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Antiproton Annihilation Propulsion

Robert Forward*
Hughes Research Laboratories, Malibu, California

Antimatter represents a highly concentrated form of energy storage, since the antimatter converts all of its
mass to energy upon annihilation with normal matter. The antimatter should be in the form of antiprotons since,
unlike antielectrons, the antiproton does not convert into gamima rays upon annihilation, but instead two-thirds
of the energy is emitted as charged particles (pions) whose kinetic energy can be converted into thrust by interac-
tion with a magnetic field nozzle or a working fluid. Antiprotons are already being generated, captured, cooled,
and stored at a number of particle physics laboratories around the world, albeit in small quantities. A number of
techniques for the efficient generation, long-term storage, and effective utilization of milligram quantities of an-

tiprotons for space propulsion are discussed.

Introductlon

N this paper, a new high spec1f1c impulse, high-thrust pro-

pulsion system, based on the generation, storage, and
utilization of antiprotons is discussed. 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 by Sanger! assumed
that the antimatter would be antielectrons (positions), which
interact with electrons to produce 0.511 MeV gamma rays.
Sanger tried unsuccessfully to invent electron-gas mirrors to
direct these short wavelength gamma rays to produce a photon
rocket.

The antlproton is much more suitable than the antieléctron
for propulsion systems. The annihilation of an antiproton by a
proton (or neutron) does not produce gamma rays immedi-
ately; instead, the products of the annihilation are from 3 to 7
pions. On the average there are 3.2 charged pions and 1.6
neutral pions.? The neutral pions have a lifetime of only 90 at-
toseconds and almost immediately convert into two high-
energy (200 MeV) gamma rays. The charged pions have a nor-
mal half-life of 26 ns. Because they are moving at 94% the
speed of light however, their lives are lengthened to 70 ns.
Thus, they travel an average of 21 m before they decay. This
time and interaction length are 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 léngths 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.

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. The
literature prior to 1980 (see 27 references in section 02.01 of
Ref. 3) was usually concerned with interstellar missions and
glossed over the problems of generating, storing, and using the
antimatter. Récent progress in particle physics on methods for
obtaining intense antiproton beams, however, have caused
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those in the space propulsion community to take another look
at the concept of antimatter propulsion to see if it can be
removed from the ‘‘science fiction’’ category to the ‘‘engineer-
ingly 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,*® including a special issue of the
Journal of the British Interplanetary Society on the subject of
antimatter propulsion.®i4

The problems to be solved in making antlproton annihila-
tion propulsion feasible can be listed as: antiproton’ gener-
ation, - antiproton capture, cooling at relativistic velocities,
deceleration from relativistic to subrelativistic velocities, cool-
ing and slowing at subrelativistic velocities, conversion to an-
tthydrogen, cooling and slowing of antihydrogen, conversion
of antihydrogen atoms to antihydrogen molecules, cooling
and slowing of molecular antihydrogen, stopping of anti-
hydrogen molecules, trapping and cooling of antihydrogen
molecules, conversion of antihydrogen gas to antihydrogen
ice, long-term storage of antihydrogen ice, extraction of arn-
tihydrogen from storage, annihilation of antihydrogen,
transfer of annihilation energy to working fluid, and conver- -
sion of working fluid energy to thrust.

Solutions to some of these problems, such as generation,
capture, relativistic cooling, deceleration, and subrelativistic
cooling have already been demonstrated. Solutions to the ma-
jority of the rest of the problems are in sight, although not all
of them. The remainder of this paper will consider the present
state-of-the-art, the problems yet to be solved, and how one
might approach a solution to those problems.

Present Production Facilities

Antimatter in the form of antiprotons is being made and
stored today, albeit in small quantities. The two major pro-
ducers are the Institute for High Energy Physics (IHEP) in the
USSR15 and the Centre Européenne pour la Recherche
Nucléaire, (CERN) in Europe.!® In the U.S., Fermilab has
started construction of their antiproton facility and expects to
be in operation by 1985.17 In these facilities, the antiprotons
are generated by sending a high-energy beam of protons into a
metal 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 selec-
tor separates the antiprotons from the resulting debris and
directs the antiprotons to a storage ring.

When the antiprotons are generated, they have a wide
spread of energies. This makes it difficult to decelerate them
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to subrelativistic velocities, therefore, it is necessary to ‘‘cool’’
the beam so that all of the antiprotons have the same energy.
Two techniques for reducing the velocity spread have been
successfully demonstrated. In the stochastic cooling scheme, '8
the radio noise generated by fluctuations in the beam is
detected. This noise is amplified, phase shifted, and then
transmitted across the diameter of the ring to an electro-
magnetic kicker that suppresses the fluctuation. In the elec-
tron cooling scheme,!® a beam of monoenergetic electrons is
inserted into the ring with the antiprotons. Those antiprotons
moving too slowly will be accelerated by electromagnetic in-
teractions with the negative charge on the electrons and those
moving too fast will be decelerated. These cooled antiprotons
could then go through another stage of deceleration and cool-
ing to bring them down to speeds suitable for capture, control,
and cooling by other techniques. The acclerator at CERN
generates 3.5 GeV antiprotons using a 26 GeV proton beam
and has stored as many as 102 antiprotons for days at a time
in their magnetic ring ‘‘racetrack’” antiproton accumulator.?

To give some scale as to what has already been accomplished
at these research facilities, 102 antiprotons have a mass of
1.7 pg. When this amount of antimatter is annihilated with an
equivalent amount of normal matter, it will release 300 J, an
engineeringly significant quantity of energy. 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.

Present Production Rates

The capture efficiencies of the present antiproton facilities
are abysmally low. The situation is summarized by Fig. 1 from
Ref. 21. The upper part of the figure shows the total number
of antiprotons generated per GeV of antiproton momentum
per steradian of solid angle at the central portion of the
antiproton beam. Integrating the curve over the antiproton
momenta shows that each proton produces 7.7 antiprotons per
steradian. The number of antiprotons per GeV of antiproton
momentum for two different angular acceptances is shown in
the lower two curves. In the paper, the number of antiprotons
per GeV of antiproton momentum is estimated assuming that
first antiproton collector at Fermilab can accept only those an-
tiprotons with an angular spread off the axis of 30 mrad
(0.0028 sr).

When the 30 mrad curve is integrated over the antiproton
momenta a total of only 0.014 antiprotons power proton is
found in this narrow angular acceptance. Then, of this small
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Fig. 1 Present antiproton capture efficiencies.
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angular spread, the Fermilab collector is able to capture only
those with a momentum (velocity) spread of 3% or 0.25 GeV
around 8.9 GeV. Ideally, therefore, they would expect to cap-
ture about 1.8x10~* antiprotons per proton, with an
estimated actual capture rate (including mismatch and
transport losses) of 3 x 103 antiprotons per proton. If the an-
nihilation energy obtained from using the antiproton
(2myc* =1.87 GeV) is compared with the energy in the 120
GeV protons required to make that antiproton, an energy effi-
ciency of 5x 107 is attained. Since a typical synchrotron is
only about 5% efficient, the ‘‘wall-plug’’ energy efficiency for
antiproton production of present machines is only about
2x1078,

Future Production Rates

Data on the antiproton production spectrum of high-energy
protons impacting heavy metal targets are available only for
small angles about the forward direction. This data is suffi-
cient for the design of the present antiproton collector systems
that only attempt to capture the antiprotons emitted around
the forward peak. In order to design systems that will capture
a higher percentage of the antiprotons, it will be necessary to
know the antiproton spectrum as a function of angle and inci-
dent proton energy over a greater angular spread. Such data
does not seem to exist and there are no present plans to make
these measurements, since obtaining the data would require an
extensive amount of time on the large synchrotron machines.
The particle physics community prefers to use the machine
time to study more important issues to particle physics. As a
result of this lack of detailed knowledge of the spectrum, the
total number of antiprotons generated is also unknown (to
probably a factor of 2).
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The last collection of experimental data on total antiproton
production rates was done over a decade ago and published in
a review paper by Antinucci et al.?* The measurements were
made using colliding beams of protons, therefore, the data is
only partially relevant to the problem of colliding protons with
heavy nuclei, which is known to give a higher antiproton pro-
duction rate. The data from the table in Ref. 22 for the total
antiproton production rate are the large dots in Fig. 2.

Using the known ratio of antiproton production in the for-
ward direction from heavy nuclei and hydrogen targets,?' the
Antinucci hydrogen target data was modified to obtain the up-
per curve which gives the predicted antiproton production
rates as a function of energy for protons incident on metal
targets.

If we now take the upper curve, giving the number efficiency
for producing antiprotons, and divide it by the energy of the
proton making the antiprotons, we obtain the bottom curve.
This is the energy efficiency for producing antiprotons. Note
that it has a broad peak at approximately 200 GeV. Although
the number of antiprotons produced continues to increase as
the incident proton energy is increased, the gain in
production above 200 GeV is not enough to offset the increased
proton energy required.

It can be seen from Fig. 2 that the maximum energy efficiency
production rate occurs for an incident proton energy of 200
GeV and is 0.085 antiprotons per proton. (There are roughly
5 K mesons, 50 pi mesons, and large numbers of positrons and
electrons produced for each antiproton generated.) This anti-
proton production rate is 2 times the production at the Fer-
milab energy of 120 GeV and 20 times the production at the
CERN energy of 26 GeV. It should be emphasized that the
curves in Fig. 2 are based on sparse data and actual
measurements of antiproton production spectra as a function
of angle and proton energy are needed before any major
engineering studies on antiproton production are done.

Antiproton Factory

Figure 3 presents a conceptual design for an antiproton fac-
tory which would utilize the technologies being developed at
CERN, Fermilab, and THEP, but on a much larger scale and
with the design optimized for energy efficiency. First, the pro-
ton accelerator should be a high current radio-frequency (rf)
linear accelerator (linac) with a wall-plug efficiency of 50%,
rather than the low-current, low-efficiency, but high-energy
resolution synchrotron preferred as a research tool by particle
physicists. There would be more than one proton beam with
each beam operated at the optimum beam current for the par-
ticular target design chosen. Each proton beam would strike a
metal target and the resulting particles would be sorted by an
array of wide-angle collecting lenses to extract the antiprotons
and positrons. The positrons with the right energy would be
picked off and sent to the antihydrogen generator, while all of
the antiprotons possible would be sorted by energy and sent to
a stack of stochastic coolers, each optimized for a particular
central antiproton momentum.
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After stochastic cooling, the stack of beams at different
energies would go to a decelerator stack that would reduce all
of the antiproton energies to the same subrelativistic energy
(200 MeV). The combined beam would then be sent to a
subrelativistic cooling ring using either stochastic or electron
cooling before being decelerated further and sent on to the
antihydrogen generator where the antiprotons are combined
with the positrons to make antihydrogen atoms.

Antihydrogen

The antihydrogen generator would follow the general con-
cepts described in a recent research publication at CERN.? As
is shown in Fig. 4, if a beam of positrons is traveling at the
same speed with a beam of antiprotons, they will attract one
another and recombine to form antihydrogen. This natural
process can be enhanced by factors of 100 or more by
stimulating the capture process with photons at the right
wavelength.

Once an antihydrogen beam has been formed, there are a
number of techniques available for cooling the electrically
neutral antihydrogen down, slowing it to a stop, and storing it
in a trap. Traps for atoms were first proposed by Letokov and
Minogin®* and Ashkin and Gordon.?® These traps use laser
beams tuned just below the first optical resonance line of the
atom. Those atoms tiying to move toward the laser will see
the laser photons shifted upward into resonance with optical
absorption line. The atoms will absorb the Doppler-shifted
laser photons, slowing down slightly in the process. The atom
then reradiates each photon, but in a random direction,
therefore, the recoils from the reradiated photons will average
out. Thus, after many absorptions and reradiations, the atom
has stopped moving. Once the atom is stationary, it no longer
absorbs the off-resonant laser photons and stays trapped.

Lasers have also been used to ‘‘push’’ a beam of sodium
atoms to one side, ‘‘cool’’ the beam both longitudinally and
transversely until all of the atoms have the same speed, and
slow down, halt, and reverse the direction of an atomic beam.
The activities in the field of cooling and trapping atoms have
progressed to the point where there are periodic workshops on
laser cooling and trapping.?¢

Although it might be possible to store antihydrogen as an
atomic gas,?’ the atomic form of antihydrogen is more dif-
ficult to control, cool, and trap than sodium, since the first
resonance line in atomic hydrogen is in the vacuum ultraviolet
(the Lyman alpha line). The fundamental problem is that
while one Lyman alpha photon will excite an anti-
hydrogen 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 an-
tihydrogen molecules, then store them as antihydrogen ice.
The conversion of antihydrogen atoms to antihydrogen
molecules takes place naturally (with the release of a great
amount of energy, which is why spin-polarized normal
hydrogen is being looked at as a potential rocket fuel).
However, a large number of the molecules are left in a
metastable orthohydrogen state. Left to itself, all of the
cold antihydrogen molecules ultimately will convert to para-
hydrogen, the ground state of the molecule. Unless a catalyst
is used, however, 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
molecules in the ground state. These antihydrogen molecules
can then be further cooled and trapped using lasers operating
on a molecular hydrogen line, then turned into antihydrogen
ice in the preferred parahydrogen state. Research is also needed
on turning a cold antihydrogen vapor into ice crystals, since
there is a heat of fusion generated during the formation of the
ice. Fortunately, all of these research problems on manipu-
lation of antihydrogen can be studied using normal hydrogen
(and would make excellent thesis topics).
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Antihydrogen Traps

Antihydrogen ice, like hydrogen ice, is diamagnetic, with a
negative magnetic susceptibility that is two-thirds that of
graphite. A simple passive trap for a ball of antihydrogen ice
could be made of magnetic fields. There are a number of dif-
ferent ways to configure permanent magnets and coils to pro-
duce a magnetic field minimum that will attract and trap a
diamagnetic material such as graphite?® or hydrogen. One sim-
ple example consists of two superconducting coils spaced so
that there is a magnetic minimum midway between them.?
This type of trap would be completely stable and require no
power. However, it is not very deep, and, although quite
suitable for storage of antihydrogen ice in free fall, it might
not be able to levitate the antihydrogen ice at high acceleration
levels.

For high acceleration levels, a more suitable trap would be a
servo-controlled dc voltage electrostatic levitation mechanism
such as those made at Jet Propulsion Laboratory.’® These
traps have levitated electrically charged millimeter-sized 20-mg
spheres of water ice in the Earth’s field. Antihydrogen ice will
have a density of 0.0763 g/cm?, which is 13 times less than
water ice. Thus, the same electrostatic suspension could hold
milligram-sized balls of antihydrogen ice at accelerations up to
13 g. Since the antihydrogen ice will be formed at mK or
below, and the heat input from the electric levitator will be
low, the sublimation pressure of the antihydrogen will be so
low (10~% Torr at 1 K) that the antihydrogen ice ball should
last for years.

Utilizing Antihydrogen for Propulsion

There are a number of techniques for extracting the an-
tihydrogen from the storage trap and directing it into the
rocket engine under control. If the antihydrogen is in the form
of a large ball many milligrams in size, then the antiprotons
can be 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, and then directing them to the thrust chamber.!? It
might be more desirable if the antihydrogen could be formed
as a cloud of charged microcrystals, each a microgram and
containing the energy equivalent of 20 kg of chemical fuel.
Then, using a directed beam of ultraviolet light to drive off a
few more positrons, an individual microcrystal could be made
more highly charged, preferentially extracted from the
microcrystal cloud using electric fields, and directed down a
vacuum line to the thrust chamber. Since the position of the
charged microcrystal in the injection line can be sensed,
mechanical shutters can allow the passage of the microcrystal
without breaking the vacuum.

Antimatter fuel is so powerful that new types of rocket
engines will have to be developed to fully utilize its potential.
One of the simplest antiproton propulsion systems would use a
design similar to that of a nuclear thermal rocket. In a nuclear
thermal rocket, hydrogen gas is heated by passing it through
the core of a fission reactor. The hot hydrogen is then used to
provide thrust. In the antiproton annihilation version, the
energy released by the annihilation reaction would be ab-
sorbed in the walls of a heat exchanger made out of refractory
metal. The heat exhanger would then heat hydrogen to pro-
duce thrust.’! A heat exchanger made out of a cylinder of
tungsten 28 cm in diameter and 28 cm long would only weigh
330 kg and capture most of the energy in the gamma rays and
pions emitted by the antiproton-proton annihilation process,
thus utilizing all of the energy in the annihilation reaction. The
maximum temperature would be limited by the melting point
of tungsten to about 3000 K, resulting in a maximum specific
impulse of about 900 s or an exhaust velocity of about 9 km/s.
This is considerably better than any chemical rocket or even a
nuclear fission thermal rocket, but still does not use the high
exhaust velocity potential of antiproton annihilation.

The plasma created by the heating of the hydrogen working
fluid by the pions emitted by the annihilation process is too
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hot to be contained and directed by thrust chambers and
nozzles made of solid material. Fortunately, most of the par-
ticles generated are charged and can be contained and directed
by strong magnetic fields. The first example of a design for a
magnetic field antiproton rocket engine can be found in Ref.
12.

Minimum Antimatter Optimization

When antiprotons interact with protons (hydrogen), the
resultant annihilation products are pions with an average
kinetic energy of 250 MeV. This translates into an exhaust
velocity of 94% of the speed of light. Thus, pure antimatter
rockets are best suited for relativistic missions. In order to use
the minimum amount of antimatter for the mission, the best
way to use the antimatter is nof to use equal amounts of mat-
ter and antimatter. Instead, the antimatter should be used to
heat a much larger amount of propellant. It has been shown,3?

- that, except for extreme relativistic spacecraft speeds (> 0.5¢),

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 total velocity change, but is always a
negligible fraction of the total mass. Because the mass ratio of
an antimatter-powered space vehicle will always be less than
5:1 (typically 2-3:1), mission analysts need to rethink those
missions that have been labeled ‘“impossible’’ due to the ex-
treme mass ratios required to accomplish the mission using a
chemical or nuclear system with a fixed specific impulse.

Antimatter-Powered Mission Analyses
In some 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 (us-
ing aeroassist). The mission velocity change was assumed to be
5.5 km/s. Using the minimum antimatter optimization,
Cassenti found that the optimum exhaust velocity was 3.4
km/s (specific impulse of only 350 s), the reaction mass re-
quired was 40 tons, and the amount of antihydrogen needed
was only 6 mg. If the amount of antihydrogen used is raised
from 6 to 10 mg, then the amount of hydrogen reaction mass
drops dramatically, from 40 to 15 tons, giving a mass ratio of
2.5:1, while the exhaust velocity rose to 5 km/s. Thus, in this
range of the parameters, an additional 4 mg of antihydrogen
saves 25 tons of reaction mass. Whether this tradeoff is
beneficial depends upon the relative cost of antihydrogen per
milligram compared to the cost of hydrogen per ton in LEO.
In a recently completed study?? it was estimated that a well-
designed factory for producing antihydrogen should be able to
operate at an energy efficiency of better than 10~* (compared
to the present efficiency of 2 x 10~8). The cost of the antimat-
ter was estimated to be about $10M per milligram, while reac-
tion mass in LEO was estimated to cost $5M per ton. Thus,
using the numbers from Ref. 6, an additional 4 mg ($40M) of
antimatter fuel in the rocket saved 25 tons ($125M) of reaction
mass. Although these cost estimates are far from firm, it looks
as though antimatter might be a cost-effective fuel for space
propulsion,

Conclusions

It is concluded that the antiproton propulsion concept
presented herein is feasible but difficult and 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 major uncer-
tainties seem to be in the production and capture of the
antiprotons at high efficiency, and the conversion of an-
tiprotons 'into frozen antihydrogen without excessive losses.
The storage problems look tractable. The problems that need
to be solved first are to determine the total antiproton produc-
tion rate and spectrum vs proton energy, the maximum feasi-
ble limits to antiproton capture efficiencies of physically feasi-
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ble lenses and accumulator rings, and the maximum efficiency
of the antimatter rocket that uses the antiproton fuel. It is im-
portant to recognize that many of the problems of capturing,
cooling, slowing, trapping, and storing antiprotons (anti-
hydrogen) can be done as thesis topics using normal protons
and hydrogen.
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