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Abstract

Antiprotons provide an extremely high energy den-
sity storage mechanism. Recently more than 10° anti-
protons have been stored for one month at 4K and in the
near future there are plans for combining antiprotons
with positrons to create antihydrogen resulting in an
evén higher energy density, Antiprotons, when they an-
nihilate with ordinary matter, provide enough energy:
1) to trigger fusion reactions, 2) to fission heavy nuclei.
or 3) toprovide muons for driving muon catalyzed fusion
reactions. In this paper a combination of fission and
magnetically insulated inertial confinement fusion is
proposed for pellets on the order of one centimeter in
radius. 1t appears that the pellets will be safe fran pre-
mature ignition, non—toxic, and well below radiation
standards. Since the design can be scaled, significant
variations in size are possible. Rough calculations indi-
cate that the pellets vall produce a specific impulse ex-
ceeding 100,000 seconds.

Introduction

During the last decade antiproton annihilationpro-
pulsion has been the subject of research! =5, The use of
antiprotons to directly heat a propellent requires at
least milligrams of antimatter to perform useful mis-
sion&. Milligram quantities of antiprotons are well be-
yond current capabilities and will require substantial
technological improvements before becoming a real-
ity”8. Concepts for using antiprotons to catalyze fusion
reactions that would reqttire far fewer antiprotons have
recently been proposed® 13, The approachesare based
on: 1) antiproton fissioningof heavy nucleil®-12, 2) di-
rect antiproton heating forigniting a fusion reaction®!13,

and 3) muon production using antiprotons formuon cat-
alyzed fusioni4.

Smith, et al proposal to use antiprotons to fission
heavy nuclei has been the subject of considerable re-
searchi0-12, When anantiproton annihilatesin a heavy
nucleus such as uranium or plutonium, the nucleus fis-
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sionsalmost 100percent of the time%16, About 20 per-
cent of the fission energy is present in the fission frag-
ments, and about 13 or 14 neutrons are emitted. Some
of these neutrons initially released will produce addi-
tional fissions with a considerably lower yield of neu-
trons. The energy present in the fission fragments is
readily absorbed by the fusion fuel, It is more difficult
to absorb the neutron Kkinetic energy, while the absorp-
tion of the gammaray energy isvery difficult, Neverthe-
less antiproton annihilation provides a means for sus-
taining fission reactions without a critical mass of
fissionablematerial. The fission energy then provides a
means for initiating fusion reactions.

Shamatov!3, Cassenti®!?7 and Kammash and Gal-
braith?, have proposed using the annihilationof antipro-
tons (or antihydrogen) to initiate fusion reactions di-
rectly, When an antiproton annihilates in matter it
produces mostly pions and about five percent kaons.
About 60percent of the pionsare charged. The pionsare
moving at relativistic velocities (about 95 percent of the
speed of light), and the absorption of the kinetic energy
requireson the order of meters of path length for signifi-
cant energy absorption,. Of course the energy must be
absorbedbefore the pions decay (i.e., in about 20 nano-
seconds) into a muon and an associated neutrino. The
muons are charged and will travel on the order of kilo-
meters before decaying. The muon has a mean life about
100 times the life of a pion. Since muons are charged
they can also deposit energy in the plasma. The muon
decaysinto an electron, or a positron, and two associat-
ed neutrinos. The electrons, or positrons, can also de-
posit energy in a plasma. In order to increase the path
length in the plasma a magnetic field could be applied
but the relativisticspeeds require extremely large fields.
For example, about 100kG are required for one meter
diameter containment and 1¢ MG for a one centimeter
diameter pellet. Magneticfields are difficultto generate
in a steady state, but can be generated in transient situa-
tions. Hasegawal®, and Kammash and Galbraith!920
have proposed using magnetic fields developed at the




surface of laser heated materials. At the heated surface
the material is ionized, with the ion cores and the elec-
trons sharing the absorbed energy. The ias and elec-
trons stream away from the surface with the electrons
moving faster than the ion cores. The ions and electrons
moving into the surface are readily stopped. Hence
there is a net negative current flow away from the sur-
face. The net current flow creates a magnetic field which
readily contains the plasma. Measurements and mod-
e | ~indicate that the-fields are large enough to con-
tain the annihilation products resulting when an anti-
proton annihilates on a nucleus, and the field is large
enough to isolate the plasma from a surrounding heavy
metal shell. The shell will contain the plasma due to its
strength and inertia, in a manner similar to inertial con-
finement fusion, The antiprotons provide a lightweight
mechanism for heating the plasma to fusion ignition
temperatures, and, hence, are well suited for use in pro-
pulsion systems.

., The last method proposed for using antiprotons as
a catalyst to initiate fusion reactions, uses the muons, re-
sulting from antiproton—nucleon annihilations, to sus-
tain muon catalyzed fusion of a deutrium—tritium mix
ture!4, The antiprotons provide a compact source for
the muons when compared to the accelerators that have
been proposed?4, and, hence, are ideal for use in propul-
sion systems.

Each of the above methods for using antiprotons to
catalyze fusion reactions present disadvantages for use
in propulsion. Pellet designs for antiproton catalyzedfis-
sion reactions require an initial compression using ion
beamst!:12, The ion accelerators are heavy and there
would be a distinct advantage in eliminating them. Di-
rect heating of the plasma to initiate a fusion reaction
uses very little of the annihilation energy — about two
percent”. While muon catalyzed fusion is effective in a
narrow temperature range at about 1200K to support a
resonance between the tritium and deuterium atoms in
a molecule. These low temperatures will be difficult to
sustain.

This paper will concentrate on a combination of an-
tiproton induced fission and magnetically insulated in-

ertial confinement fusion, Muon catalyzed fission could
be utilized by injecting muons, frotn ap antiproton anni-
hilation, at appropriately heated points in the fusion
fuel, at the correct time.

Basic Design

Thepellet tobe ignited consists of several materials.
The fusion fuel can be deuterium—tritium, or lithium
deuteride?’, The fuel has an outer radius,R¢ and an in-
ner radius, R, (see Figure 1). The fuel contains a herni-
sphere of fissionable material such as U?3%,0238 py239,
The fusion fuel is surrounded by a shell consisting of a
heavy metal. The outer layer of the shell should be a
dense high melting temperature material such as tung-
sten. The inside shell layer can be a neutron generating,
or reflecting material such as uranium. The shell and fuel
has a hole which is perpendicular to the flat surface of
the hemisphere of fission material. The flat surface of
the hemisphere is assumed to be a small distance, 8, be-
low the surface.

A pulse of antiprotons and positrons?3, is injected
through the hole in the shell. The energy of the antipro-
tons is chosen so that the annihilation occurs at the sur-
face of the hemisphere. The annihilation of the antipro-
tonsionizesthe fuel above the hemisphere. Fuel ions fill
the empty core of the pelletwith a plasma. The electrons
created by the annihilation create a current flow devel-
oping a transient magnetic field. The field is contained
within the shell and traps charged particles (fission frag-
ments, ion cores, electrons, muons, and pions). The
charged particles heat the core of the pellet to fusion
temperatures. The uranium on the inside layer of the
shell generates and/or reflects some neutrons back into
the fuel, while the tungsten shell contains the fusion fuel
hopefully long enough for the fusion reaction to go to
completion.

Analytical Model

The pulse of antimatter should consist of equal
quantities of antiprotons and positrons to preserve
neutrality!3. The pulse can be antihydrogen or it can be
partially or completely ionized. If the pulse has a length,
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,Figure 1.Pellet Construction and Geometry.

Ip and a kinetic energy, Ty then the heating time, ©; is
given by:

-
= /‘i‘—f‘l;ev (1)

for nonrelativistic velocities. If the pulse is forced
through a solidshell (i.¢., a shell without a hole), then the
beam energywill have to be about 100 MeV, Otherwise
the beam energy only needs to be high enough to tra-
verse the plasma and fuel without significantscattering
to maintain a small spot size.

The annihilation of the antiprotons will ionize ma-
terial in the immediate neighborhood and release rela-
tivistic particles. The nonuniform, heating Will create
magneticfields that can be roughly estimated as®?

2
1 5 1 T \/10 um\ |
TmG> = 10 ps(l keV)( d )S‘“"’ @

CORE
DT d
ANTIPROTON
, \ BEAM
INJECTION HOLE
(U238
W SHELL
and
1 5 T /(10 pm\} A2z + 72|
G = 36(1ev) ( d )[ 11 o
where

B is the rate of change of the megnetdc field with re-
spectto time,
B isthe steady magnetic field,

A is the atomic weight of the plasma (taken to be 2.5
for deuterium—tritium fuel),

Z is the atomic number of the plasma ( taken to be
1.0 for deuterium—tritium fuel),

d isthe heated spot size,and
q is the angular position'from the beam axis,
Assuming the angular position is uniformly distrib-

uted between zero and =72 the probability, peda for the
angle to be between aand a+da is

P da = sina do. (4).




The average angle is then
/2
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Then
sint = 0.8 = 1,

which is well within the approximations in equations (2)
and (3). In order to transition between the transient
growth, equation (2), and the steady field, equation (3},
we can take the transient field, B(t) to be

B =B (1 -¢% (6)
From equation (6), the rate of growth of the field is

B=vEBe™ @)
Then from equations (2) and (3)
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Equations (2),(6),(8) are used to describe the tran-
sient magnetic field.

The pions developed in an annihilation will deposit
asmall portion of their energy in the plasma, before they
leave the pellet. The energy deposition, dE/dx, will be on
the order of

dE _ MeV { Cplusma
ax ~ 05om (——‘emz ) (9)

Where @p..m /0Ly, is the ratio of the plasma density tothe

density of liquid hydrogen. Therewill also be a recoil en-
ergy for annihilations in the plasma, g, of about 20
MeV?,

The pions will not travel in a straight line due to the
magnetic field but will spiral about the magnetic field
lines. The path, in rectangular coordinates (x,y,z), is giv-
en by

3]
X =r¢osh, y =tsind and z = k(‘ﬁ) {10)

where, for relativisticenergies,
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X = tan¢,

(11b)

@ isthe total angle travelled about the initial velocity
direction, and

¢ is the angle between the particles velocity vector
and the antiproton beam (see Figure 1).

The parameters in equations (11)are: E, the energy
of the particle (i.e.,, the pion), EO, the rest mass energy
(139.6 MeV for pions), ¢, the speed of light, and e, the
charge onan electron.

The total path length, s, followed is given by

ds? = dx? + dy? + d2%,

(12)

which can be integrated, using equations (10) to yield

RN
s:\/lt(gﬁ—r) Z.

Without the magnetic field the path length, sg, will

be taken to be the average distance across the core,
which can be shown tobe

(13)

5 =8, =R,

(14)

Hence the path length increases by a factor, 1, given

by
S

Using the average angle, ¢, calculated as in equa—
tions (4) and (5), the path length is

(15)

s =~ 2R, (16)
The energy deposited by the pions and the recoil,,
Ep, is

_ 1, dE (Qowm
E"_ZV"dx (sz)s+s

a7y
where vy, is the number oOf charged pions created at the:
annihilation site (about 3.6).

One half of the pions move into pellet core with the
plasma, and the other half move into the fission hemi--
sphere.

A\VAV4



——

When the antiproton annihilates on the flat of the
hemisphere, the material will fission releasing the kinet-
ic energy of fission fragments, E¢ and a number of neu-
trons, and pions, which can cause additional fissions.
From Reference[12], for U%*",

vy = 137 (18)

and

E; = 170 MeV. (19)

Half of the released neutrons will enter the fission
hemisphere, and can cause additional fissions, The fis-
sioncross section, of for U**, varies as a function of the
nezlgtron kineticenergy, T, of the neutrons approximately
as

op = CT? (20)

where the constants C and a can be found from?®

or=1000b @ T = 1072 ¢V, and 1)

g=1b @ T = 10° eV, (22)

The kinetic energy of the fission neutrons can be
approximated by23

" pr dT = A e”7 sinh/2TdT (23)

where prdT is the probability oF the kinetic energy of the
fission neutrons being between T and T+dT,

The average kinetic energy is then
I Te-T sinh /2T dt
T=% — 2.0 MeV. (24)

J ¢-T sinh /2T dT

0

This results in a cross section, Gy, at the average
energy of

T =~ 0.8b. (25)

Ifthe annihilationoccurs at the center of the hemi-
sphere, the neutrons will travel a distance, a (i.e., the
hemisphere diameter), then the fraction of neutrons
causingadditional fissions, ry, is

o; a
o =% [1 — exp (—%ﬁ;)] , (26)

where

of isthe density of the fissionablematerial,
Ag is the atomicweight of fissionable material,
Magy 1S the. atomic mass unit (1.66x10~24 g).

The quantity
Ay m,g,
& = -—é;—d“f’— = 27 cm 27

for uranium. This second fissionwill emit v, —2.4 secon-
dary neutrons, which wewill also take to travel a distance
a. These can cause additional fissions resulting in a geo-
metric series for the additional fissions. The series can
be summed to yield the total number of additional fis-

sions,de/dp, per antiproton annihilationas

1 — p-—aft
de _ 7 Vy (1 [ f)
WD 1y, (1 —e ) (28)

We can use equation (28) to calculate the radius of
a critical mass, acit, by settingthe denominator to zero,
or

1—v, (1 — e ta®) =0, (29)
or
= | S -
g = € én T = 15 cm. (30)
VB

which is largerby a factor of about two than the value for
plutonium, or a factor of 10in the mass. Sources for the
error include: 1) scattering of the neutrons was ne-
glected, which will increase the path length, 2) the aver-
age secondaryneutron energywas used but lower energy
neutrons are much more likely to cause fissions than
higher energy neutrons, and 3) scattering reduces the
neutron energy.

During the antiproton heating and the subsequent
fission reactions the inertia of the inner and outer shells
must contain the plasma. The generated magnetic fields




will insulate the shell from the hot plasma. Equilibrium
ofan infinitesimal element of the shell results in

2
oh 55 =p - (31}

where

o is the shell density (taken to be the density of tung-
sten 19.3 g/em3),

h is the shell thickness (taken to be the tungsten
thickness),

r isthe radius of the shell at half the shell thickness,

p is the pressure, and

o is the tensile yield stress of the shell (taken to be
5x108 dynes/em3 for tungsten).

The pressure has two components: 1) the plasma
pressure, pp, and, 2) the magnetic pressure, pg. The
pressure due to the magnetic field is negative (i.e., com-
pressive) and can be evaluated from5

B2
P = — k3, (32)

where

k is Boltzmann’s constant, and
H =635 kG cmY°KI2,

The plasma pressure can be determined from the
perfect gas law as

NKT

=

S VA (33)

where

N is the number of particles, and

V= 4nx3/ 4 isthe volume the particles occupy inside
the shell.

From the Kinetic theory of gases, the total energy in the
plasma is

E, — 3 NkT. (34)

[\

Substituting for NkT in equation (33) using equation
(34), and substituting for the volume

E
P = 555 (35)

The energy deposited in the plasma core is the sum
of the energy deposited by the pions and the energy de-

posited by the fission fragments. Equations (17), (19)
and (28) can be used to find an upper unit for E,,, where

E, () =[E +E,(1 "'%f“’)} { Nv(%;) 0=

Ny Tt>m
(36)

Using equation (36) for the energy of the plasma,
equation (35}, will give an upper limit for the plasma
pressure on the shell. Equation (31) then becomes

s E, () kB? 20
R =% 0w by R} @, hy H2 04 RY (37)

where the density, gw. and thickness, hy, of the tungsten
shell have been used, and the radius has been set to the
outer radius of the fuel (Ry).

The inertial confinement time, t;, must be greater
than the time it would take a p—wave to traverse the
thickness of the tungsten shell?8. The p—wave speed in
asolidis givenby

(1 —v)E
c = (1 +@®d vEVP,
P

(38)

where E is the Young’s modulus (about 4.1x 1012 dy/cm?
for room temperature Tungsten), and v is the Poisson
ratio (about 0.23 for room temperature Tungsten). The
inertial confinement time is bounded by

“> g, (39)

A rough calculation indicates that heating of the
Tungsten shell (e.g., due to fission gamma ray emission)
will not raise the shelltemperature by more than 100 C.
Hence room temperature properties can be used. Recall
that the magnetic fields will insulate the shell from the
plasma.

The inertial confinement time must be greater than
the time for the plasma to fuse!8, t;, where

oT

VS <o S (40)

where

Tisthe plasma temperature,

E, isthe energy of the alpha particle emitted,
Tplasma IS the plasma number density, and
<gv> isthe reaction rate.

S




An upper unit on the plasma temperature and the
core energy are related by

3 NKT = E; = 3 \E, @1)

The ideal specificimpulse of the system can now be
determined by assumingalt of the fusion alpha particle
energy, fromall of the fuel, is emittedwith the total mass
of the pellet. The exhaustvelocity, v, can then be deter-
mined from -

2
- IA mamu’ (42)

wh'ére
mr is the total pellet mass,

me is the total fuel mass, and recall

A is the atomic weight of the plasma (Equations 2
and 3).

The specificimpulse, |  can then be approximated

=g (43)

wheregis the accelerationof gravity at the surface of the
earth.

The madel can now be used to examine specificpel-
let designs.

Results

The model was used to predict the response of a typ-
ical pellet. A deuterium—tritium fuel was taken €orsim-
plicity, The alpha particle energy Froduced in a fission
reactionwas taken to be 3.5MeV'®, Thiswas the energy
assumed to be present in the exhaust, since the alpha
particle can be directed by magnetic fields, The reaction
rate, <ov>, was taken to be 10~1% em¥/s which occursat
aplasma temperature of 80keV.

The pellet geometry is summarized in Table 1. The
pellet has a shell of tungsten 0.01 cm thick and there is
no uranium on the inside of the shell. The shell has an
outer radius of about 1cm. The hemisphere of uranium
is S0 smmall that it only supports secondaryfissions about
one percent of the time. The antimatter pulse contains
3x109 antiprotons and lasts 3 ns. The core density is
about 1.25x£021/cm3, if only the hemisphere of material
above the fiat uranium surface enters the core. The core
temperature is 83 keV. The magneticfield reaches about
2 MG at end of the pulse. The tungsten shell does not
move during the heating by the antimatter pulse. The
characteristicinertial confinementtime is at least 20 ns
and the time for the fusion reaction is about 10 ns. The
total mass of the pellet is about 35 mg, and absorbs
about7.3x1017 ergproducinga specificimpulse of about
600,000s for complete (100 percent) fusion burning. If
ten percent of the fuel fuses, the ideal specific impulse
is about 200,000s; while five percent yields about
150,000s for an ideal specificimpulse,

Table 1

Iymical Pellet Geometry

Description Symbol Dimension - cm

" Core radius R — 001

Fuel radius R 1.0

Uranium shell thickness hu 0.0

Tungsten shell thickness hy 0.01

Antiproton beam radius d 0.0003

Uranium hemisphere radius 0.03

Hemisphere distance from core surface 0.0075

The above calculationsare quite rough, but do indi-
cate that the design maybe feasible. Of course, if the pel-
let is scaled to the size of a thermonuclear warhead,
then, with minorvariationsin design, a single antiproton
(or neutron) will trigger the critical mass fission device
resulting in complete fusion, The resulting blast can be

contained as shown by Metgzer?® and used for propul-
sion, Thermonuclear warheads can also be used exter-
nally as in the Orionrocket. Hence, if the pellet is scaled
up insize, (and designed as in athermonuclear warhead)
then the pellet will ignite and fuse. The design problem
is how to shrink the pellet to sizes on the order of one




centimeter. If the pellets do not contain a critical mass
of uranium or plutonium, then the propulsion system
will not violate the spade nuclear weapon ban.

Other variations in the design are also possible. The
hole in the shell and the fuel can be removed (i.e., filled)
with the antiproton energy tuned tu pass through the
shell and fuel and then annihilate at the fissionable
hemisphere27. The tritium can be replaced with Li¢ (the
lithium will make the tritium upon absorbing a neutron),
which will eliminate the radioactive hazard of tritium.
Finally a plastic foam can be used to absorb gamma rays
as in a thermonuclear warhead?8,

Conclusions

An antiproton catalyzed fusion method has been
proposed that combines magnetically insulated inertial
confinement fusion and annihilation induced microfis-
sion, The model proposed contains many assumptions
(some of the assumptionsare not conservative). Yet the
proposal will almost certainly work in some form since
the size can be scaled to the level of a thermonuclear
weapon which was demonstrated 40 years ago, It may be
possible using this proposal to develop fusion pellets
that are safe from premature ignition, non— toxic, and
with radiation levels well below background. Such pel-
letswould be competitive for propulsion but may not be
competitive for power generation. Rough estimates in-
dicate a specific impulse of over one hundred thousand
seconds.

Future work should include detailed Monte—Carlo
simulations of the annihilation, fission reactions, plasma
ignition, electromagnetic fields, and the fusion of the
tuel.’ A complete simulation of the thermal and mechani-
cal response ofthe outer shell isalsorequired. Suchsim-
ulations would accurately determine the pellet size
range and the theoretical specificimpulse.
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