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Abstract 
Antiprotons provide an extremely high energy den- 

sily storage mechanism. Recently more than lo5 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 
eve'n 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) to provide 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. It appears that the pellets will be safe from pre- 
mature ignition, non-toxic, and well below radiation 
standards. Since the design can be scaled, signifidant 
variations in size are possible. Rough calculations indi- 
cate that the pellets will produce a specific impulse ex- 
ceeding 100,000 seconds. 

-... .. 

Itltroductlon 
During the last decade antiproton annihilation pro- 

pulsion has been the subject of The use of 
antiprotons to directly heat a propellent requires at 
least miliigrarns of antimatter to perform useful mis- 
sion&. Milligram quantities of antiprotons are well be- 
yond current capabilities and will require substantial 
technoIogica1 improvements before becoming a rcal- 
ity7*8. Concepts for using antiprotons to catalyze fusion 
reactions that would re uire far fewer antiprotons have 
recently been p r o p ~ s e d ~ - ~ ~ .  The approaches are based 
on: I) antiproton fissioning of heavy nuclei10-X2, 2) di- 
rect antiproton heating for igniting a fusion reaction9J3, 
and3) muon roduction using antiprotons for muon cat- 

Smith, et a1 proposal to use antiprotons to fission 
heavy nuclei has been the subject of considerable re- 
searc.ch10-12. When an antiproton annihilates in a heavy 
nucleus such as uranium or plutonium, the nucleus fk- 

alyzed fusion f4 . 

sions almost 100 percent of the 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 kinetic energy, while the absorp- 
tion of the gamma ray energy is very difficult, Neverthe- 
less antiproton annihilation provides a means for sus- 
taining fission reactions without a critical mass of 
fissionable material. The fission energy then provides a 
means for initiating fusion reactions. 

Sharnat~v'~, Cassenti5~~~ and Kammash and Gal- 
braithg, have proposed using the annihilation of 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 60 percent of the pions are charged. The pions are 
moving at relativistic velocities (about 95 percent of the 
speed of light), and the absorption of the kinetic energy 
requires on the order of meters of path length for signifi- 
cant energy absorption,. Of course the energy must be 
absorbed before 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 kiIo- 
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 
decays into 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 relativistic speeds require extremely large fields. 
For example, about 100 kG are required for one meter 
diameter containment and 10 MG for a one centimeter 
diameter pellet. Magnetic fields are difficult to generate 
in a steady state, but can be generated in transient situa- 
tions. Hasegawdp, and Kammash and Galbraith19120 
have proposed using magnetic fields developed at the 
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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 ions 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 ff ow creates a magnetic field which 
readily contains the plasma. Measurements and mod- 
e l ~ ~ ~ - ~ ~  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- 
ture14. The antiprotons provide a compact source for 
the muons when compared to the accelerators that have 
b e e n p r ~ p o s e d ~ ~ ,  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 catalyzed fis- 
sion reactions require an initial compression using ion 
beamsl1,l2, The ion accelerators are heavy and there 
wouId be a distinct advantage in eliminating them. Di- 
reel heating of the plasma to initiate a fusion reaction 
uses very little of the annihilation energy - about two 
percentg. While muon catalyzed fusion is effective in a 
narrow temperature range a t  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 wili 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, froin aAn antiproton anni- 
hilation, at appropriately heated points in the fusion 
fuel, at the correct time. 

Basic Design 
The pellet to be ignited consists of several materials. 

The fusion fuel can be deuterium-tritium, or lithium 
deuterideZ5. The fuel has an outer radius,Rf and an in- 
ner radius, R, (see Figure 1). The fuel contains a herni- 
sphere of fissionable material such as U235,U238, Puug. 
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, 6, be- 
low the surface. 

A pulse of antiprotons and positrons13, 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- 
tons ionizes the 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 presexve 
neutrality13. The pulse can be antihydrogen or it can be 
partially or completely ionized. If the pulse has a length, 

i 
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,Figure 1. Pellet Construction and Geometry. 

IF, and a kinetic energy, Tp then the heating time, zB is 
given by: 

for nonrelativistic velocities. If the pulse is forced 
through a solid shell (Le., a shellwithout a hole), then the 
beam energy will have to be about 100 MeV, Otherwise 
the beam energy only needs to be high enough to tra- 
verse the plasma and fuel without significant scattering 
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 non~niform, heath$ will create 
magnetic fields that can be roughly estimated as22 

TON 

and 

where 

fi is the rate of change of the magnetic field with re- 

B is the steady magnetic field, 
A is the atomic weight of the plasma (taken to be 2.5 

Z is the atomic number of the plasma ( taken to be 

d is the heated spot size, and 
Q is the angular position'from the beam axis, 

spect to time, 
I 

for deuterium- tritium fuel), 

1.0 for deuterium-tritium fuel), 

Assuming the angular position is uniformly distrib- 
uted between zero and rt/z, the probability, pada for the 
angle to be between a and a+da is 
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The average angle is then 

, E = r a  sin a da = 1. 

Then 

u 
(5 )  

S ~ R E  = 0.8 - 1, 

which is well within the approximations in equations (2) 
atid (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(t) = E (1 - e"') 

From equation (6 ) ,  the rate of growth of the field is 

Then from equations (2) and (3) 

' v = = e - -  1 ( T )i'2(!o:m)[ fi 
B 36 ps 1 keV 

(8) 

Equations (2),(6),(8) are used to describe the tran- 
sient magnetic field. 

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

where eplarm/eLH2is the ratio of the plasma density to the 
density of liquid hydrogen. There will also be a recoil en- 
ergy for annihilations in the plasma, E, of about 20 
MeV. 

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

x = rcos0, y = rsin0 and z = k ($) - , t w  

where, for relativistic energies, 

JEmzj 
ecB r =  

0 is the total angle travelled about the initial velocity 

(P is the angle between the particles velocity vector 
direction, and 

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), c, the speed of light, and e, the 
charge on an electron. 

The total path length, s, followed is given by 

2 

s = JI t (a) z. 

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

(13) 

Without the magnetic field the path length, so, will 
be taken to be the average distance across the core, 
which can be shown to be 

Hence the path length increases by a factor, €L given 
bY 

f L  = J1 + (+y 
Using the average angle, $, calculated as in equa- 

tions (4) and (51, the path length is 

The energy deposited by the pions and the recoil, 
Ex, is 

where v, is the number of 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 herni- 
sphere. 

W 
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When the antiproton annihilates on the flat of the 
hemisphere, the material will fission releasing the kinet- 
ic energy of fission fragments, Ef and a number of neu- 
trons, and pions, which can cause additional fissions. 
From Reference (121, for UZ3*, 

./ 

and 

Half of the released neutrons will enter the fission 
hemisphere, and can cause additional fissions, The fis- 
sion cross section, uj  for U235, varies as a function of the 
neutron kinetic energy, T, of the neutrons approximately 
asz5 

where the constants C and a can be found fromz5 

The kinetic energy of the fission neutrons can be 
approximated byz5 

If the annihilation o a r s  at the center of the hemi- 
sphere, the neutrons will travel a djstance, a (i.e., the 
hemisphere diameter), then the fraction of neutrons 
causing additional fissions, rf, is 

where 

ef is the density of the fissionable material, 
Af is the atomic weight of fissionable material, 
mamu is the. atomic mass unit ( 1 . 6 6 ~ 1 0 - ~ ~  g). 

The quantity 

€or uranium. This second fission will emit v, -2.4 sewn- 
dary neutrons, which we will 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,dNf/dp per antiproton annihilation as 

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

where pflr is the probability of the kinetic energy of the 
fission'neutrons being between T and T+dT. 

The average kinetic energy is then 

[ Te-T sinb J2T dt 
a 

(24) T=- = 2.0 MeV. [ e-T sinh dT 
0 

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

5 

or 

which is larger bya facrorof about hvo than the value for 
plutonium, or a factor of 10 in 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 secondary neutron 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 
of an infinitesimal element of the shell results in 

where 

e is the shell density (taken to be the density of tung- 

h is the shell thickness (taken to be the tungsten 

r is the radius of the shell at half the shell thickness, 
p is the pressure, and 
u is the tensile yield stress of the shell (taken to be 

sten 19.3 g/cm3), 

thickness), 

5x208 dyneslcm3 for tungsten). 

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

where 

k is Boltzmann’s constant, and 
X, = 63.5 k G  crn3@’K1D. 

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

NkT 
P P  = 7 9  (33) 

where 

M is the number of particles, and 
V= 4nr3 / 4 is the volume the particles occupy inside 

From the kinetic theory of gases, the total energy in the 
plasma js 

the shell. 

3 E ,  = 3 NkT. (34) 

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

E, PP (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, (t) = [E, + Ef( 1 f %)] { * ‘ ‘’ 
’ t > %  

Using equation (36) for the energy of the pfasma, 
equation (39,  will give an upper limit for the plasma 
pressure on the shell. Equation (31) then becomes 

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

The inertial confinement time, ti, must be greater 
than the time it would take a p-wave to traverse the 
thickness of the tungsten sheI1l8. The p-wave speed in 
a solid is given by 

J- (I - VIE 

where E is the Young’s modulus (about 4.1 x IOi2 dy/cm2 
for room temperature nngsten), and v is the Poisson 
ratio (about 0.23 for room temperature Tungsten). The 
inertial confinement time is bounded by 

(39) 

A rough calculation indicates that heating of the 
Thngsten shell (e,g., due to fission gamma ray emission) 
will not raise the shell temperature 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’’, tf, where 

where 

T i s  the plasma temperature, 
E, is the energy of the alpha particle emitted, 
nplasma is the plasma number density, and 
<w> is the reaction rate. 
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r 

Uranium hemisphere radius 
Hemisohere distance from core surface 

.I 

a 0.03 
6 0.0075 

An upper unit on the plasma temperature and the The model can now be used to examine specific pel- 
core energy are related by let designs. 

2 3 M T = E , = 2  1 NE, 
(441) 

The ideal specific impulse of the system can now be 
determined by assuming all of the fusion alpha particie 
energy, from all of the fuel, is emitted with the total mass 
of the pellet. The exhaust velocity, ve, can then be deter- 
mined from ' 

wh&e 

MT is the total pellet mass, 
mf is the total fuel mass, and recall 
A is the atomic weight of the plasma (Equations 2 

The specific impulse, I,, can then be approximated 

and 3). 

as 

(43) 

where g is the acceleration of gravity at the surface of the 
earth. 

Results 
The model was used to predict the response of a typ- 

ical pellet. A deuterium-tritium fitel was taken €or sim- 
plicjty, The alpha particle energy roduced in a fission 
reaction was taken to be 3.5 MeV , This was the energy 
assumed to be present in the exhaust, since the alpha 
particle can be directed by magnetic fields, The reaction 
rate, cow, was taken to be cm3/s which occurs at 
a plasma temperature of 80 keV 

1B 

The pellet geometry is summarized in 'Mle 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 1 cm. The hemisphere of uranium 
is so small that it only supports secondary fissions about 
one percent of the time. The antimatter pulse contains 
3x109 antiprotons and lasts 3 ns. The core density is 
about 1.25~1021 /cm3, if only the hemisphere of material 
above the fiat uranium surface enters the core. The core 
temperature is 83 key The magnetic field reaches about 
2 MG at end of the pulse. The tungsten shell does not 
move during the heating by the antimatter pulse. The 
characteristic inertial confinement time is at least 20 ns 
and the time for the fusion reaction is about 10 ns. The 
total mass of the pellet is about 3.5 mg, and absorbs 
about 7.3~1017 erg producing a specific impulse 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 specific impulse. 

%ble 1 -- 
'Ilpical --- Pellet Geometry 

The above calculations are quite rough, but do hdi- 
cate that the design maybe feasible. Of course, if the pel- 
let is scaled to the size of a thermonuclear warhead, 
then, with minor variations in 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 Metgzer26 and used for propul- 
sion, Thermonuclear warheads can also be used exter- 
nally as in the Orion rocket. Hence, if the pellet is scaled 
up in size, (and designed as in a thermonuclear warhead) 
then the pellet d l  ignite and fuse. The design problem 
is how to shrink the pellet to sizes on the order of one 
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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 &so possible. The 
hole in the shell and the fuel can be removed (Le., 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 Lis (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 warhead28. 

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 assumptions are not conservative). Yet the 
proposal will almost certainly work in some form since 
the size can be scaled to the lever 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- 
lets would 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 
fue1:A complete simulation of the thermal and mechani- 
cal response of the outer shell is also required. Such sim- 
ulations would accurately determine the pellet size 
range and the theoretical specific impulse. 
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