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It is proposed to simultaneously compress a thermonuclear target and amplify a laser beam by
a single z-pinch discharge. The laser beam is imploded and amplified by a cylindrical convergent
shock wave inside a capillary, transforming it into a soft X-ray pulse for the fast ignition of the
thermonuclear target. The target is compressed inside a liner by the z-pinch current. The capillary is
attached to one end of the cylindrical target, and is protected by a radial wire spoke array fast opening
switch against its premature implosion by the convergent shock wave. The z-pinch can be stabilized

by placing it into a powerful vortex.
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1. Introduction

The approach taken by most research groups to-
wards the realization of the fast ignition of a small DT
(deuterium-tritium) target is by ablative compression
to ~ 10 times solid density, followed by its hot spot ig-
nition with a ~ 100 kJ petawatt laser [1,2]. The other,
less vigorously pursued approach is by magnetic com-
pression inside a linear pinch discharge, followed by
the hot spot ignition at one end of the pinch discharge
with a petawatt laser [3]. In both cases, a thermonu-
clear detonation wave is launched from the hot spot,
burning up the remaining part of the DT target. The
first case requires that for the hot spot pr > 1 g/em?,
where p is the density of the compressed DT target
and r the radius of the hot spot. In the second case the
target density can be less, but the pinch current must
there be of the order 107 A. In either case, these condi-
tions are necessary to keep the charged fusion products
entrapped inside the burning plasma. Because in the
second case the target has the shape of a long cylin-
der, very large gains seem to be possible in princi-
ple, provided the DT pinch column can be kept stable
for the short time the detonation wave passes through
it with a velocity approximately 1/10 the velocity of
light.

To keep the thermonuclear microexplosion at a safe
distance from the wall of the cavity confining the mi-
croexplosion, is for obvious reasons no problem in the
first case. But it is a problem in the second case, be-

cause one needs a transmission line from the wall to
the electrodes of the pinch discharge, which, through
its absorption of energetic neutrons from the DT ther-
monuclear reaction, is transformed into a hot plasma,
leading to a blast wave. This problem though can be
solved by the concept of the inverse diode invented by
I. Smith [4].

Replacing the very expensive 100 kJ petawatt laser
by something less expensive would be highly desir-
able. In one idea proposed by Murakami and Na-
gatomo called impact ignition [5, 6], a small solid pro-
jectile is ablatively accelerated by a 100 terawatt laser
to a velocity of ~ 103 km/s, which upon its impact on
the highly compressed DT target generates a hot spot,
launching from it a thermonuclear detonation wave. As
a more efficient alternative to this rocket-like accelera-
tion I had proposed a gun-like acceleration making use
of the magnetized booster target concept [7]. The gen-
eral advantage of impact fusion, and this also applies
to impact ignition, is that it permits the kinetic energy
of a projectile to increase relatively slowly.

One might think that an intense ion beam, generated
by the laser bombardment of a thin foil, might be a
better alternative to impact ignition. But this is not so
because of the poor laser-to-kinetic ion beam energy
transfer efficiency, which is, at best, a few percent. A
totally different situation arises at very high laser in-
tensities, where in a “laser piston” regime the intense
laser light pushes forward (by its radiation pressure) a
block of condensed matter [8 — 10]. Here the laser-to-
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kinetic energy transfer efficiency is high, but requires
the very high laser light intensities that the impact ig-
nition scheme tries to avoid.

In this communication I propose the amplification
of a ~ 10 kJ-100 terawatt laser pulse into a 100 kJ
petawatt soft X-ray pulse by the compression of the
laser pulse inside an imploding capillary for the fast
ignition of a DT target by a single high current pinch
discharge.

2. Description of the Novel Fast Ignition Concept

As shown in Fig. 1, a long DT cylinder with an ini-
tial radius Ry is attached at its end to a metallic cylin-
der, with a capillary of an initial radius ry at its core.

A large current, drawn from a Marx generator and
coming from the right, flows over the DT cylinder
compressing it from its initial radius R = Ry to its final
radius R = R;. In reaching the end of the DT cylinder
on the left, the current flows in the radial direction over
a spoke-like array of wires, in a configuration proposed
by the author in a previous publication [11]. The implo-
sion velocity of the DT cylinder is by order of magni-
tude equal to the Alfvén velocity va = B\/4mp, where
B is the magnetic field strength and p the density. For
acurrent of 107 A, Rp=5x 1072 cm, and a density of
p ~ 1 g/cm?, one has by order vo ~ 108 cm/s, with the

Fig. 1. Amplification of a laser beam by a convergent cylin-
drical shock wave for the fast ignition of a dense z-pinch.
I, current compressing the DT cylinder; RC, return cur-
rent conductor; W, thin exploding wires forming an opening
switch to let the current I pass over the outer surface of the
cylinder containing the capillary C; L, laser beam shot into
the capillary compressed by a convergent cylindrical shock-
wave.
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implosion time Tjyp ~ Ro/va ~ 5 X 1079 s. In flowing
over the radial wire array, the magnetic pressure cre-
ated by the large current accelerates the array to the
left, thereafter imploding it onto the cylinder contain-
ing the capillary. As in the dense plasma focus, the wire
array acts as a fast switch, directing the current to flow
over the cylinder containing the capillary, launching
from its surface towards its center a convergent cylin-
drical shockwave. For a convergent cylindrical shock-
wave, the pressure rises in proportion to %4, where
r is the distance from the center of convergence [12].
The time the shockwave implodes the capillary can be
much shorter than the time the convergent shockwave
needs to reach the capillary.

A laser beam coming from the left and entering
the capillary of length [ is compressed in the time
7 ~ I/c, which must be about equal to the implosion
time Tiyp ~ 1o /va of the capillary. One thus obtains the
important relation

I/rog~c/va. (1)

Setting rg ~ 10~2 cm, va ~ 10® cm/s, one finds that [ ~
3cm.

Following its implosive compression and amplifica-
tion, the laser beam pulse is transformed into an inco-
herent soft X-ray pulse, which is shot into the left end
of the compressed DT cylinder, creating a hot spot for
its fast ignition.

3. Imploding Capillary as Dynamic Hohlraum

In indirect hohlraum configurations, one or more
laser beams dissipate their energy inside a cavity, trans-
forming the non-absorbed laser light into soft X-rays.
In dynamic hohlraum configurations the soft X-ray
containing hohlraum is subsequently imploded, ampli-
fying its energy. The absorption and re-emission of the
laser light from the inner wall of the hohlraum is an
irreversible process, with an efficiency 11 < 1. Experi-
ments with hohlraums show that by order of magnitude
n~0.1.

If the incoming laser light has an energy Wp, the
energy converted into soft X-rays is nWp, with the
hohlraum radiation temperature 7, given by the Stefan-
Boltzmann law for black body radiation:

ali¥ =Wy, a=17.67x10" erg/em’K*, (2)

and the average frequency V of this radiation given by
Wien’s law (k, Boltzmann constant):

hv = kT,. 3
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The hohlraum here is a capillary of initial radius ry
and length /, with the capillary imploded from its ini-
tial radius r to a smaller radius r < ry. If the implosion
is fast enough, i.e. the time for the implosion shorter
than the time the radiation is lost by absorption in the
wall of the capillary, the radiation behaves more like a
gray body radiation where the photon mean free path is
large compared to /. If n is the number of atoms vapor-
ized from the wall of the capillary and entering the cap-
illary, and if o, ~ 10~'® cm? (o, ~ ard, a = 1/137,
rg ~ 1078 cm, Bohr radius) is the absorption cross sec-
tion of the photons, one has for the photon mean free
path A, = 1/nc, ~ (10'® /n) cm. To have gray body ra-
diation requires that n < (10'8/1) cm=3. Fora 10710 s
laser pulse with / ~ 3 cm, one has n < 3 x 107 cm 3.

During the implosion of the capillary, the energy of
the soft X-ray photon gas rises in proportion to r—4/3,
as for a monatomic gas where ¥ = 5/3, and one has

_ ("_0)4/3, @)

r

Wa(r)
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For an efficiency 1 < 1, the laser energy W(r) and
power P(r) are

W (r)
W()(ro)

where Wy and Py are the initial laser energy and power,
respectively. For the example 1 = 0.1, ro/r = 30, one
finds that W(r)/Wy = P(r)/Py ~ 10, that is a ten-
fold amplification. If the soft X-ray pulse released
from the capillary following its implosive compression
lasts 10710 s, and if this energy is We(r) = 10° J, as it
is required for the fast ignition of the DT cylinder, one
would need Wy ~ 10* J for the incoming laser energy
of photons in the optical regions, amplified tenfold into
soft X-ray photons. If the laser energy is supplied in
~ 10710, the laser power would be 1014w, amplified
into a 101> W soft X-ray pulse.

The energy of the 10° J = 10'? erg soft X-ray pulse
must be of the same order of magnitude as the mag-
netic energy in the capillary. With B = 0.2]/r this en-
ergy is

_ P(r) —n (V_0>4/3,

TR r

(&)

E = nr?IB* /8 = (1/2)10 211 (6)

For =107 A and [ = 3 cm it is of the order 10'? erg =
103 J. However, because the efficiency is only 10%
(n =0.1), ten times more energy is needed.

The thermonuclear yield depends only on the length
of the z-pinch channel along which a thermonuclear
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Fig. 2. A corrugated helical sawtooth-shaped liner with a
solid DT core, to stabilize against the m = 0 and m = 1 mag-
netohydrodynamic instabilities and against the Rayleigh-
Taylor instability. Jets forming from the corrugated surface
create shear and rotational flow.

detonation wave propagates, once it is ignited by the
soft X-ray pulse at its one end.

4. Stability

The feasibility of the proposed concept largely de-
pends on its stability. For the pinch discharge channel
it is the m = 0 (sausage) and m = 1 (kink) instability,
in addition to the Rayleigh-Taylor instability. All these
three instabilities can be overcome by placing the pinch
in the center of a strong potential vortex.

The m = 1 pinch instability comes from Maxwell’s
equation curlB = 0 outside the pinch discharge chan-
nel, with the magnetic field, and with it the magnetic
pressure, increasing with a decreasing distance from
the center of curvature of the magnetic field lines. In a
potential vortex where curlv = 0, the same is true with
regard to the velocity, except that an increase in the ve-
locity leads by Bernoulli’s theorem to a reduction in
the pressure. Therefore, the pinch discharge channel is
stabilized against the m = 1 kink instability if v > v4.

Similar, because of §B - dr = const. (constancy of
current), and because of ¢ v-dr = const. (constancy of
circulation), the pinch is stabilized as before against
the m = 0 sausage and Rayleigh-Taylor instability,
if v > va. These qualitative conclusions have been con-
firmed by Wanex et al. [13] in a detailed numerical
analysis.

What remains is the question of how to generate
such a powerful vortex where v > va. One way how
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this can be done was proposed by the author [14],
by placing the pinch inside a corrugated helical liner
as shown in Figure 2. There, jetting from the cor-
rugated surface by resistive ablation during its com-
pression leads to its rapid rotation and axial shear
flow. Because v4 is smaller in the dense metallic liner
than in the lower density plasma, smaller rotation ve-
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