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Abstract

Mitter-antimatter annihilation is an attractive energy source to consider
for the propulsion of future sgacecraft. Annihilacion produces considarably
mare cnerpy per unit mass of propellant then any ather known means of energy
production.

Aside from the problem of the production of antimatter in the amounts
required, an antimatter annihilation rocket requires several systems and
components that arce unique to its naturce. Among these are an antimatter
storage system, a means to extract the antimatter from storage, a system to
Ltransport Lhe antimatler to the rocket engine, and the eagine wherein
annihilation occurs and thrust is produced.

Concepts upon which the design of these systems and components might be

based are presented and discussed.
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‘ l. Introduction

The annibllation of matter through contact with antlmatter produces more
¢nergy per unit wass than any other mecans of cnergy production. This fact has W%
led to numerous suggestions that matter-antimatter annihilation be considered
ak o means of propel)ing Future spacecraft (11 [2] (3] [4].

1t is the purpose of this paper to present thc results of a particular

L

line of work conducted over the last several years, in which some of the
problems involved in the conceptual design of an antimatter annihilation
rocket have been explained. Ideas are proposed upon which designs of some of
the major components of such a rocket might be based. Included are rocket
motors in which annihilation takes place and the annthilatlion energy is
converted to thrust, '

To achleve rocket propulsion through annihilation at least the following
must be accomplished: (1) the production of substantive antimatter in at least k
milligram quantitices, (2) storage ¢f the antimatter in the rocket, (3) extrac- i
Ltion on u continuing basis of tiw antlimatter frowm storage, (4) transferral of :
the antimatter to Lthe annibidlation region, (%) annibitation, and (6) conversion
of the annihilation energy to rocket thrust. In the following sections
concepts in various degrees of detail are presented for achieving items (2)
through (6) along with discussions of remaining problems. In addition
¢lements of the underlying physics are discussed. Item (1) has been dealt
with by others [5]); it will not be considered here.

A great amount of detalled rescarch is required before the design of an
antimatter annihilation rocket could actually be attempted. Such rescarch

would go well beyond the scope of the work presented here. In this article
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e Iontont bs to set forch some ddeans and concepts that may be relevant Lo the
desipgn of Lthe mijor unlque cumponents of such u rocket. Thase Ldeas und
coneoptn are disenssed with varying levels of completeness and with reasoning Nﬂ
that varies Lfrowm qualitstive to quantitative.
HEin bopead that it work will be pard ol o banis For Tature vonviiceh of

a more detailed and o nore complete nature,

-

<. Autimatier

At bt ter is compoted of Tundamentad paetielens Jount an is matter,  Thene
"ancipuarticies” are the simplest form of untimatter. For neurly every Ltypz of
Prdbamental partaede there ia o corvonpoml g type of Famdamental ant i
particles The only exceptions are certain particles, such as the photon and
nevt rad o piometon Cnentrad pion). L antipaeticlen For Chese could be
produced, they would be identical to the particles themselves, so there Ls no i
weod Tor a distinetion belng mades A antipariicle is Ldentlcal Lo its
correnpondang particle in regird Lo a sumber of propertics, Coge muss, 1L iy
thee wpponite vounlbeerpart Lo Lhe ecorcenponding pavgiede o topman ol o ey
properties. The most notable of these is electric charge. In fact, for every
Pypes ol charvged portiche Lthece Bs a Lype of antipartiede with opposite charpe
and identical mass.

The wotit dmportant property of wntiparvleles for Lhe prosuent purpotos is
Lhat they annlhillate with pacticles. Lu the annihilation reaction a large
braction of the dnltiol mans s converted Lo wnerpgy.  The eacrgy production
Tollows Einsteln's cquation, & o mcz, where B s the energy produced, o Ls
the mass annibilated (initial minus final mass), and ¢ ig the veloeity of
light, Matter-antimuather annihilation produces much more cnergy for a given

Inltial Ltolal wass than any other currently known proccss, including fusion

and fission,
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Antiprotons, antineutrons, and antieclectrons (positrons) can join
together Lo lorw antinuclel, antiatoms, and antimolecules in exactly the same
way that the corrcsponding particles can form nuclei, atoms, and molecules. A
collection of very large numbers of antiatoms and/or antimolecules in the form
of a gas, liquid, or solid can be termed substantive antimatter (or
antisubstance). The simplest form of substantive antimatter is antihydrogen.
This I8 compored of molecules which consist of two antihydrogen atoms cach.
Each of these antiatoms consists of an antiproton (itself an antinucleus in
this case) with a positron (anticlectron) bound to it.

Antiparticles and simple antinuclei have been prcduced in the laboratory
by particle accelerators and are found In primary and gecondary cosmic rays.
Antiatoms have not been produced in the laboratory although they probably
could he, in small numbers, with presently available mpans. Substantive
antimatter might exist somewhere in the universe (antigalaxies perhaps),
although this might be doubtful on some¢ theoretical grounds. There is no

currenl vbservational evidence for L8 cosmological existence.

3. Aanihilation

Mutter—antimatier aannlhilation occurs on the partiele-antiparticle
level, Annihilation occurs when the particle and corresponding antiparticle
come sufficlently close so that the distance between them is about equal to
their linear sizes or less. Annihilation can also occur between a particle
and an antiparticle of an otherwise different nature, but the probablility of
annihllation is gencrally less for the same interparticle distance. Examples

of annihilation reactions of particular concern here are
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p+5—,~'n‘++ﬂ-+ﬂ° (1

und ¢+ e -2y (2,

ln (1) o positively caarged proton (p) and a negatively charged
antiproton (B) annihilate to produce a positive, a negative, and a neutral

plon. 1In (2) an electron (e ) and a positron (e+) arcnihilate to produce

. -a

two gammia rays (Y). Products other than those shown for (1) and (2) arc also
possible. In (1) additional pions and/or other mesons heavier than the pion

may he praduced, The pilons and other mesons cventually decay into other

particles including muons (pf) and antimuons (4 ), which also decay, and

pammy rays. The Final products of p-p annihilatlon are electrons, positrons,
neutrinos, and gamma rays. GCamma rays may be produced directly, but such an |
ocenrence is relatively very unlikely, Tf the electrons and positrons [rom ;
this process can be brought together to annihilate, then the only remaining !
products are neutrinos and gamma rays. In (2) higher numbers of gamma's may

also be produced, although the likelihood of this is quite low.

Reaction (1) involves a total mass ene¢rgy of 1877 Mev. About 60% of this
initially poes into the kiretic cnergy of the charged mesons (neirly all
pions). Later this number will be scen to be important in regard to how much
of the p-p annihilation energy may be used for rocket thrust. The total amuss

energy in reaction (2) is about 1 Mev. This energy goes entirely into the

cacrgy of the gummas.

Particle-antiparticle reactions such as (1) and (2) form only a portion
of the reactions that are important for matter-antimatter annihilation as it

is likely to occur in a rocket. This is because the minimum uscful amounts of
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antimatter, small in some applicstions, are large enwu3h relative to the
weight ol the rocket so chat Che use of antimutter stored Lo the Loem ol tree
antipurticles (e.g. antiparticles in a storage ring within the rocket) s &%
probubly not feuslble. 1t will probably be necessary to use substantive
antimatter, and for case of handling this will probably be in solid form.

wWhen substantive antimaiter is involved in a controlled annihilation
process, it is necessary for certain atomic scale reactions to take place in
order that annihilation of the nucleus and antinucleus occur [6] [7)., It is
the nucleus~antinucleus annihilation that produces, by far, the most encrgy in
the annihilacion of watter and antimatter. These reactions bring a nucleus
(e.p., p) and an antinucleus (e.g., p) close cnough to one another for
annlhilation to take place. Examples of ‘such reactions involving antiprotons

and atoms of hydrogen (H) and antihydrogen (ﬁ) are

P+ H—ebn + ¢~ (3)

and i+ U=~=Pn + Ps, (4)

where Pn, protonium, is an atom which is a bound state of a proton and an
antiproton, and Ps, positroniuvw, Ls an atow which s a bound state of an
c¢lectron and a positron. In reaction (4) it is possible to obtain unbound
¢+ et Instead of Ps, The p and p In Pn and the e and e+ in Ps

annihilate in times on the order of microseconds or less once the Pn and Ps
arce formed. The cross sections for reactions (3) and (4), which occur at
incident energies of one reactant on the other from zero to about | ev, arc
known and have energy dependent values that lie between ordinary atomic areas

and a few tens of times as great for energies in the thermal range. Estimates
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of thuse cross sections are given in refarences (6], [7], and (8] along with
¢russ secllons Lor cuctuln othier reuctunts. 'the cross scection for reaction

(3) is shown In Fig. 1.

4. Antimatter Storage

1t can be rcecadily demonstrated that substantive antimatter cannot be
stored In any way in which it is allowed to come into contact with matter.
Here "contact” refers ton situations in which atoms of wmatter and antimatter
can come ¢loser than about 20 or 30 Bohr radll from onc another, which is the
case Ln all ovdinary means of storage. For even milligram quantities of
substantive antimatter, contact with matter will lead, at least, tno electron=
positron annihilation., This will, at least, produce intolerable heating in

any surrounding matter in addition to vaporization and depletion of Lhe

antimatter.

llenew, ordinary methods of matter storage are not feaslble for
antimatier. The antimatter must be stored by suspending It cleclromupnel—
featly in o bhigh vacwan such as way be found in Iateeplanctary space [9). One
such possibility is illustrated in Figure 2. 7Two sectioned, curved plates of
opphsite chiarge about 10 cm apact provide an clectric fleld that suspends a
charged sphere of solid antihydrogen. It is presumed that gravity or rocket
acceleration forces on the sphere act downward in the figure. The ¢harge on
the plates may be adjusted to balance these forces. If the sphere and curved
plates are charged to 100,000 volts, the suspension forces are sufficient to
counter un upward acceleration of 3g (g = 9.8 m/sz). The negat: ve charge on
the antihydrogen sphere might be accomplished by ultraviolet irradiation of
the sphere in an electric field. This would cause positrons to escape from

the sphere, leaving behind an excess of negatively charged antiprotons.
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The form of the electrical field produced by the curved alectredes is
such Lhat o polal ol stable cquilibriue axists for the sphere in the verticul
direction. This reduces the precision by which the voltage on the plates must
be control. @d to keep the sphere near the center. No such equilibvium exists
in the horizontal direction, however. Here the forces tending to move the
sphure away froa the ceater position &re less than in the vertical direction.
Tts horizontal position can probably be adequately controlled by adjusting the
voltuages on the plate sections in a horizontally asymetric manner.

The position of the sphere could be sensed by the use of micrownves of
sufficiently low intensity that they would have no significant effect on the
solid antihydrogen.

Even in the case of suspension of antimatter in a nearly perfect vacuum
there are potontial problems with unwanted annihilation. Wherecas the matter
in the vicinity of the antimatter can be chosen to have a negligibls
sublimation rate, this wmay not be true of the antimatter (assumed Lo be solld
lor case ol subpension), The sublimes andiutows can annlhilate with atoms of
nearky matter,  The rate of heat production within the antimatter due Lo such

annihilations is

nt £,A
- 172 6 calories
We = x10 o ec. )

where w is the number of moles of antimatter, n is the number of antiatows per
antimolecule, f) Is the fraction of the solid angle surrounding the suspended
antimaticr that is taken up by matter, £, is the fraction of the

annlhilation cnergy deposited in the antimatter, A is the lesser of the atomic
numbers of the matter and anitmatter and v is the mean lifetime against
¢vaporation of the antimatter in years. For the case of one gram of solld

antlhydrogen equation (5) becomes
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172 () calories
W e et % 10 e, ! (6)

To maintaln the antimatter at a constant temperature requires an energy
loss rate from the antimatter equal to W. Assuming the loss mechanism to he
thevmul radiation, and applying the Stephan-Boltzman law for total thermal
radintion from a black body to a onc gram sphere of antihydrogen at its

freezing p.int (léok). the energy loss is

"‘6 c“l.
W= 1.4 x 10 vy (7)

where Lhie mean Ltempecatuce of Lhe surcounding has buun Laken Lo bu about
4°K. This Is about the minimum that can be achieved in space through

passlve seuns such as shielding. Combining cquations (6) und (7) glves

Tl %7 x 101! yeurw, (8)
Lowering Lhe mean Lempurature of the surcoundliogs to less than 4%k wouldl
have Tittde effect For the antihydrogen at 149K,
By making the region around the antihydrogen mostly open space it might

be punsible to wake [, as low as 10-2

and by winimizing the size of the
c¢lectrodes and moving them farther from the sphere chan shown in Fig. 2 (with
currcspond ingly greater voltages) it might be possible to make f2 us low au
10'5. A possible form of the resulting suspension mechanism that might
accomplish these values of £) and [y Lsé shown in Fig. 3. lere @ shicld

has been added to provide at least some protection against micrometerites if
such should be needed. Although it is clear from the figure that geometricrlly

f] is not 10'2, the same effect might be accomplished by the arrangement

of surfuce angles so that sublimed antiatoms or antimoiecules strike the
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surfaces at very swall angles leading to a high probability of thelir
reljection,

Wich che values of £, and £, given above Eq, (R) glves T==105 years,
Rough culculurions bused on the known vapor pressury of solld hydrogen at low
temperaturcs indicste that this is several orders of magnitude greater than the
mean Lifecime sguinst sublimution that can be expected of solid antlhydrogan
at 14% in a vacuum. Lowering the teamperature of the antihydregen to near
absolute zero and surrounding it by matter at a distance of several meters
that Is actively refrigerated to a temperature even closer to absolute zero
might help, This is because the sublimation rate decreases faster as the
temperature |s lowered below 14%K that does the rate of enerpy loss throuph
radlation, .

A better salution to this problem might possibly be obtained Chrough
active refrigeration of the suslended antihydrogen by an electromagnetic
means, This Iy done with some forms of matter in certaln arcas of
cxpurimental, low temperature physles. This posslbilily has not been
investigated, bul should it prove Feasible o wmuch higher rate of heating due
to annihilation might be allowed. This, coupled with the lower temperature of
the untihydrogen, could lead to values of v that arve tolerable Lo regard Lo
the annihilation energy produced and in regard to avoiding any slgnificant
depletion of the untihydrogen.

Another solution, of course, would be to employ a heavier antimatter
¢lement than antihydrogen that would huve a very long lifetime agalnst
subllmation in the solid state. However, such an element would, undoubtedly,

be much more difficult to produce.
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5., Extraction and Transport of the Antimatter

o Lhis suection u descriptlion Is given of & wethod by which antimatter
may he continually withdrawn from storage and transported to othar portions of %%
the rocket, The feasiisslity of this method for accomplishing withdrawal and
Crankport In demonsteated only on o semiquantitacive harin,

The principal physical featuree associated with the mcethod are depicted
in Fige 2. The magnatic Ficld shown there is produced by and is Lnslde of @
solenoid which is not shown.

Extraction of the antiprotons occurs at the topmost point of the
antihydrogen sphere In the figure and extraction of the positrons at the
lowest point,  In hoth cases extraction is necowpl ished by dirccting
clectromagnetic energy with roughly the wavelength of ultraviolet light at
Lhese points.  For extracting the antiprotons the intensity, waveleagth, and
cross section of the electromagnetic light beam are chosen so that molecules
of antihydrogen are dinloged from the surface and at the same time lonjzed
loto frue untiprotpns and positrons, For extracting the positrons Lhe
intennity, wavaleagth, and boaw croun sectlon are chosen o Lhat only
ionization occurs. The positrons become free, but the antiprotons remain
bound Lo the sphere.

At the top the free antiprotons are accelerated upward by the clectric
ficld und continue into the antiproton transport reglon while being gulded
that way by tie magnetic field. The associated positrons are drawn by the
electric ficld back onto the sphere. At the bottom the free positrons ace
drawn downward by the electric fleld into the positron transport region while
being guided that way by the magnetic field.

Depending on the voltage required for suspension, the energy of the

e¢xtracted antiprotons will be between a few tens and a few hundreds of kev.
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With sufficlontly strong magnetic and electric fields it should be possible to

direct Lhow Lo Lhe rockel ongine with Lictie, 4f any, loss In thelr numbur,

However, for annihilation to occur with the nuclel of watter (to be discussed m%h
in thu following section) their unergy must be reduced to about 1 ev or luss
(kee Scccion 3) while making the cross section of thelr becam be on the order
of 10 cw or less, ‘The means to accomplish this energy reduction has not been H
fnvestigatad,
‘the positrons atw directed by the magnetic field and, if necessary,
clectrie Flolds to an auxiliary clectric powar generator [1]. llere they
lwplnge upon watter whireln they annihilate with electrons. The gamma rays
produced by ronction (2) (wost will have an anergy of about 1/2 wev.} pass

Lhrough 4 suries of metal plates where they disloge electrons through compton

ot

koattaring, The resulting charge on the plates Le the source of clectriclity

produced by the auxiliary power generator.

614 Ruckit MoLor with o Hlgh Veloclly Exbuust

Thrust comnot be produced Crowm watlar~antimatter annllitlation by simply
feeding matter and antimatter intc an ordinary rocket engine wheve they
annihlinte, ns fucl and oxldizer ace Leed lnto the rockul angine of a chemleal
rocket. There are two principal reasons for this.

First, ln order to avoid unwanted annihilation of the antimatter while
passing into the engine, the antimatter wust pass from a high vacuum in the
antimatier transferral system into at least a fairly high vacuum {n the
interior of the engine. Without a vacuum in the engine, at ledst a
significant portion of the antimatter would annihilate immediately upon

entering and deposit an excessive amount of energy at the entrance point.
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Sccond, the majority of the energy from annihilation would be deposited
vutslde the englne. Whatever elewents of matter and antiwmatter are employed,
a significant portion »i the annihilation energy initially goes into charged
plons as in reaccion (1) The distance these particles will travel before
being stopped in o gas, whose deasity is on the order of atmospheric density,
is very roughly (depending on the kind of gas) on the order of a few
kilometers [10). Thus they will pass out of the engine. In surrounding
solids their range will be very roughly on the order of a few meters. The
muonk, into which some of the charged plons will decay, have still longer
ranges, The neutral pions produced by the annihilation have a very high
probabhility of deeaying, into gomma rays hefore they interact with matter.

A type of rocket engine that ovarcomes these difficulties is shown in
Fig. 4 The main feature of the englne is that, it caploys a non-uniform
magnetic field to direct the changed annihilation pions rearward from the
cagine, theceby providing thrust. The particular engine shown In the figure
It one which hus about the minimua possible slze under the constralnts that
Liw maximum value of wmagnetice field is 500,000 gases and that at Least 404 of
the mass energy of the annihilating protons and antiprotons goes into directed
thrust, As will be scen later the engline wmay have to be scaled up In size to
provide adequate thrust. Nevertheless, the engine shown embodies all of the
features, except for magnetic field strength and scale, of iarger counterparts.

The magnetic fleld is produced by the turns of a coil that increase in
radius and sceparation from left to right in the figure. The spacing of the
turns ls arranged o0 that the magnetic field lines form straight lines, all of
which c¢minate from a common center on the engine axis 0.45 m to the left of
the engine. Within the field is a vacuum except for the antiproton beam, the

fydrogen beam, and the annihilation products.

' pGE 19
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The beam of antiprotons enters from the left and collides at a right
angle with u beaw of hydrogen atows or wolecules coming frow below. Under the
assumptions that the two beams are of the same size and square In cross &%
section, that the hydrogen beam consists of atoms, and that p - H elastlc
scattering can be neglected the annihilation rate of the antiprotons, R“. is

given by

. -

-uit =UR= =R, + R
1“<el“+eup-9.e“‘“ P)) (9)

whiere

i

v V
L] e --l-*- -gm " 2 1/2
" ("u * "‘) hvo AW Vo= (w4 Vz\ .
p p ] /

and where RB and Ry are the rates (nunber'per unit time) at which

antiprotons and Hl atoms coter the reglon, Vﬁ and Vy are thelr velocities,

V is their relative velocity, h is the common width of the two beams and o(V)
I6 Lthe p=i rearrangewment scatterlng cross sectlion discussed Lo Section 3. LI
Kp and R“ are 2 x 1020 particles or atows per second (30 awpres), h is

10 ¢w, and V courresponds Lo a collision energy of 0.1 eV, then R, is such

that about 95% of the p beam is anaihilated. The fraction of the hydrogen
atoms whose protons are annihilated would be the same. If elastic scattering
were considered, then some of the antiprotons would be scattered out of the
reglon of intersection of the two beams and the fraction of antiprotons
annihilated would be less than 95%. This reduction could Le countered by
making the current and width 4f the H beam greater. In this case the fraction
of H atoms undergoing rearcrangement and whose protons are therefore
annihilated, would be reduced, and a significant portion of them would pass
through the annihilation region. Nearly all of the H atoms passing through %
could be captured and recycled into the beam of H atoms. Such a precedure :

could, in fact, result in a nearly 100X annihilation of the antiprotons. '
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It may not be feasible to produce a 30 ampre beam of antiprotoms, with a
crose section of about 10 ca and an encergy about equal to 0.l ev, from a beam
whose (nitial cnergy would be on the order of a few hundred kev. A sign-
ificant reductlion of the p current and/o¢ incresse in beam size could overcome
this difficuity. However, to achicve the same annihilation rate as with J0
amperes and a 10 cm beam it would be necessry to employ multiple antiproton
and K atom heams and incrcasc the size of the annihilation region. In
addition it would be necessary to significantly increase the total current of
H atoms relative to the total current of antiprotons resulting in a larger
fraction that do not annihilate on the first time through.

The charged pions produced by the p-ﬁ annihilation follow paths in the
magnetic ficld that may be described as follows. Fcr each charged pion
produced there is a unlque imaginary surface in the shape of a cone. The
surface of this cone is tangent to the velocity vector of the pion at the
pion's point of origin and its vertex is at the common point wheve all of Lhe
wagnetic ficld lines would Llntersect if they were continued to the lefL. Ti:
vertex angle of Lthe cone deponds on the veloeity, charge, and wmans of Lhe pion
and on the strength of the magnetic fieid at the point of tangency. The
dynamics of the motion of the plon in the magnetlic fileld confines the pion to
the surface of this cone. Actually two cones satisfying the above conditions
are present. The positive plons move on one and the negative pions on the
other. The path a pion takes on the conical surface is equivalent to that of
a Lhin strip of paper wound around the cone such thut the angle between the
strip and 4 magnetic field line at the point of production Is the same as the
angle between a magnetic field line and the velocity vector of the pion at
that point. Thus a pion for which the preceding angle is greater than 90°

will move to the right with an increasing angle that will not exceed 180°,
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A pion for which this angle is less than 90° will move to the left with the
sngle lncreasing us Lt undergocs ¢ splraling motion around the wagnetic fleld
lines. After the angle reaches 90° the pion will then begin moving to the Hﬁ
right and ¢ventually exit the rocket engine. Only a sémall fraction of the
chargud plons will have velocity vectors whose angle is sufficiently kmall
that they will pass out of the engine on the left hand side.
Of the total mass energy of the proicns and antiprotons annthilating,
about 60X Ls converted into the kinetic energy of the charged pions produced.
ﬂwnwunnmmmrnrcmwmmjﬂmw|wMme|mrlwﬁumﬂhnnuunlxthnm. Baceh
charged pion has a mean kinetic energy of about 360 Mev. Consideraion of the

motion of these plons in the magnetic fleld leads to the result that 104 of

them are lost through the sides of the maﬁne:ic field and 5% will pass out b

L R TR T

through the small end of the engine. Sowe of the charged pions will decay
into muons and neutrinos before exiting the engine. A large fraction of the
muons (which are charged) will exit to the right while contributing to the §
thrust, but the undirected neutrinos will rewmove about 10X of the inicial
kinetic coergy of charged plons. Lo addition, about 54 ol the canergy s luust
in momentum components of the exiting charged particles that are perpendicular
to the engine axis. The net result is that about 40% of the p-p mass canergy
is converted into the directed kinetic energy of the charged particle exhaust
that provides thrust. A ceoptimization of the engine design conzept, while
keeping the same overall engine size, might increase this figzure to 45% or
50%Z. The improved version would probably involve a magnecic field with curved
lines of force and a repositioned annihilation region.
Only a small fraction of the mass energy that does not go into thrust
will be absorbed by engine cowmponents. This is because the mean path length
in solids of the annihilation products is, for the most part, much larger than
the distances the:y will travel through the components. Thus, cooling required
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for the engine componets will not be substaintially greater than for a
chemical rocket englne with the same enecgy production rate, ‘The chiet
dlfference here will be in the fact that the heating is produced by high
encrgy puartlcle radlation. The long term effects of such radiation on the
structural integrity of the engine have not been considered.

Although the power that goes into the production of thrust for the engine
as shown in Fig. 4 is 2.4 x 10“ megawatts (for 30 ampres of antiprotons)
the thrust prodused is only about 70 newtons (16 pounds force). This Is a
consequence of the Fact that the exhaust has the extremely high velocity of
about 95% of the velocity of light but a relatively low mass and, hence, low
momentm,

With such a high exhaust velocity and low thrust a spacecraft euwploying
such engines might be suitable only for interstellar travel. Conkider a
spacecraft whose total weight is roughly 100 times the thrust of each engine
(1600 Ib or 7000 kg). This is o base minimum wass sufficleat to include 500 kg
cach, per englne, of hydrogen and antihydrogen, the mass of cach cagine
(assumed Lo be aboul 100kg), plus other cowpoancnts. The mean velocity over
its travel time up to fuel exhaustion is somewhat under one half the velocity
of light, Such a spucccraft would have an acceleration of 0.1 m/u2 (0.01g)
and would reach a distance of roughly 10 light years from the solar system in
a few hundred years. Travel times much shorter than this are desirable.  They
require a much larger acceleration which in turn requires a larger thrust and
larger thrust to weight ratio for cach engine.

A larger thrust to weight ratio might be achievable by scaling the engine
to a much larger size than in Fig. 4. Let r be the linear scaling factor,

i.e., the length and width of the engine increase by this factor. If the

antiproton and hydrogen current densities are kept constant and the linear
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dimension of the cross section of the beams is increased by r, then the energy
productlon rate und thrust lacreuase by a factor of rz. To huve the charged
particle trajectories scale with the engine size requires that the magnetic
fleld strength be reduced by a factor equal to r. This results in a reduction
in the coil current per unit area of the conical engine surface by the same
fuctor,.

Presuming that the coll weight per unit areca decreasces by the same
fuctor, then the totul weight of the coil and associated components and,
approximately, the weight of the engine inzresse by the factor r. Since the
thrust increases by r2. the thrust to weight ratio will increase approxi-
mately by r.  Thus by employing an cngine like that of Fig. 4 but one hundred
or wore times larger in size it might be possible to make the thrust of the
engine comparable to or greater than its weight. This in turn might allow
accelerations on the order of one or a few n/sz on interstellar missions to
the clokest starts und travel times on the order of a4 few tens of ycars.

The above approximate results for the capabllity of a spacecrall
caploying engines of Lhe type discussed in this scection were based on Lhe
assumption of a single staged vehicle. Much improved capabilities could be
achicved If Lhe above spacecraft were the final stage of a multistage
spacecraft. The lower stage or stages of such a multistage vehicle would have
rocket cngines of lower exhaust velocity and much higher mass and momentum
flow as well as much higher thrust. A concept for an antimatter annihilation

rocket motor that would have such exhaust properties is described in the next

section,
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7. Rocket Engine with High Thrust

A rockcet wotor with a4 lower veloclty exhaust and highes Lheust thun Lhat
described in the precceding section would be achieved if some of the exhaust
energy of that engine could be transferred to additional matter that would
form part of the cxhaust. A modest increase in thrust for a fixed rate of
production of directed energy could result in an engine more suitable for the
upper stage of an interstellar spacecraft. A substantial lacrease ln thrust
could result in an engine suitable for use in a high performance inter-
planctazy sprcecraft, in addition to baing suitable for use in a lower or
intermediate stage of an interstellar vehicle.

Transferral of exhaust cnergy to additional matter may be accomplished by

a collision coupling system. In such a gystem matter in the form of a gas is

e

introduced into the annihilatlon and/or exhaust reglon of the rocket engine.

Collisions between the particles produced by annihilation and the gas atoms
lead to a transferral of kinetlic energy to the gas. In the process the gas
stows becowme lonlzed, hence they can be directed rearward Lrom the engine by a
magnetie fields Phe renult s an exhaust of ancarly the same cnerpy as withoul
the gas but with lower velocity and higher mass, momentum, and thrust.

A nimple wmeans Lo accompllsh thls would be to extend the conical coll of
the engine shown in Fig. & (or larger versions of this) to the right and
introduce a gas into the sxtended region. However, the collision cross
section of pions with the nuclei is 80 low (roughly one hundred to a few
hundred millibarns) that the pions would have to travel on the average a few
to several kilometers before striking a nucleus when the gas is at a density
as high as standard atmospheric density. Collisions with the electrons are no
more effective as an energy transferral mechanism. If the gas were ionized to

become a plasma, the pions would not have a significant increase in their
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energy loss over such distances. In such a collision coupling system a
slgniticant purtion of the plons would decay into muons. ‘The muons would have
an cven lower rate of energy transferral to the gas, since their nuclear
collislon cross section is less than that of pione, while other energy loss
mechanisms would be about the same.

Thus, to achieve an effective collision coupling system requires that the
charged pions from the annihilation and their decay muons be confined by a
magnetic fleld for some time before having the possibility of exiting the
engines, During this time they would travel great distances within the collis-
ion coupling reglon alluwing them to transfer nearly all of their energy to the
nuclel of a plasma occupying the reglon. Whercas this may bhe possible hy
caploying time varying magnetic ficlds of the proper shape, it may be difficult
to achleve. Calculations indlcate that certain paramcters of the system, such g
as conflnement time, temperature, and density, have values that are greater
than are required to achieve controlled thewonuclear fusion.

A pussible remedy to the above problem ls to replace the hydrogen, with
which Lhe antiprotons annihilate, with an element or lwotope with o groater
atomic number. The antiprotons would annihilate with protons in the nuclei
producing charged and ncutral plons, both kinds of which have a high
probability of interacting with the remaining nucleons in the nucleus. A
likely outcome of the interactlion would be a cascade process within the
nucleus resulting in spallation, evaporation and possible fission leading to
the production a4 few or several light nuclides and Individual particles, all
of which have higher mass and lower velocity than the pilons. If the isotope
chosen has nuclel of very high atomic number, e.g. 238 U, nuclear breakup in

itself might provide some additional energy beyond that due to annihilation

alone.
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Usc of a hecavier element than hydrogen would, therefore, result in the
englie ol Flg. & (or u scaled up verslon) having o lower exhaust velocity und
higher thrust. This in itself may be more suitable for the rocket engines of Wg
the upper stuge of an interstellar spacecraft. The use of a heavier element
than hydrogen, combinad with the use of a collision coupling system, provides
the engine concept shown in Fig. 5. This would be suitable for use in an
Interplanctary spacecraft or in the lower or an Lntermedlate stage in an
interstellar vehicle,

The magnetic ficld in the cengine is pulsed with a period of about 7
milliseconds. In Fig. 5 the field is shown in the maximum strength, or closed,
configuration. Tn this configuration the fleld has Ity greatest strenpth of
about 100,000 gauss at the entrance and throat. When the field is in the
closed configuration, antiprotons are injected through the entrance of Lhe
engine and a beam of neutral high atomic number atoms are injected through the
side¢. Annihilation occurs at the intersectlion palat which is at the center,
resulting In charged nuclesr fraguents that are confined by the wagnetlic
field, The beam of atows continues [lowing after anaihllation has occurred.
In each pulse it has a much higher total number of atoms than are required for
annlhilation, This extra watter becomes lonlzed duc to collisions with the
nuclear fragments and forms a plasma which is confined by the magnetic field.
The field Is held in the closed configuration for 7 milliseconds. During this
time the encrgy of the nuclear fragments is transferred to the unannihilated
nuclei.

After the 7 millisecond confinement the field is opened by allowing its
strength to decrease in the region of the throat. The plasma, whose mass and
energy are held mainly by the unannihiated nuclei, escapes rearward froam the

engine providing thrust. For an average input of 2 x 1020 antiprotons per

22 ORIGINAL PAGE |s

OF POOR QUALITY

-
bR



sccond the thrust is about 550,000 newtons (125,000 1b). Thus, for the same
Luput rate ol antlprotons, this ungine haw conslderably wore thrust thun Lhut
considered in the preceeding section.

The principal characteristics of this engine are summarized in Table 1.
Thase are based on certain assuaptions in regard to the charge and mass
digtributlion of the nuclear fragments. The maximum temperature of the injected
matter is reached for only a very short ctime prior to the end of confincment.
The wean temperature 1s much less. With this consideration the plasma
confinement characteristics shown in the table are comparable to those of

present day plasma confinement machines.

8. Sunmary and Conculsgions ’

Concepts have been presented herce for some of the major, unique componcts

of an antimacter annihilation rocket.

An clectrostatic means uppears feasible for storing solid antihydrogen
(or other solid antlamatter) by suspending it Lo a very high vacuum. llowever,
da specific way has ot been devised for the neccusary continuous cooling ol
the antihydrogen.

It appears chat antliprotons and positrons may be scparately extricted
frowm the solid antihydrogen through a particular means involving irradlation by
untraviclet light. This concept has been exawined on only a semiquantitative
basis and more detailed quantitative work is required.

There seem to be no substantial problems involved Ln the transport of the
positrons to an auxiliary power ganerator by the use of magnetic and electric
ficlds, The same Ls not true, however, in regard to tranuporting the anti-
protons to the rocket engine wherein they undergo annihilation. Whereas by

the use of magnetic and electric fields they can indeed be moved from the
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storags region to the engine, they must be slowed to energles of less thun |
¢V und be sputlully concentrated. A means to accowplish this has not been
devised.

Mnihilacion tukes place within the rocket engine by crossing an
antiproton basim with a heam of atoms or molecules of matter. The annthilation
rate s governed by an atomic rearrangement collision that brings the anti-
protons close to the nuclei. It ls cvident that cross sections for these
rearrangement reactions are large enough s#o that nearly 100X of the anti-
protons can he annihilated. However, the beam roquirements for this are
dependent on an lmproved knowledge of the cross sections. This is particularly
important in regard Lo the low cnergy and high concentration requircements lor
the antiproton becam. Whereas the results of proton-antiproton annihilation are
well understood, the results of the annlizklation of antiprotons with heavy
nuclei is not. Knowledge o the charge and mass distribution of the nuclear
fragments would permit lmproved aczuracy kn the determinatlion of the
specilications of the high thrust annlhilatlion rocket engine.

The concepls presented here for the two annibllation rocket englnus
demonstrate that thruet can be produced from matter-antimatter annihilation
with an ¢fficiency for annihilation cacrgy Lo thrust encrgy conversfon
approaching 50%. The principles upon which these engines are based are fairly
straightfoward, but muny details are not treated here. OF particular

lmportance are details relating to engine weights and optimization of design.
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Table 1. Principal Characteristics of the Righ Thrust Engine.

antiproton flow rate AVErage seesscsseseensavons
lnjected matter atomic WAES NOs scevsssevsnssnns
injected macter flow rate (AVErage) eevevcscoce
fUll CYCle sovesvcsnssconracavensnncsnorcncnrns
confirement Cime secssoscocrsnvsovsrseasensoone
plasma density in confinement .sesevsesveesansss
MaxXimum CCMPOrature s.oessevsesssvsosnnsnsssssssee
wean distance traveled by nuclide cecvvecesvace
eXhaust Kinetle enerpy coevesecsssossncoscsnnss

exhaust Vﬂlocity oooo-hc-ooaoaooo-ooooat‘

[N NN N
thrus": LA B B B AN AR B N BN BN IR BN BN B AN AN I BN IK I BN IR BN N BN BN A I I I Y I 3 ¥ N 7

fraction of annihilation energy converted

into directed e¢xhaust CNOILY secevvocssnss

2 x l02°

particles/sec.
240 (approx.)

9 x 102 acoms or tons/sec,
17 millisec

7 millisec

1.5 x 1016 atoms or iom/cm3
2.6 x 108 %

500 km

100 aV/atomic maks unit

140 ka/sec.

550,000 Newtons (125,000 1b,)

50%
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