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The performance of ion-beam—irradiated fusion targets consisting of a high-density
spherical shell containing DT gas has been calculated. Breakeven with 10-MeV protons
irradiating 1-2-mm-diam targets can be produced with a beam current around 10 MA,
Results for various target sizes and other beam particles and voltages are also dis-

cussed.

Recently, serious attention has been given to
several techniques of producing beams of high-
energy ions that may be capable of producing
thermonuclear fusion by imploding small targets
similar to those suggested for laser and electron-
beam fusion. Martin has proposed using a linear
accelerator to produce a proton or helium beam
with particle energies around 100 MeV, and then
using several storage rings to compress the
pulse length and increase the beam current.®
Humphries, Lee, and Sudan have demonstrated
that an electron-beam triode can produce an ion
beam with relatively high efficiency.? Both of
these techniques require further development to
obtain the required power in one or more focus-
able beams, but there do not appear to be any
fundamental obstacles.

Shearer has calculated ion-beam characteris-
tics required to implode solid DT pellets and pro-
duce “scientific breakeven,” where the thermo-
nuclear yield equals the ion energy deposited in
the target.® For the targets considered, break-
even required a rather precisely shaped pulse
with a peak beam current around 4000 MA of 0.5-
MeV deuterons and with a pulse width at the peak
of about 0.1 nsec. As Shearer suggested, and as
has been previously shown for electron-beam tar-
gets,® hollow-shell targets should substantially
lower these beam requirements. This paper will
show that the use of a high-density shell (e.g.,
gold) to absorb the beam energy and implode the
fuel does indeed relax the beam requirements
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substantially, permitting the use of higher-volt-
age, lower-current beams (10 MeV, 10 MA or
less) to achieve breakeven. The combination of
higher beam voltages and lower temperatures
(<1 keV) in the beam-absorption region largely
eliminates the problem of range lengthening with
increasing temperature encountered in bare DT
pellets.

For electron-beam—fusion targets of this type,
it has been found that the optimal performance is
obtained when very little of the beam energy is
deposited in the fuel or the interior portion of the
metal shell.* For this reason targets are con-
sidered here which have shells thicker than the
ions’ range. Since the ions are scattered rela-
tively little by the target material, and since the
ion has a significantly higher energy loss rate
near the end of its range, the metal shell can be
divided conceptually into three regions: (1) an
outer “tamper” layer where the beam-energy de-
position is relatively low, (2) an intermediate
“explosive” layer encompassing the end of the
ions’ range where the energy deposition is rela-
tively high (the Bragg peak), and (3) an inner
“pusher” layer which is unheated by the beam
but which is imploded, compressing and heating
the fuel to thermonuclear ignition, The tamper
serves to contain the “explosion” of the explosive
layer, providing a better conversion of its energy
into pusher kinetic energy than is obtained in
electron-beam or laser targets, wherein the en-
ergy is deposited in the outside ablator layer.
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The computer code CLYDE® has been used to
calculate the behavior of these targets. Except
for the ion-beam energy deposition, the physics
modeled in CLYDE is described elsewhere.*¢ In
these calculations the ions are assumed to be
monoenergetic and to have trajectories directed
toward the center of the target. In practice, de-
partures from these assumptions will broaden
the Bragg peak; a small amount of broadening
will probably not significantly affect the target
behavior.

Protons with energies greater than 1 MeV have
a range-energy relation in gold given by’

E =19x°%61

where E is the proton energy in MeV and x is the
range in grams per square centimeter. Since
the protons traverse straight, radial lines, the
energy deposited between two radii 7, and 7, is
given by 19(x,%% — x,°%'), where

r
x= f,o p(r)dr,

p is the density of the target material, and 7, is
the end point of the proton trajectory. Below 1
MeV, the above expressions are not accurate,
and furthermore, the energy deposition is some-
what temperature dependent. However, the last
1 MeV of the proton’s energy is deposited in 0.01
g/cm? Since this is barely within the resolution
of these calculations, these effects do not appear
to be significant here and are ignored. Similar-
ly, the momentum of the beam protons is a small
effect and is consequently ignored. In most of
the methods of producing the ion beam, the beam
current can be neutralized by low-energy elec-
trons. Consequently, the effects of magnetic
fields have been omitted from these calculations.
If the beam current is not neutralized, the re-
sultant magnetic field could alter the ion trajec-
tories significantly. The neutralizing electrons
would have at most a few percent of the ions’ en-
ergy, and this would be deposited in the outer
part of the tamper with little effect on the implo-
sion. Both the beam current and the voltage are
kept constant throughout these calculations. The
product of the beam power and the implosion
time gives an upper limit to the energy required
for the implosion. '
Calculations have been done for beams of dif-
ferent voltages (10 and 50 MeV), for shells of
different sizes (1 and 2 mm inner shell diameter),
and for various fuel masses, in order to show
the trends in target behavior as these parame-
ters are varied. The shell thickness is optimized

for each beam voltage. For a 10-MeV proton
beam the optimal gold-shell thickness is about
0.22 mm while for a 50-MeV beam the optimal
thickness is 2.69 mm. In both cases there is
about 0.1 g/cm? of gold which is unheated by the
proton beam,

A fairly extensive set of calculations was done
using a gold shell with an outside diameter of
1.44 mm and a thickness of 0.22 mm irradiated
by 10-MeV protons. The thermonuclear energy
produced with various masses of DT is shown in
Fig. 1, plotted as a function of proton-beam cur-
rent. Breakeven occurs for currents as low as
6 MA with 10 ug of DT. Similarity arguments,
or dimensional considerations, indicate that the
implosion time (time to attain maximum fuel com-
pression) for a given target should be proportion-
al to P™'/, and hence proportional to 1%,
where P and I are the beam power and current,
respectively. Figure 2 shows the implosion
times obtained from the calculations. As can be
seen the scaling law is obeyed rather well, with
the implosion times being essentially independent
of the fuel mass, as is expected.

Figure 3 shows the ratio of initial to compressed
DT volume as a function of the DT mass. This
compression ratio is relatively independent of
the proton-beam power, as would be expected if
the implosion were purely hydrodynamic (no ra-
diation, transport, etc.) Also shown in Fig. 3 is
the beam current required for breakeven. Clear-
ly, if the symmetry and stability of the implo-
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FIG. 1. Total thermonuclear energy produced as a

function of proton-beam current for targets of various

fuel masses (indicated on each curve). All targets

have a 1,44-mm-outer-diam, 0.22-mm-thick gold shell.

The dashed curve is the product of proton-beam power

and implosion time, which is an upper limit on the

beam energy required for the implosion.
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FIG. 2. Implosion time as a function of beam current
for gold shells with 1,44 mm (¥p7=0.5 mm) and 2.44
mm (¥p1=1.0 mm) outer diameters. The gold-shell
thickness is 0.22 mm in all cases. The straight lines
are proportional to I ~1/3,

sion is not good enough to obtain compression
ratios of 10*, somewhat higher beam currents,
10-20 MA, will be required.

A series of calculations has also been per-
formed with a larger gold shell, 2.44 mm outer
diameter, 0.22 mm thick, filled with 100 ug of
DT. Breakeven requires slightly more than 11
MA of 10-MeV protons with this target. The
compression ratio is about 5 X103 and the implo-
sion time is about 10,5 nsec.

The results of these calculations can be readily
extended to higher voltages: By adding an addi-
tional layer of gold to the outside of a 10-MeV
target, so that the end point of the proton range
is the same distance (~0.1 g/cm?) from the inner
surface of the pusher, the behavior of the target
should be nearly the same as for the 10-MeV tar-
get for the same beam current, Calculations
with 50-MeV protons have borne this out., For a
target with a 6.38-mm-diam shell, 2.69 mm
thick, filled with 50 ug of DT, the behavior was
very similar to the target filled with 50 ug of DT
shown in Figs. 1-3. For example, the current
required for breakeven is about 155 MA. Of
course, 5 times more power is required at 50
MeV, but in some cases these high currents may
be easier to produce at the higher voltage. One
might expect that the results could also be ex-
tended to lower voltages by reducing the thickness
of the shell. However, if too much material is
removed, the outer part of the shell loses its ef-
fectiveness as a tamper. This probably occurs
when the tamper mass becomes less than the
pusher mass below 5-7 MeV, although calcula-
tions have not yet been done to check this.

The results given above for 10-MeV protons
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FIG, 3. Volume compression ratio and proton-beam
current required to obtain thermonuclear ignition
(breakeven) as a function of DT fuel mass for targets
with a 1.44-mm-outer-diam, 0.22-mm-thick gold shell.

apply equally well to 40-MeV a-particle and 13-
MeV deuteron beams of the same power (3 and

4 the current, respectively) since the ranges of
these particles are the same as that of a 10-MeV
proton. Similarly the 50-MeV-proton results ap-
ply to 200-MeV a’s and 67-MeV deuterons. The
targets discussed here for 10-MeV protons are
quite similar to targets discussed previously for
1-MeV electron beams.* With the proton beam,
breakeven.is obtained with a power as low as 60
TW, whereas with electron beams, 800 TW is
required., By using a lower-atomic-number ab-
lator to reduce the preheating of the pusher in-
ner surface by beam-produced bremsstrahlung,
the electron-beam power required for breakeven
can be reduced by at least a factor of 2.2 (Such a
technique is of no use in ion-beam targets since
the ions produce no significant radiation.®’) The
remaining factor-of-6 difference in performance
of electron- and ion-beam targets is evidently
due to the advantageous fashion in which the ions
deposit their energy.

Kirkpatrick ef al. have shown that the power
required for thermonuclear ignition in targets of
this type can be halved by using a concentric in-
ner metal shell to achieve velocity multiplica-
tion.'® Further stages of velocity multiplication
may reduce the power requirement even further.
In electron-beam targets of this type, the beam-



VOLUME 35, NUMBER 13

PHYSICAL REVIEW LETTERS

29 SEPTEMBER 1975

produced bremsstrahlung causes the inner shells
to expand before velocity multiplication occurs,
reducing their effectiveness somewhat.'* This
does not seem to be a problem for ion-beam-~
driven targets.

As has been shown, ion-beam currents of 10
MA or less are required to achieve breakeven.
These are considerably lower than the electron-
beam currents required for similar targets.
Electron currents in excess of 1 MA at 14 MeV
have been produced!? (but with too long a pulse
length). However the ion-beam current densities
achieved to date in this relatively new field are
orders of magnitude below the electron-beam
current densities that have been achieved. Fur-
ther work, presently underway in several labora-
tories, is needed in order to understand the pro-
duction and focusing of intense ion beams before
ion-beam fusion can be compared quantitatively
with other approaches to fusion.

The author is indebted to Dr. R. C. Arnold,

Dr. R. L. Martin, Dr. A. J. Toepfer, and Dr. G.
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paper.
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The relativistic Boltzmann equation with a Fokker-Planck collision term is solved as-
suming that elastic scattering characterizes the shortest time scale of the beam-plasma
system. One-dimensional solutions containing the self-consistent return-current elec-
tric field show that, although range shortening occurs, the electric field prevents high~
current-density beams from penetrating into the dense-plasma region.

The goal of relativistic electron-beam-initiated
fusion reactions in targets containing a deuterium-
tritium mixture’? has prompted theoretical inter-
est in the interaction between the beam and a
plasma blown off of a high-atomic-number shell
surrounding the fusionable material. Investiga-
tions have included collisional scattering and en-
ergy loss of the beam due to plasma in the ab-
sence of electromagnetic fields,>* while others
have discussed effects due to these fields neglect-
ing the self-consistent collisional interaction.™®
Here, a theory for beam deposition including both

collisional and field effects is presented. The
relativistic Boltzmann equation with a Fokker-
Planck collision term is solved assuming that the
elastic-scattering collision time scale is the
shortest of the system. A one-dimensional solu-
tion is obtained which includes the electric field
generated by the plasma return current. The en-
ergy transfer from beam to plasma is estimated
for this solution and the constraints placed on
beams for fusion applications are discussed.

The equation describing the momentum distri-
bution function of relativistic electrons interact-
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