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INTRODUCTION AND SUMMARY

Antiproton annihilation propulsion is a new form of space
propulsion in which milligrams of antimatter are used to heat
tons of reaction fluid to high temperatures. The hot reaction
fluid is then exhausted from a nozzle to produce high thrust
at high specific impulse (1000 to 3500 s).

This study was contracted by the Air Force Rocket Ptopulsion
Laboratory to determine the physical, engineering, and
economic feasibility of antiproton annihilation propulsion.
The conclusion of the study is that antiproton annihilation
propulsion is feasible, but expensive.

Antimatter fuel has to be manufactured. It is probable that
the efficiency of production will always be low, so the price
will be high. Antimatter is a very lightweight form of fuel,
however, since the antimatter converts all of its mass to
energy upon annihilation with normal matter. Because its low
mass more than compensates for its high price, comparative

*u mission studies show that antimatter fuel can be cost
"effective in space, where even normal chemical fuel is
expensive because its mass must be lifted into low earth orbit
before it can be used.

For propulsion applications the antimatter should be in the
form of antiprotons. Unlike antielectrons (positrons), the
antiproton does not convert into gamma rays upon annihilation.
Instead, two-thirds of the annihilation energy is emitted as
charged particles (pions) whose kinetic energy can be
converted into thrust by interaction with a magnetic field
nozzle or a working fluid.

Antiproton annihilation propulsion is mission enabling, in
that it allows missions to be performed that cannot be
performed by any other propulsion system. The most striking
example of such an "impossible" mission is a simple sortie
mission that involves leaving an orbiting base, inspecting a
spacecraft in a counter-rotating orbit, then returning to base
a few hours later. This can be done with an antiproton
powered vehicle that has a mass ratio of 3:1. To carry out a
similar mission, a chemical rocket would have to have an
unachievable mass ratio of 500:1, while an electric propulsion
system would require days instead of hours to complete the
task.
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Antiprotons are already being generated, captured, cooled, and
stored at a number of particle physics laboratories around the
world, albeit in small quantities. The rest of this report
discusses in detail the techniques for the efficient
generation, long-term storage, and effective utilization of
milligram quantities of antiprotons for space propulsion.

Since the fields of particle physics, laser physics, and
molecular beam physics are not included in the educational
background of the usual propulsion professional, this report
contains more than the usual amount of tutorial material and
a great number of bibliographic references. It is hoped that
this tutorial material will be useful to those attempting to
make antimatter propulsion a reality.

Section 1 describes the present facilities for the production
of antimatter in the form of antiprotons. The major producer
is the European Center for Nuclear Research (CERN) which has
been producing, capturing, and storing antiprotons in magnetic
storage rings for a number of years. Antiproton production
facilities are also under construction at the Fermi National
Accelerator Laboratory in the U.S. and at the Institute for
High Energy Physics in the USSR.

Antiprotons are produced by accelerating normal matter protons
to high speed and smashing them into a heavy metal target.
The interaction causes new particles to be made, among them a
small number of antiprotons. The antiprotons are focused with
a magnetic lens, captured in a collecting ring, then cooled
off and slowed down by other rings, and finally accumulated in
a storage ring. In the present facilities they are later
accelerated back up to high energies and smashed head-on into
normal protons to carry out high-energy particle physics
exper iments.

Sections 1.5 and 1.6 show that the production efficiencies of
the present machines are extremely low. Due to space, time,
and funding restrictions, only a small fraction (-0.1%) of the
antiprotons generated in the target are captured.

Section 2 is a tutorial summary of the present methods for
generating, capturing, cooling, and storing of antiprotons.
The present methods all have problems with efficiency. Some
of the problems are inherent in the physics, some are due to
the engineering limitations of the present designs, and some
are just due to a lack of time or money.

Section 3 is a detailed discussion of the limitations of the
present antiproton production techniques and methods for
improving the antiproton production efficiencies. If the
improvements were to be made, the antiproton production
efficiency in terms of number of antiprotons captured per

24..



incident protons hitting the target could be raised from the
present p/p=4xlO 7 at CERN and 3x10- 5 at Fermilab to a
production ratio of p/p=5xl0- 2 . Then, if the proton
accelerator were optimized for energy efficiency, the overall
energy efficiency could be raised to 2.5xi0- 4 . Although an
energy efficiency of 0.025% does not seem very efficient, it
is adequate to allow the production of antimatter at a cost of
10M$/mg, at which point antimatter becomes cost effective for
space propulsion.

The present methods for storing antiprotons are not suitable
for space propulsion. The storage rings are too massive and
the antimatter they can hold is too diffuse. Section 4
discusses the various techniques for adding a positron to the
antiproton to make antihydrogen atoms, then combining two
antihydrogen atoms to make an antihydrogen molecule.
Section 5 then shows how electromagnetic fields and laser
photons can be used to control, slow down, and cool
antihydrogen atoms and molecules.

Section 6 shows the same laser techniques can be used to stop
the antihydrogen molecules and put them in a trap. The laser
also cools the gas until it has the temperature of a
millidegree Kelvin. The supercooled gas is then turned into a
crystal of antihydrogen ice and the antihydrogen ice ball is
levitated in an electrostatic or magnetostatic trap until
ready ýor use. If the antihydrogen ice ball is kept below
2 K, its vapor pressure is so low (4x10- 1 8 To:r) that it can
be kept indefinitely. Section 6.5 contains a detailed energy
balance for the iceball assuming that some annihilation
reactions are going on inside the storage chamber. The amount
of energy deposited by the expected reactions is less than the
cooling to the chamber walls.

Section 7 goes into detail on the reaction products to be
expected from the annihilation of the antiprotons and how they
can be utilized to provide thrust. On the average there are 3
charged pions with an average kinetic energy of 250 MeV and
1.5 neutral pions that turn into 3 gamma rays with an average
energy of 200 MeV. The charged pions have a relatively short
lifetime, but in a properly designed engine, they last long
enough to transfer most of their kinetic energy into the
working fluid. The present estimates are that one third of
the annihilation energy from the antimatter fuel ends up as
kinetic energy in the vehicle. In a typical antiproton rocket
design where the working fluid was hydrogen gas, 1 mg of
antimatter was equivalent to 6 metric tons of propellant.

Section 8 discusses the effect of antiproton annihilation
propulsion on space mission design. First it is shown that no
matter what the mission characteristic velocity or the
antimatter rocket efficiency, the optimum mass ratio of an
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antimatter rocket is never greater than 5:1. For most
missions near earth and in the solar system it is 2.5:1. This
contrasts strongly with chemically fueled missions, where mass
ratios are much greater.

Section 8.4 and Appendix B contain a comparative cost study of
a storable chemical fuel propulsion system, a liquid
oxygen/liquid hydrogen propulsion system, a nuclear thermal
hydrogen propulsion system, and an antiproton annihilation
propulsion system. Since hauling chemical fuel into low earth
orbit costs 5K$/kg or 5M$/T, it is shown that if antimatter
fuel costs 10M$/mg or less it is more cost effective than any
chemical propulsion system for any mission characteristic
velocity greater than 5 km/s. If the price of antimatter fuel
could be brought down to less than iM$/mg, then any mission in
the solar system, including a rendezvous mission to the rings
deep down in the gravity well of Saturn becomes possible.

Section 9 contains the basic conclusion that antiproton
annihilation propulsion is feasible, but expensive. It then
recommends a number of research and engineering studies that
need to be undertaken to verify that antimatter propulsion is
indeed feasible and to obtain a better estimate of the
antimatter production efficiencies and costs. Section 9.6 is
included for the skeptics. Here are listed those areas of
technology that are considered the weakest. These are the
areas where a "show stopper" 'ay lurk. If found and proven,
it would mean that antiproton annihilation propulsion is
either not possible or too difficult or expensive to pursue.

Section 10 contains a lengthy bibliography of all of the
pertinent papers in particle physics, nuclear physics, atomic
physics, laser physics, molecular beam physics, and antimatter
propulsion engineering that might be useful for someone
intending to work further in the field.

4



SECTION 1

PRESEMT ANTIPROTON PRODUCTION FACILITIES

In this section we describe the present facilities for the
production of antimatter in the form of antiprotons. As we
will see, antiprotons are being made, collected, and stored
today. Thus, the production of antimatter is no longer a
question of technical feasibility, but a question of economic
feasibility.

The present methods for producing antimatter are highly
inefficient and extremely expensive, but they don't have to
be. Before we can start considering the use of antimatter for
propulsion, however, we will need to identify efficient
methods for making and storing antimatter that will produce
significant quantities of antimatter at a reasonable cost. To
start, let us see what is being done now in the production,
capture, and storage of antimatter.

1.1 BACKGROUND

Antimatter in the form of antiprotons is being made and stored
today, albeit in small quantities. The only known major
producer is the Organisation Europ~enne pour la Recherche
Nucl~aire (formerly tte Center for European Nuclear Research
or CERN) in Europe.l* Fermilab in the U.S. has started
construction of their antiproton facility and expects to be in
operation in 1985.1-2 In 1980, it was reported1-3 that the
Institute for High Energy Physics (IHEP) in the USSR was
constructing an antiproton production facility, but no further
information on construction progress has been published since.

In these facilities, the antiprotons are generated by sending
a high-energy beam of protons into a metal target as is shown
in Figure 1-1. 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,
decelerates it, and directs it to a storage ring.

When the antiprotons are generated, they have a wide spread of
energies. Before they can be used further, it is necessary to
"cool" the beam so that all the antiprotons have the same
energy. Two techniques for reducing the spread in velocity
have been demonstrated. They are called electron cooling and
stochastic cooling and are described in Sections 2.3 and 2.4.
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RELATIVISTIC METAL
PROTON BEAMDEBR

100+10 MeV

* Fig. 1-1 Producing, capturingl, and storing antiprotons.

These cooled antiprotons could then go through another stage
of deceleration and cooling to bring them down to speeds
suitable for capture and control by other techniques. The
present accelerator at CERN~ generates 3.5 GeV anti~pjotons
using a 26 GeV proton beam and has stored up to 10•
antiprotons In~their magnetic ring "racetrack" antiproton
accumulator. •

To give some scale to what has already been accomplished, 1012
antiprotons have a mass of 1.7 picograms. When this amount of

* antimatter is annihilated with an equivalent amount of normal
matter, it will release 300 joules, a significant quantity of
energy from an engineering viewpoint. To obtain this
"firecracker" amount of annihilation energy required the use
of multimillion 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.
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1.2 ANTIPROTON PHYSICS AT CERN

The only facility in the world presently making significant
quantities of antiprotons is the European Organization for
Nuclear Research or CERN, outside Geneva, Switzerland. CERN
operates three large machines used for elementary particle
physics. These are the Proton Synchrotron (PS), the
Intersecting Storage Rings (ISR), and the 7 km circumference
Super Proton Synchrotron (SPS). There are also two smaller
machines used for antiproton collection and research, the
Antiproton Accumulator (AA) and the Low Energy Antiproton Ring
(LEAR). The CERN complex will grow in the future with the
addition of an Antiproton Collector (AC) and a Large Electron-
Positron (LEP) ring that will be 28 km in circumference.

1.2.1 Present Status of CERN facility.

The heart of the complex is the Proton Synchrotron, the
original CERN machine that has matured into a complex tool.
As is shown in Figure 1-2, protons are accelerated by the
Linear Accelerator (linac) to 50 MeV and injected into the
Booster which accelerates them to the near relativistic energy
of 0.8 GeV. The kinetic energy of the proton is now
comparable to its rest mass energy of 0.938 GeV. The Booster
then sends the protons to the Proton Synchrotron, which
further accelerates them up to 26 GeV. These 26 GeV protons
can be sent to the ISR or the SPS to carry out particle
physics experiments, or can be switched to a target area to
make antiprotons.
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Fig. 1-2 ,Producing antiprotons at CERN.
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Antiprotons are produced by focusing the 26 GeV protons down
%* to a 2 mm beam and inserting them into a 3 mm diameter, 11 cm

long copper wire target. The protons collide with the copper
nuclei in the wire and the kinetic energy of the collision
produces a spray of particles, mostly pions and kaons, some
protons and neutrons from the original nuclei, and an
occasional antiproton. The production rates are discussed
further in Section 2.1.

* The spectrum of the antipxotons is peaked around a momentum of
3.5 GeV/c (energy of 3 GeV). The antiprotons with that
momentum are focused by a short focal length pulsed magnetic

*. horn designed to capture a momentum bite of 1.5% at angles up
to 50 mrad. 1 -5 The focused antiproton beam is then
transported to the Antiproton Accumulator by a normal
quadrupole focusing channel. Although the AA was designed to
have an acceptance of 1001rmm-mrad (2 mm by 50 mrad), in
practice the acceptance has been found to only be 701r mm-mrad.

The antiprotons are injected into the outer half of the AA
ring where their momentum spread is reduced by a stochastic
precooling system to the point where they can be moved to the
inner part of the ring and deposited in the tail of the stack
of antiprotons accumulating there. About 7x10 6 antiprotons
are injected in each burst and are precooled before the next
burst arrives, 2.4 s later. 1 -5 The antiprotons in the stack

"W-4 undergo further stochastic cooling and slowly build up into an
intense core of about 1011 antiprotons.

The scientists at CERN have discovered an effect which limits
the density of the antiprotons that can be stored and kept
cool in a single accumulator ring. The effect, called
intramodulation blow-up, is due to intrabeam scattering. It
is relate.d to the space charge limit in stationary collections
of ions and is independent of beam energy. The
intramodulation blow-up is an exponentially increasing
expansion of the beam which must be kept down by stochastic
cooling. With the present cooling system, the intrabeam
scattering expansion will equal the stochastic cooling
compression at a beam intensity of 6x10ll P. This effect must
be taken into account in the design of the accumulators and
coolers for an antiproton factory since it will limit the
number of antiprotons that can be held at one time in a
stochastic cooler before the antiproton ions must be
decelerated further or turned into neutral hydrogen.

. For particle physics experiments at high energies, the 3 GeV
*[ antiprotons are extracted from the AA and sent to the PS,

where they are accelerated up to 26 GeV. These high-energy
antiprotons are then sent to the SPS where they and an
oppositely directed beam of 26 GeV protons are simultaneously
accelerated up to as much as 270 GeV each and collided at

9
At

ý K'ý (t



center of mass energies of 540 GeV to produce new particles
such as the W and ZO vector bosons that are the carriers of
the weak force. (Finding these particles won the 1984 Nobel
Prize in Physics for S~mon van der Meer and Carlo Rubbia of
CERN).

For particle physics experiments at intermediate energies, the
26 GeV antiprotons from the PS are sent to one of the storage
rings of the ISR, where they undergo further cooling. Once
optimized, the transfer efficiency from the AA stack through
the PS to the ISR approaches 100%. The ISR has a good vacuum
system and has stored an 1.998+0.0025 ma beam of antiprotons
with no detectable loss for 55-hours, leading to an estimate
for the antiproton lifetime of greater than 30,000 hr.'- 6 One
experimental run on the ISR lasted for 2 weeks. For part 4 cle
physics experiments, the second ring of the ISR is filled with
protons, and experiments are carried out at the eight regionswhere the two counter-circulating beams intersect each other.

For particle physics experiments at low energies, the 3 GeV
antiprotons are decelerated by the PS down to 200 MeV and sent
to the LEAR. Here they are decelerated to an energy of 50 MeV
and are further cooled by stochastic cooling. The antiprotons
are then used for various experiments such as the measurement
of the production rates for some of the more exotic products
of the proton-antiproton annihilation process and the X-rays
emitted by a protonic atom (a proton and antiproton orbiting
about each other just before aqn;hilation) as it drops from
one excited state to the next.j'"

A typical "fill" of the LEAR ring is 1010 antiprotons, and the
beam is used for a number of hours by many different
experiments. Many of the antiprotons, however, do not
interact with the experiments and as many as 109 of them end
up in the beam dump. These "dumped" antiprotons might be a
source for antiprotons needed for experiments on freezing and
storage of antihydrogen for propulsion.
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