only relieve the pressure on the
limited number of positions along the equatorial geostationary
orbit, but would for the first time provide a true geostationary
communications capability to the militarily important polar
regions of the earth.
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RECOMMENDATIONS

The research tasks that need to be done to check the feasibility
of the perforated sails concept are straightforward.

Optical Properties Study - This study would determine how well a
perforated light reflector would perform. Using variations on
already developed sub-micron microcircuit fabrication technigues,
thin self-supported aluminum and aluminum-coated kapton films
would be prepared with thicknesses ranging from 10 nm (just below
the point where an aluminum film becomes partially transparent)
to 5 microns. These films would have holes of varying sizes with
differing patterns (square, hexagonal, triangular) and varying
thickness of the remaining "wires". The reflectance, emittance,
absorpcance, and transmittance should then be measured as a
function of wavelength, perforation properties, aluminum oxide
thickness, and temperature. This data should then provide the
basic information needed to determine if perforated solar sails
are feasible.

Aerodynamics Study - Along with the optical properties study, it
would be desirable to subject the same or similar samples of
perforated sail material to atmospheric flows that simulate the
range of aerodynamic conditions that are expected to be found at
the various shuttle altitudes.

Thermal Properties Study - By using the data obtained from the
optical studies, it should be possible to determine the
resistance, capacitance, and inductance of the wires and
junctions in the perforated structure. Using this information it
should be possible to design microstructures to attach to the
backside of a perforated sail that will prcduce a broadband.
impedance match of the tnermal noise currents in the structure to
the 377 ohms impedance of space, thus increasing the emissivity
of the backside of the perforated sail. Samples of perforated
microstructured sails should then be tested under simulated
sunlight to determine the improvement in emissivity of the
backside and to look for any change in the frontside properties.
The thermal studies should also include high temperature tests to
measure the agglomeration point of the aluminum as a function of
structure and aluminum oxide thickness.

Mechanical Properties Study - A solar sail is not just film.
Studies need to be done to design and test truss structures to
hold the films that have high strength, low mass, and resistance
to catastrophic failure.

Mission Studies - Once we know the optical, c.nermal, and
mechanical properties of the perforated solar sails, then we can
finally proceed to studies of the unique missions that these new
propulsion systems can perform.
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SECTION 4

LASING THE IONOSPHERE

One of the more exotic alternate propulsion energy sources
uncovered during the contract is the concept of using large,
lightweight m.rrors to make the ionosphere lase. In this
concept, two mirrors are arranged so that the path between them
passes through a region of the atmosphzare where some molecular
species has a larger number of molecules populating a high energy
state *:an populating a low energy state. This inverted
population condition will allow lasing action to take place. As
is shown in Figure 4-1, one version of a ionospheric lasing
propulsion system would have two spacecraft cooperating with each
other, while another would have a ground station cooperating with
the using satellite. There could be many variations on this
general concept. The standard method of operating a laser is to
use a multipass mode, where the resonance gain of the laser
mirrors is used to extract energy from a lasing medium with low
intrinsic gain. If the lasing medium has a high gain, the laser
can operate in a single pass mode to amplify a signal sent from
the transmitter to the receiving spacecraft. Other novel
proprietary system concepts are described in the Final Program
Review Data Package of this contract. Copies can be obtained
from the AFRPL address given on the Report Documentation Page.

SATELLITE

OPTICAL
REFLECTOR

SATELLITE

OPTICAL

INTERACTIVE REFLECTOR

REGION

\ﬁ‘: 1\

; ﬁ‘*“\j ‘14
ot ,mae&*
i .‘?\\‘ J,‘_,‘“:\I
e

“‘“ J. D. BARRY, HUGHES

Figure 4-1
Lasing the ionosphere
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IONOSPHERIC LASING AT 10 MICRONS - EVIDENCE FROM THE PLANETS

Non-thermal emission has been seen in the cores of the 9.4 and
10.4 micron carbon dioxide bands on Mars and Venus [Mumma et al.
1981, Deming et al. 1983, Deming and Mumma 1983, Gordiyets and
Panchenko 1983]). The emission spectra are shown in Figure 4-2.
The emission is believed to be excited by absorption of solar
energy in the near-IR CO, bands, followed by collisional transfer
to the 00°1 state of CO,. The observed flux from Mars agrees
closely with the predicgions of the theoretical model, while the
flux observed from Venus is 74% of the predicted flux. The
emission from Mars has been identified as a natural atmospheric
laser, and it is suspected that the emission from Venus is also
due to laser action.

Although the atmosphere of the earth has a high percentage of
nitrogen that may inhibit laser action, the number density of CO,
in the upper atmosphere of earth is comparable to the number
density of CO, in the lasing regions of Mars and Venus, so there
is a possibility that the atmospher. of the earth may emit in the
10 micron region. It would be desirable to carry out a shuttle
experiment to look for signs of this inversion. A passive
experiment would use a spectrometer on the shuttle to look for
infrared emission near the limb. An active experimen