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By combination of the benefits of magnetic and inertial confinements, a new fusion scheme is
introduced with a plasma density of > 102! cm~?3 whose pressure is confined by inertia of a metallic
container of a cannonball type while its heat is insulated by a self-generated magnetic field of

> 100T.

PACS numbers: 52.75.—d, 28.50.Re, 52.50.Jm, 52.55.Pi

We present a new fusion scheme which can avoid
some of the major difficulties faced in the present ap-
proaches in magnetic confinement fusion and inertial
confinement fusion.

When a plasma with a density of = 10?!/cm® and a
magnetic field of > 1 MG is surrounded by a heavy
metallic shell, the inertial confinement time can be in-
creased by a factor of = 10?2 by the reduction of the
sound speed u=(T,/my)"? partly from the larger
mass of the shell m, and partly from the reduction of
the shell temperature 7, by the thermal insulation due
to the magnetic field. This leads to a possibility of
achieving ignition of an input energy of =1 MJ
without an implosion. Furthermore, since the input
energy is directly put into the fuel plasma (rather than
the imploding pusher), the present scheme has a
better energy efficiency than the inertial fusion
scheme. This scheme also eliminates the first wall
problem in the magnetic fusion approach.

The basic structure of the plasma container consists
of a spherical metallic shell with outer radius ¢ and
inner radius b in which a solid DT fuel is coated
between the radius a and b as shown in Fig. 1(a). The
gas plasma at r < ais produced by ablation of the solid
fuel caused by an injected laser (or particle) beam
through the hole on the top. The laser creates a
toroidal magnetic field as a result of the current loop
produced by the ejected hot electrons (a V nX V T
process) which rapidly expands because of the Ex B
drift of electrons throughout the inner portion of the
shell as shown in Fig. 1(b). There exists a large
amount of experimental evidence! of laser-produced
magnetic fields beyond 102 T in an area much larger
than the laser spot size. The simulation results ob-
tained by Forslund and Brackbill? demonstrate the
feasibility of the mechanism assumed in Fig. 1(b).
When the inner surface of the solid fuel is heated by

electron depositions and by multiple photoreflections,
plasma is ejected, carrying the magnetic field from the
surface through ablation, and a hot, low-density core is
formed in the central region of the shell. If the heat
confinement time is made longer than the inertial con-
finement time by the magnetic field, the ignition con-
dition is given by?

4_:1 (=Tinert)>g_fm' (1)
where T and n are the initial plasma temperature and
density, £,=3.5 MeV, and (ov) is the fusion cross
section.

Experiments to check the confinement time have
been performed by use of the LEKKO VIII CO, laser
system* of Osaka University which delivers 300 J in 1
ns and spherical targets of CgH,Cl with 15-um thick-
ness with diameters ranging from 1 to 3 mm.> The en-
ergy lifetime of the plasma is measured by the dura-
tion of the soft x-ray signals (0.1 ~1 keV) emitted
from the plasma, the plasma size by x-ray pinhole im-
age, and the temperature by spectroscopic method by
use of Na-line intensity ratio. Two types of targets,
one having one hole and the other having two holes,
were used with a 100-J, f=1.5 laser per hole focused
at the center of the target. The typical x-ray pinhole
image and the x-ray signal are shown in Figs. 2(a) and
2(b). The measured plasma temperatures were typi-
cally 300 to 400 eV. Figure 3 shows the observed plas-
ma energy lifetime as a function of the cavity diameter
when the target is irradiated by a 100-J CO, laser. The
different lines correspond to the entire width (solid
circles), the width of the secondary peak (triangles),
and the separation between the two peaks (squares) of
the x-ray signals. The first peak is due to the direct
impact of the laser, while the second peak is due to the
plasma formed in the center. Figure 4 shows the flow
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diagram [4(a)] and the profile [4(b)] of plasma pres-
sure, p, ion density, n;, and the electron temperature,
T,, at 6 ns obtained using a 1D spherical simulation
code (HISHO) in which the radial heat conductivity is
reduced by (w,7,) 7 starting at t=2 ns with an as-
sumed magnetic field of 10° T of uniform intensity. A

(b)

FIG. 1. Schematic diagram of (a) the reactor chamber and
(b) process of magnetic field generation.

140

Gaussian pulse shape is assumed with the peak corre-
sponding to 1.5 ns in the vertical scale in Fig. 4(a).
The formation of a hot core with the radius of 250
wm, the electron density n (=3n,;) of 6x10%, and the
temperature of 600 eV is clearly visible. Both the size
of the hot core and the lifetime of the plasma tempera-
ture agree very well with the experimental result at 1-
and 2-mm diameters. The simulation without the
magnetic field produced a plasma with lifetime almost
one order magnitude smaller than observed.

Since the magnetic field produced by one beam has
only the toroidal component, it does not provide an
equilibrium with uniform pressure (which the plasma
is believed to choose). For the purpose of creating
such an equilibrium, attempts are made to introduce
field-aligned currents by use of two laser beams at an
angle which hit different portions of the target. They
produced a systematically longer lifetime as shown by
one example denoted by ‘“2-beam’’ in Fig. 3. In addi-
tion a spheromac-type magnetic geometry?® is tested by

(a)

(b)

FIG. 2. (a) X-ray pin-hole image and (b) the x-ray signal
(0.1 ~1 keV) produced in the experiment with a two-hole
target with 2 mm diameter by use of two 100-J CO, lasers.
Sweep time in (b) is 2 ns/div.
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FIG. 3. Observed plasma lifetime as a function of the cav-
ity diameter when the cavity is irradiated by a 100-J CO,
laser.

use of a one-turn coil which surrounds the sphere
azimuthally and by hitting it by another laser with
some time advance. The result gave even larger ef-
fects as shown by the point indicated by ‘‘spheromac
type’’ in Fig. 3. The latter experiment gives further
evidence of the existence of the magnetic field. The
confinement time of 8 ns observed in the spheromac
geometry and the density of 6x10% gives
nt=5x10'2 cm~3, which is remarkable as a prelimi-
nary set of experiments.

To study the ignition condition, the 1D simulations
are extended to the reactor geometry of the type
shown in Fig. 1(a) with the fuel (DT) layer of 300 um
and the shell (gold) layer of 500 um. A magnetic field
of 10° T is applied when the laser power (with the
duration of 10 ns) becomes 10~2 of its peak value.
The observed expansion speeds of the fuel were sys-
tematically lower than (p/p,)Y? by a factor of 1.5 to 2
because of the local heating of the inner surface of the
shell, where p is the plasma pressure and p; is the
mass density of the shell. Because of the reduced
speed, the ignitions were observed with the absorbed
energies of 0.75 MJ for the shell radius of 2.5 mm.

The target gain is an important factor in the design
of the reactor. We find that the gain is a sensitive
function of one unknown parameter, the inward dif-
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FIG. 4. (a) Flow diagram and (b) the profile of plasma
pressure, p, ion density, n;, and the electron temperature,
T,, at 6 ns based on 1D spherical simulation.

fusion rate of the cold fuel u;. The 1D simulations in-
dicate that u; is nonzero and close to — u, resulting in
little change in plasma density at the core in the course
of expansion. If u;= — u, the local plasma internal en-
ergy (rather than the volume-integrated energy) in-
creases in time, and detonation occurs if (1) is satis-
fied. This leads to a large gain ( > 10°). However, if
uy=0, the gain is limited to a relatively small value
(=130) for a reasonable level of input energy. Thus
the proper estimate of the gain factor requires a careful
study of the dynamics of the piston front.

The plasma is ideal magnetohydrodynamically stable
because of a uniform pressure. The thermal convec-
tion would not occur because the effective gravity due
to the curvature of the magnetic field is antiparallel to
the temperature gradient. The plasma-loss rate from
the hole (which may be capped by a clever cavity
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design) can be made smaller than the inertial confine-
ment rate if the ratio of the solid angle of the hole to
47 is made smaller than the ratio of v to the plasma
sound speed.

One of the authors (A.H.) would like to express his
appreciation for critical comments given by Dick
Morse and Marshall Rosenbluth.
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FIG. 2. (a) X-ray pin-hole image and (b) the x-ray signal
(0.1 ~1 keV) produced in the experiment with a two-hole
target with 2 mm diameter by use of two 100-J CO, lasers.
Sweep time in (b) is 2 ns/div.
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FIG. 3. Observed plasma lifetime as a function of the cav-
ity diameter when the cavity is irradiated by a 100-J CO,
laser.
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FIG. 4. (a) Flow diagram and (b) the profile of plasma
pressure, p, ion density, n;, and the electron temperature,
T,, at 6 ns based on 1D spherical simulation.



