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For the ignition of a thermonuclear detonation wave assisted by a strong magnetic field, it is pro-
posed to use two concentrically nested magnetically insulated transmission lines, the inner one trans-
mitting a high- voltage lower-current-, and the outer one a high-current lower-voltage- electromag-
netic pulse drawn from two Marx generators. The concept has the potential of large thermonuclear
gains with an input energy conceivably as small as 105 J.
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1. Introduction

The ultimate goal of controlled nuclear fusion by in-
ertial confinement is a low- yield, high-gain thermonu-
clear microexplosion assembly, with the low yield re-
quired for the confinement of the microexplosion in a
cavity of manageable size, and the high gain demanded
for an efficient release of thermonuclear energy.

In thermonuclear microexplosions a high gain can
be achieved with a thermonuclear detonation wave ig-
nited from a “hot spot.” In the absence of a magnetic
field this requires the precompression of the fusion fuel
to ∼ 103 times solid density, with the hot spot created
in the center of the precompressed fuel by a convergent
shock wave [1] or, as in the fast ignitor concept [2], by
a pulsed ultraintense laser beam. In the presence of a
strong magnetic field the range of the charged fusion
products is replaced by their Larmor radius, which can
be much smaller, making possible a propagating ther-
monuclear burn in small assemblies even at less than
solid densities. In general though, much more energy
is needed here for ignition, in particular for magnetized
target fusion, except for configurations where the mag-
netized fusion target is used to trigger a much larger
thermonuclear microexplosion [3]. A different idea is
to ignite a thermonuclear detonation wave in a low-
temperature, high-density shear flow stabilized fast z-
pinch, with the hot spot for ignition created by a pulsed
laser beam [4]. But even there the overall gain is lim-
ited mainly because this concept requires the magnetic
plasma confinement along the entire pinch discharge
channel.
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About 35 years ago [5] I had shown that the ignition
of a thermonuclear microexplosion should be possible
by the bombardment of a small solid DT target with
an intense (108 A, 107 V) relativistic electron beam
drawn from a large Marx generator, and it was found
that breakeven would require a beam energy of about
10 MJ, to be delivered to a less than cm-size target
in about 10−8 seconds.1 More specifically, it was pro-
posed to place the target inside a hollowed-out metallic
tamp, with the beam energy dissipated in the target by
the electrostatic two-stream instability.

It is the purpose of this communication to show
that with two Marx generators and two concentrically
nested magnetically insulated transmission lines, the
inner one transmitting a high voltage lower current-,
and the outer one a high current lower voltage-, pulse,
a thermonuclear detonation wave with a high gain can
be ignited in the common focus of the two transmission
lines, and with an input energy as small as 105 J.

2. The Proposed Novel Concept

As shown in Fig. 1 the inner transmission line (left)
ends in a cone with the tip of the cone serving as a
cathode for a field emitted intense relativistic electron
beam. The return current conductor of the inner trans-
mission line is at its smallest diameter connected to
a cone of solid DT, serving as the anode of the inner
transmission line. An intense relativistic electron beam

1By order of magnitude these numbers still hold and are about
the same as for the planned X1 machine.
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Fig. 1. The two nested magnetically insulated transmission
lines with the DT target ignited in the focus of both lines.
In our example we have chosen for the inner line a voltage
of V = 107 V and current I = 105 A; and for the outer line
V0 = 106 V and I0 = 107 A.

emitted from the cathode tip of the inner line is by self-
magnetic forces focused onto the DT cone, heating the
tip of the cone to thermonuclear temperatures by the
electrostatic two-stream instability. At the same time,
a large electric current is discharged through the outer
transmission line, with the current passing over the
DT cone and the outer side of the conical segment of
the inner transmission line. This current must be large
enough to generate at the focus of both transmission
lines a magnetic pressure which can balance the pres-
sure of the DT plasma at thermonuclear temperatures.
In addition to heating the DT plasma, the energy from
the relativistic electron beam emitted from the end of
the inner transmission line must compensate the axial
expansion losses of the hot plasma blown off to the left
from the tip of the DT cone. If both conditions are met,
a shock wave moves to the right into the DT cone, and
if the charged fusion reaction α-particles are confined
within the cone by the magnetic field of the current
flowing over the cone, the shock wave goes over into
a thermonuclear detonation wave supersonically mov-
ing down the cone. Except for the small region near
the vertex of the DT cone, no magnetic plasma con-
finement is required, with the magnetic field otherwise
serving only to entrap the charged fusion reaction α-
particles in the DT cone. It is for that reason that large
fusion gains can here be reached.

3. Plasma Heating by the Intense Relativistic
Electron Beam

The current density of the field emitted elec-
trons is [6]

j = 1.55 ·10−8(E2/W) (1)

· exp(−6.9 ·107W 3/2/E) A/cm2,

where E is the electric field at the cathode in V/cm
and W the work function in eV. For a semispherical
cathode tip of radius r one has E ∼= V/r, where V is
the electric potential of the cathode. If W = 4.4 eV as
for tungsten, one has for the total current emitted from
a semispherical surface area 2πr2

I = 2.2 ·10−6V 2 exp(−6.4 ·108r/V ) A. (2)

As an example we take V = 107 V, r = 0.1 cm and
find I = 3.5 ·105 A. With a beam radius of 0.1 cm, the
current density is j ∼= 107 A/cm2. By the selfmagnetic
field and the repulsive image currents in the convergent
conical return current conductor, the beam can be fo-
cused down to an even smaller diameter, with the axial
electric field from the cathode tip to the anode prevent-
ing the beam from being reflected back to the cathode.
Assuming that the beam can in this way be focused
down to a radius of r0 = 10−2 cm, the current density
would rise to ∼ 109 A/cm2, with an electron number
density in the beam nb

∼= 0.7 ·1017 cm−3.
The e-fold beam stopping length by the collective

electrostatic two-stream instability is [7]

λc =
1.4cγ
ωpε1/3

, ε =
nb

n0
, γ = (1− v2/c2)−1/2, (3)

where for solid DT with n0 = 5 · 1022 cm−3 one has
ωp =

√
4πn0e2/m0 = 1.3 ·1016 s−1, with the relativis-

tic factor γ taking into account the longitudinal elec-
tron mass m = γ3m0. For 10 MeV electrons with γ ≈ 20
one finds that λc = 6 ·10−3 cm. This means that just the
tip of the DT cone is heated.

A shock, propagating in the presence of a strong
magnetic field in a direction perpendicular to this field,
becomes a collisionless shock with a shock- thickness
of the order of the plasma ion gyroradius [8]. For a
DT plasma at a temperature of 10 keV and a magnetic
field of 108 G (the latter produced by the large current
passing through the outer transmission line), the gyro-
radius is of the order 10−4 cm. This collisionless shock
will aid the two-stream instability in the rapid dissipa-
tion of the kinetic electron beam energy.

4. Ignition

The conditions for ignition are:
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1. Under steady state the power flux density of the
incoming electron beam

φin = IV/πr2
0 (4)

must balance the power flux density of the ablated DT:

φout = 2n0
Mv2

2
v
6

=
1
6

ρv3, (5)

where v is the nondirectional ablation velocity, with the
fraction 1/6 going in one direction. M is the mass of the
DT nuclei and ρ = 0.21 g/cm3 the density of solid DT.
For V = 107 V, I = 105 A, r0 = 10−2 cm, one finds that
φin

∼= 3 ·1022 erg/cm2s. Equating φout with φin one finds
that v ∼= 108cm/s.

2. For v ∼= 108 cm/s the kinetic temperature of the
DT ions is

T = Mv2/4k ∼= 108 0K, (6)

about equal the ignition temperature of the DT ther-
monuclear reaction.

3. Equating the plasma pressure with the magnetic
pressure H2

0 /8π at r = r0, generated by the current I0
passing through the outer transmission line, one finds
from

2n0kT = H2
0 /8π (7)

that

H0 = 1,9 ·108 G and I0 = 5r0H0
∼= 107 A. (8)

4. To confine the charged DT fusion reaction α-par-
ticles within the DT cone requires that [9]

r � rL =
a
H

, a = 2.7 ·105 [Gcm], (9)

where rL is the Larmor radius of the charged fusion α-
particles and r the radius of the DT cone at any position
along the cone. With H = 0.2I0/r, this requires that
I0 � 5a = 1.35 ·106 A, well satisfied for I0 = 107 A.

5. Approximating the magnetically confined tip of
the DT cone by a cylinder of radius r0 and height 2rL,
the latter equalling the effective range of the fusion α-
particles, the condition for ignition is [9]

Eign > 3n0kT πr2
02rL. (10)

With 3n0kT = (3/2)(H2
0 /8π), H0 = 0.2I0/r0 and rL =

a/H0 one has

Eign > (3/40)ar0I0
∼= 2 ·109 erg = 200 J. (11)

6. To overcome the bremsstrahlungs losses the igni-
tion energy has to be supplied by the relativistic elec-
tron beam in less than ∼ 10−8 s.

The e-fold stopping length of the beam by the two
stream instability, equal to 6 · 10−3 cm, is about twice
as large as 2rL

∼= 3 · 10−3 cm, requiring that Eign >
400 J. Existing beam technology permits to generate
a 107 V, 105 A, 1012 W beam lasting 10−9 s, and de-
livering ∼ 1 kJ, sufficient for ignition, with the beam
current below the Alfvén limit.

5. Thermonuclear Yield and Gain

A growing thermonuclear detonation wave in the
DT cone without magnetic plasma confinement re-
quires 1) that the rate at which the energy is re-
leased into charged fusion products is larger than the
bremsstrahlungs-loss rate, and 2) that the charged fu-
sion products dissipate their kinetic energy into the
cone. The first condition is valid for the DT thermonu-
clear reaction, and the second condition is satisfied by
the 107 A current flowing along the cone.

If the cone has the height h, and the radius at its base
is R, then there are (πR2h/3)(n/2) pairs of DT nuclei
in the cone, releasing an energy equal to

Eout = (πR2h/3)(n/2)εf, (12)

where εf = 17.4 MeV∼= 2.8 ·10−5 erg.
As an example we take a cone of height h = 1 cm

and base radius R = 0.1 cm. We find that Eout ∼= 1 GJ.
The input energy is essentially determined by the en-
ergy of the high current pulse, with the ignition en-
ergy of the high voltage pulse small in comparison. For
I0 = 107 A at a voltage V0 = 106 V with a power of
1013 W lasting 10−8 s, the input energy is Ein = 105 J,
and the gain Eout/Ein = 104. Smaller gains with a
smaller yield are then, of course, also possible.

6. The Inner and Outer Magnetically Insulated
Transmission Line

The impedance of a coaxial transmission line is

Z = 60log(b/a) [Ω], (13)

where a is the radius of the inner, and b the radius of the
outer conductor. In a magnetically insulated transmis-
sion line, the line impedance is matched to the current
pulse passing through the line. For the inner transmis-
sion line we have I = 105 A, V = 107 V, requiring that
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Z = 100 Ω. Therefore, if a = 0.5 cm, then b = 2.1 cm,
and if the ratio b/a is kept constant in the tapered con-
ical section, the impedance of the inner line will be
100 Ω.

For the outer transmission line I = 107 A, V = 106 V,
and therefore Z = 0.1 Ω. Such a small impedance is not
possible with a single line, but is possible with several
lines in parallel.

7. Stability

Stability can here only be a problem near the focus
of the two centered magnetically insulated transmis-
sion lines, where the conical section of the transmis-
sion lines and the DT cone meet, because only there
the plasma pressure must be balanced by the mag-
netic pressure. Shear flow stabilization by supersonic
jets generated through magnetic implosion [10] in the
vicinity of the focus should solve this remaining prob-
lem.

8. Discussion

It may be difficult to focus an intense relativis-
tic electron beam down to a diameter as small as ∼
10−2 cm. With an ignition energy of ∼ 200 J the ig-
nition could still be done with a laser beam, but also
with a less focused electron beam by making some

simple modifications. A ten times larger beam diam-
eter, which seems technically feasible, would accord-
ing to (10) increase the ignition energy ten-fold to
2 kJ. The density of the DT at the location of ig-
nition would have to be reduced ∼ 100 fold, from
5 · 1022 cm−3 (solid state) to ∼ 5 · 1020 cm−3, other-
wise the magnetic pressure can not balance the plasma
pressure. At the ∼100 fold reduced plasma density, the
bremsstrahlungs – loss time would be increased ∼ 100
fold from ∼ 10−8 s to ∼ 10−6 s. Within 10−8 s, which
is shorter than the bremsstrahlungs – loss time, a 1012

W beam would deliver 10 kJ, more than what is re-
quired for ignition. With the DT density inversely pro-
portional to r2

0, the ratio φout/φin remains unchanged.
In this scenario, the DT cone can be replaced by a

DT cylinder with increasing density in the axial direc-
tion from the point of ignition, with the thermonuclear
burn propagating into DT of increasing density.

If the beam stopping by the collective two-stream
instability should turn out to be less efficient than pre-
dicted by the linear theory, one could change the polar-
ity of the nested double transmission line, generating
an intense ion beam instead, with the cathode magnet-
ically insulated against electron emission by the large
magnetic field having its source in the current of the
outer transmission line.
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