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(57) A method for generating electrical energy comprises the
steps of providing a fusion fuel (1), wherein the fusion
fuel (1) is held in a magnetic field in a cylindrical reaction
space (2), initiating nuclear fusion in the fusion fuel (1),
wherein a fusion flame is produced by fusion laser pulses
(4) with a pulse duration of less than 10 ps and a power
of more than 1 petawatt, and converting the energy
released during the nuclear fusion from the nuclei
produced into power plant power, wherein the magnetic
field has a field strength which is greater than or equal to
1 kilotesla, and the nuclear fusion has an energy
efficiency of more than 500 per laser energy initiating the
fusion flame of the fusion laser pulses (4). A nuclear
fusion reactor which is configured for generating electrical
energy is also described.
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METHOD FOR GENERATING ELECTRICAL ENERGY BY LASER-BASED

NUCLEAR FUSION, AND LASER FUSION REACTOR

The invention relates to a method for generating electrical energy, which is based on
the fusion of protons with the boron sotope 11 using laser radiation and magnetic fields
and converting the energy that is released during the fusion into electrical energy. The
invention also relates to a laser fusion reactor, which is configured for generating
electrical energy by means of the laser-based fusion of protons with the boron isotope

11, Uses for the invention are provided in the field of electric power generation.

Prior At

In the description of the prior art, reference 1s made to the following publications:

[1]H. Hora, D. Pfirsch and A. Schliiter, Zeitschr. fiir Naturforschung 22A, 278 (1967);
[2] M.S. Chu, Physics of Fluids 15, 412 (1972),

[3]1 H. Hora, Physics of Laser Driven Plasma Wiley, New York 1981, Figures 10.18 a
& b;

[4] D. Strickland and G. Mourou, Optics Communications 56, 219 (1985);

[5] R. Sauerbrey, Physics of Plasmas 3, 4712 (1996);

[6] H. Hora, J. Badziak et al. Physics of Plasmas 14, 072701 (2007);

[7] H. Hora, Laser and Particle Beams 27, 207 (2009);

[8] DE 10 2012 001 634;
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[9] H. Hora et al. Laser and Particle Beams 32, 63 (2014);

[10] DE 102 08 515.3;

[11] S. Fujioka et al. Scientif. Reports 3, 1170 (2013), published 30 January 2013;
[12] M. Hohenberger, P. Z. Chang et al. Physics of Plasmas 19, 056306 (2012);

[13]J. Nuckolls and L. Wood, Citation 25 on p. 13 of H. Hora and G .H. Miley Edward
Teller Lectures Laser and Inertial Fusion Energy. Imperial College Press, London
2005;

[14] U.S. Pat. 3444377,

[15] German Pat. DE 10 2013 016 305;

[16] K. Ww. Kanngiesser, D H. Huang and H. Lips,
Hochspannungsgleichstromiibertragung — Systeme und ihre Planung. EV HA 7,
Siemens Monographien, Munich (1994); and

[17] H. Hora, Laser Plasma Physics. SPIE Press Bellingham WA 2000, page 130.

The most frequently used method of producing energy involves the burning of fossil

fuels that contain carbon. For more than 200 years, the burning of fossil fuels has
formed the basis for technological progress and economic prosperity. As a
disadvantage, however, this process releases the combustion product carbon diwade

into the atmosphere, which can iead to undesirable changes in global climate.

Another method for producing energy 1s based on nuclear fission, in which the nuclear

energy that is released is converted first into heat and then into electrical energy.

Although the operation of nuclear power plants is economical, it has the disadvantage
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that the disposal of radicactive waste is costly and risky. Furthermore, it involves the

operational risk that a power plant accident can result in extreme, catastrophic damage.

Nuclear energy can also be released by nuclear fusion, in which lighter atomic nuclei

b

are fused to form heavier atomic nuclel, releasing the energy E = mc? {m: nuclear mass
defect m, ¢ speed of light) in the extremely high range of approximately 10 MeV per
fusion reaction. However, with the exception of natural processes cccurring in stars,
nuclear fusion has heretofore been realized only in an uncontrolied manner in the form
of exploding a fusion bomb. Controllable fusion power plants have been in
development for decades, however despite major research efforts, they have not yet

been successfully implemented in practice.

A fusion reaction which has been comprehensively studied is based on the fusion of the
heavy hydrogen deuterium (D) with the super heavy hydrogen tritium (T) (D-T fusion).
However, this fusion reaction is characterized by the undesirable production of
radioactive radiation which results from the conversion, with neutrons, of initially non-
radiative nuclei of harmless, non-radioactive materials into radioactive isotopes, e.g.

within a reactor vessel.

All known methods for the controlled generation of nuclear fusion energy have a yield
of less than 500 (energy produced per laser energy expended) with one exception.
Nuckolls and Wood proposed in 2002 [13] that, as with the "fast ignition" scheme, a
nanosecond-long laser pulse will produce approximately 1000 times solid state density

deuterium-tritium (DT) plasma, on which a picosecond (ps)-long laser pulse acts,
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producing a highly intense relativistic electron beam of 5 MeV electron energy. When
this electron beam acts on a volume of solid DT of at least 12 times solid state density,
a fusion detonation wave is generated in this volume, in which ten thousand times more
energy is produced than laser energy is consumed, according to theoretical estimates

without further numerical data or implementation known from experimentation.

The need for very high energy yields consists in the fact that with pulsed operation in a
fusion power plant that operates using lasers, fusion energy up to the gigajoule range
(GJ = 278 kWh) or higher per reaction per second is generated if at all possible, for
reasons of cost. It should be noted that the shock effect caused by the pulse of the
nuclear reaction is about 3000 times lower than that of a chemical explosion. In this
connection, fusion yields obtained with laser pulses of up to 100 kJ of energy and ps
duration as in the system of Nuckolls and Wood [13] are of interest. This is different

from all other laser-fusion arrangements with yields below 500.

Also of particular interest is the fusion reaction of the hydrogen nuclei (H, protons p)

with the boron isotope 11, which is referred to as the HB11 reaction. Each HB11

reaction produces three helium nuclei (alpha particles) with an energy gain of 8.9 MeV.
This energy can be converted into heat or electrical energy. The HB11 reaction offers
particular advantages in terms of high energy vield, avoiding the radiation problems of
D-T fusion and a virtually inexhaustible availability of raw matenials. And the HB11
reaction geverates less radiocactivity per unit of energy produced than the burning of

coal, so radicactivity s no problem and can be disregarded.
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The combination of laser nuclear fusion with magnetic fields is well known, although
with the existing magnetic fields below 100 tesla, yields of less than 100 must be
expected. The laser effect on solid state density fusion fuel using laser pulses of around
ps duration or less is used for generating a cylindrical reaction zone, for which fusion
is obtained only with said low vields. The use of magnetic fields was originally
introduced in order to curb cyhindnical radial losses, afler the ps laser pulses for
inttiating a fusion flame by igniting an ultrahigh accelerated plasma by the nonlinear
force of an extended plane geometry had to be restricted to a limited range of interaction
— in contrast to the Nuckolls-Wood process — and the geometry was to extend in a
cylindrical area under the interaction cross section, avotding radial losses. These lateral
iosses could alternatively be eliminated by using a spherical geomelry, as was
published. In that case, for the reaction of boron isotope 11 with light hydrogen (HB11)
in solid state density, only a maximum of all the fuel in the sphere could supply energy,
wherein, as in other cases, the vield was lirnited and exawatt (EW) laser pulses were

necessary.

It is known, in particular, to inttiate the HB11 reaction by laser irradiation of a fusion
fuel. With laser-based nuclear fusion, originally thermal processes involving an

extremely rapid heating of targets at very high thermal pressures for the thermal ignition

of fusion reactions were proposed. Using the most powerful lasers in the world, such as

those at Livermore (California, USA), laser pulses with a duration of nanoseconds {(ns)

achieve yields close to breakthrough for a fusion reactor with DT,
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Furthermore, departing from thermal methods, it has been found that laser energy can
be converted directly into mechanical plasma motion, thereby avoiding complicated
heating processes, radiation, instabilities and delayed thermal transitions of electrons to

the pressure-generating plasma ions (block ignition). This concept is derived from the

ponderomotive force, discovered by Kelvin, by which electrically uncharged bodies can
be moved by means of electric fields, and the qualification thereot as a non-linear force
which 1s based on the generation of high-frequency electric fields, wherein the optical

properties of plasmas had to be generalized by means of Maxwell's stress tensor {31

Based ou roeasurements of the laser-plasma interaction, non-hoear force was
introduced on the basis of the optical properties of the high temperature plasmas
generated by lasers in the irradiation of materials, with application to ordinary and
relativistic self-focusing and plasma motion [ 1] However, it was determined [2] thatin
order to ignite a fusion reaction of deuterium and tritium, an energy tlux density of 100
mitlion joules per square centimeter would be required within a time of one picosecond
{ps), which could not be achieved using the laser sources available for practical use

during the 19707s.

fn 1978, plasma hydrodynamic simulations demonstrated how laser pulses of 1.5 ps
duration and a realistic intensity at that time of 10¥ W/em? could accelerate a 20
wavelength thick layer of deuterium plasma to velocities of 107 cm/s [3]. These were
ultrahigh accelerations of more than 10% c/s?, such as those that were required for the

ignition process described in [21. Confirmation of these ultrahigh accelerations through

experimentation was possible only after the introduction of the CPA method (chirped
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pulse amplification} for generating ultrashort laser pulses [4] Since that time, laser
intensity (without self-focusing) has increased by ten million times. In ps laser pulses
ot even shorter laser pulses, the measured power reaches 10 PW (petawatt). With
ultrashort laser pulses, the acceleration of plasma blocks in the range of 2 x 10%” cm/s®
was directly visibly measured with a Doppler shift of spectral lines [5], which
corresponded to theoretical simulations [3], [6] In a summary of these resulis {7], it
was found that when hydrogen-boron (HB11) ts used as a fusion fuel instead of DB-T,
the thresholds for laser ignition were about the same. That came as a big surprise and
was possible only because the ps laser pulses according to [4] provided the non-thermal
direct conversion of laser energy to fusion, as opposed to the therroally compressive

ignition achieved with ns laser pulses.

These computations for HB11 took into account only the binary reactions as in the
computiations for the D-T reaction. The HB11 reaction, however, produces a secondary
reaction following the primary reaction, by elastic collisions of the resulting alpha
particles with boron nuclei, causing an avalanche process with much higher reaction
yields than with D-T. Furthermore, in the mentioned processes according to Chu {2},
reactions i plane geometry were expected. For a fusion reactor, however the lateral
iosses must be considered. The simplest solution is 10 use spherical geometry. If solid
state density fusion fuel is used, however, it is found for both DT and HB11 that for
energy vields of up to 100, the necessary power of the radiated laser pulses lies not in
the range of petawatts but in the thousands of tiraes higher exawatt range [8], which can
be achieved using current high performance laser sources. In [B], a nuclear fusion

reactor is propesed, which has negligible radicactivity by laser-driven plasma block
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ignition of solid state density or moderately compressed fuel, in which the lateral
iimitation of the reaction is achieved by using magnetic fields and/or a cladding that

has a high atomic weight.

For the block 1gnition of nuclear fusion with ps-PW laser puises [4], it is known that

the ultrabigh plasma acceleration by non-linear force {3} calculated 1 1978 was
rmeasured by Sauerbrey {5} in precise conformity {6], and those for initiation of a fusion
flame {2} were reproduced with the same threshold values for energy flux density for
D-T fusion. The same high energy tlux densities were obtained for HB11 fusion {71,
solely for binary reactions as for DT. The use of classic maguoetic fields with cylindrical
geometry up to nearly 100 tesia [8] was found to be insufficient for reducing the lateral
losses from the reaction. For spherical geometry it was found that yields of only about
100 were achieved for HB11 reactions using at least exawatt laser pulses, even when in

addition to the binary reactions the avalanche multiplication was included [9], {101

In {12}, a laser-based nuclear fusion reaction is described, in which fusion fuel in the

form of capsules 1s held with a magnetic field strength of 350 tesla. The nuclear fusion

reaction is thermal, with laser pulses with a duration in the ns range being used.

Obiect of the Invention

An object of the invention is to provide an improved method for generating electrical
energy by nuclear fusion which avoids the drawbacks and limitations of conventional

methods and which is characterized in particular by an increased energy yield and
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simplified implementation in practice. Another abject of the invention is to provide an
improved nuclear fusion reactor, with which the drawbacks and limitations of
conventional techniques can be avoided, and which is characterized in particular by a

simplified, practically implementable structure.

Summary of the Inveniion

These objects are achieved by a method for generating electrical energy and a nuclear
fusion reactor having the features of the independent claims. Advantageous

embodiments and uses of the invention result from the dependent claims.

According to a first broad aspect of the invention, the above object is achieved by a
method for generating electrical energy by means of inertial nuclear fusion (inertial
confinement fusion) in which a fusion fuel, preterably comprising hydrogen and boron
11, is held within a magnetic field in a cylindrical reaction chamber, and a nuclear
fusion reaction is initiated in the fusion fuel by using fusion laser pulses {also referred
to as block fusion laser pulses), the pulse duration of which 1s less than 10 ps and the
power of which 1s more than 1 petawatt. The energy released during nuclear fusion from
the nuclet that are produced is converted into electrical energy. According to the
invention, the magnetic field has a field strength which is greater than or equal to 1
kilotesla. The muclear fusion preferably produces an energy yield of more than 500, in
particular more than 1000 per laser energy of the fusion laser pulses used to initiate the
fusion flame. The term fusion flame refers to the fusion reaction by picosecond

initiation with block ignition (as distinguished from thermal fusion detonation).
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According to a second general aspect of the invention, the above object is achieved by
a nuclear fusion reactor, which s configured for generating electrical energy, and a
magnetic field device which is configured for holding fusion fuel and for generating a
magnetic field in a cylindrical reaction chamber, a fusion laser pulse source, configured
for emitting fusion laser pulses having a pulse duration of less than 10 ps and a power
of more than 1 petawatt and for initiating nuclear fusion in the fusion fuel, and an energy
conversion device, which is provided for converting the energy released in the nuclear
fusion reaction from the nuclei that are produced into power plant power. The magnetic
field device 15 preferably configured to hold the fusion fuel by means of electrically
insulating fibers, e.g. made of quartz. According to the invention, the magnetic field
device is configured for generating the magnetic field with a field strength that is greater

than or equal to 1 kT.

According to the tnvention, magnetic fields having a field strength of equal to or greater
than kilotesla are preferably used, with the fields more preferably being controlled by a
iaser-controlled discharge. Advantageously, with the magnetic fields used according to
the tnvention, for the first tune the radial losses from a magoetic cylindrical reaction
chamber of HEB11 with consecutive reactions are prevented such that high yields
particularly of greater than 1000 and much more are achieved, with the ps laser pulses
having a particularly preferred power of at least 10 PW. The inventors have found that
the magnetic fields are suitable for reliably coutaining the expansion of the reaction

volume during ignition of the nuclear fusion.
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The invention offers the advantage of providing, for the first time, a realistic and
economically feasible realization of a fusion-based, practically inexhaustible and
inexpensive energy source. The nuclear fusion reactor according to the tnvention is a
fusion power plant for practical use. The invention provides highly efficient laser
nuclear fusion with magnetic channeling, in which laser-powered nuclear fusion 1s

achieved with yields greater than 500 by applying extremely high magnetic fields.

Advantageously, the ultrahigh magnetic fields [11] of greater than one kilotesla,
previously known in only one case, are used, as compared with conventional methods
for generating a more than thirty times higher waguoetic field, however instead of tusion
which is thermally driven in nanoseconds, a non-thermal block ignition achieved with
picosecond pulses is used. In dramatic contrast to all previous methods and
configurations, this method enables energy vields to be achieved which lead to the
realization of economically operated power plants with overall negligible vuclear

radiation.

According to preferred embodiments of the invention, the fusion fuel has at least one
of the following features. According to a first variant, the fusion fuel preferably has a
solid state density of up to 20 times the compression as compared with uncompressed
tuel, similar to the case of "fast ignition” according to Nuckolls et al. [13]. According
to a further variant, the fusion fuel preferably consists of 11B isotopes withup toa 15%
deviation of light hydrogen tn terms of stoichiometry. According to a further variaot,
the fuston fuel preferably consists of a mixture of light hydrogen and boron, each in at

feast a 20% atomic concentration.
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If, according to a further advantageous embodiment of the invention, the energy of the
nuclet generated 1s captured by electrostatic fields, further advantages in terms of
energy vield are achieved. The fusion energy can be converted directly into electrical
energy. Preferably, the lanetic energy of the alpha particles produced i1s converted

D

directly 1nto electrical energy.

To generate the electrostatic fields, the reaction chamber, more particularly the
magnetic field device for forming the reaction chamber, 18 preferably surrounded by the
energy conversion device, the reaction charober having a negative high voltage relative
to the energy conversion device. For this purpose, the reaction chamber, in particular
the magnetic field device, is preferably connected to a high voltage source for
generating a negative high voltage relative to the energy conversion device. Particularly

preferably, the negative high voltage s at least 1 MV,

If, according to a further vanant of the invention, the energy conversion device is at
ground potential, advantages with respect to the configuration of the nuclear fusion
reactor and the feeding thereof with fusion fuel are achieved. The energy conversion
device 1s preferably in the form of a sphenical, electrically conductive enclosure
(housing} arcund the reaction chamber, in particular the magnetic field
Advantageously, the energy conversion device 18 thereby optimally adapted to the

fusion geometry.
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Particularly preferably, between the energy conversion device and the reaction chamber
a Faraday cage is provided for shielding the static high voltage field from the reaction
processes, preventing any peuvetration of the high-voltage tield 1uto the tusion reaction

volume.

The magnetic field having a field strength of greater than or equal to 1 kilotesta can be
realized by any available method for generating strong maguetic fields. According to a
particularly preferred embodiment of the invention, the magnetic field is generated by
means of an interaction with discharge laser radiation by a discharge current in
electrodes which are coupled via at least one coil, in particular a single coil winding.
The magnetic field device of the nuclear fusion reactor preferably has a pair of
electrodes, two coils and a magnetic field pulsed laser source, which is provided for
irradiating the electrodes with discharge laser radiation. Preferably, the magnetic field
device is configured to bhold the fusion fuel by means of electrically insulating fibers, z.
B. made of quartz, on the coils or other support elements of the magunetic field device.
Particularly preferably, the magnetic field device is implemented with the configuration
described in [11] by 8§ Fujioka, et al. The discharge laser radiation preferably comprises
{aser pulses (hereinafter: magnetic field generating laser pulses or magnetic field laser

pulses) having a puilse duration of less than 20 os and energy of more than 100 1.

Advantageously, according to a further embodiment of the invention, the magnetic field
can be inteusified by designing the electrodes for generating the magnetic field to
comprise two plates spaced from one another, between which a magnetic field laser

pulse absorbing material is arranged, the form of which is adapted to a Rayleigh profile
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of generated plasma. The material particularly preferably comprises a foam material,
such as polyethyiene, and the bi-Rayleigh profile of electron density according to Fig.

10.17 of [3] 1s selected.

According to a further, particularly advantageous embodiment of the invention, block
ignition s inttiated by the fusion laser pulses. For this purpose, the fusion laser pulses
preferably have a duration of less than S ps and/or a power of at least 1 petawatt. The
fusion pulsed iaser source for generating the fusion laser pulses having a duration of
iess than 5 ps preferably comprises the same type of source as the 10 PW-ps laser

assembly known from the Institute of Laser Engineering at Osaka University,

The fusion laser pulses preferably have a contrast ratio of at east 10°. To achieve this,
advance pulses are particularly preferably suppressed up to a time of less than 3
picoseconds before the armival of a (main) fusion laser pulse at the fusion fuel
Furthermore, benefits in terms of triggering the fusion reaction result when the fusion
laser pulses have an intensity of at least 10! watts per square centimeter upon arrival

at the fusion fuel.

According to a further advantageous embodiment of the invention, the fusion fuel is
partially or fully encapsulated by a cover layer, particularly on the side of laser-plasma
interaction, the cover layer being made of a material which has an atomic weight of
greater than 100, The pulse transmuission for generating the fusion flame in the reaction
tuel is advantagecusly increased as a result. The cover layer preferably has a thickness

equal to or less than 5 microns, and/or it may be formed by vapor deposition.



10

15

20

15

Brief Description of the Figures

Further details and advantages of the invention will be explained below with reference

to the accompanying drawings. Shown are:

Figure 1: a schematic llustration of one embodiment of the nuclear fusion reactor of

the invention;

Figure 2. a schematic tlustration of the irradiation of a magnetic field device with

magnetic field pulses and fusion laser puises; and

Figure 3 further details of one embodiment of the nuclear fusion reactor of the

invention.

Preferred Embodiments of the Invention

Features of preferred embodiments of the invention are described below primarily with
reference to the generation of the magnetic field for holding the fusion fuel and the
design of the energy conversion device. Details of the invention, such as the details of
iaser pulse sources, the physical principles of the HB11 reaction, the connection of the
fusion reactor to other components of a power plani, in particalar for preparing and
delivering the fusion fuel, for controlling the fusion reactor, for protecting the

environment against thermal effects and/or electric fields, are not described, as these
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can be realized by a person skilled in the art based on his/her knowledge of known
fusion and plasma physics and conventional power plant engineering, depending on the
specific conditions of use of the tnvention. Reference is made by way of example to a
fusion reactor having a single reaction chamber. However, the invention is not limited
to this design. Rather, a fusion reactor may be equipped with a plurality of reaction
chambers, each having a wagoetic field device for holding fusion fuel. The reaction
chambers may be operated alternatingly in sequence so as to enable a continuous or

quasi-continuous generation of electrical energy.

Figure 1 shows a schematic illustration of one embodiment of the nuclear fusion reactor
100 of the invention, which comprises a magnetic field device 10 for holding a fusion
tiel 1 with a magnetic field in a cylindrical reaction chamber 2, a magnetic field pulsed
laser source 20 for emutting rmaguoetic field laser pulses 3 (or: magnetic field generating
laser pulses), a fusion pulsed laser source 30 for emitting fusion laser pulses 4 {or: block
fusion laser pulses) and an energy conversion device 40 for converting the energy that

is released from the nuclei that are produced during nuclear fusion.

The magnetic field device 10 for generating a magnetic field having a strength of e.g.
4.5 kT in reaction chamber 2 comprises two paraliel metal plates 11, 12 made of nickel,
tor example, and having a thickness of e.g. 2 mm and a characteristic expansion of e.g.
3 cm. The metal plates 11, 12 are connected to one another via electrical conductors,
which forro two windings 13 of a coil. One of the metal plates 11 has an opening 14
through which the magpetic field laser pulse 3 is beamed with a duration of, for

example, I nsto 2 ns, and e.g. 10 kJ of energy. The plasma produced by each magnetic
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field laser pulse 3 generates a current surge in the windings 13 with a magnetic field

having a volume of a few cubic nullimeters and several ns duration.

Opening 14 1s a circular opening in the upper metal plate 11 in Figure 1. The diameter
and optionally also the geometric shape of opening 14 are selected based on the
properties, in particular the intensity, the diameter and the profile, of the magnetic field
laser pulses 3. The diameter of opening 14 is S mum, for example. Rather than the
circular shape, an elliptical shape may also be provided. Opening 14 may be optimized

with & view to maximizing the magnetic field for a roaximum fusion yield.

The second metal plate 12, which faces opening 14, can be provided with an absorption
layer which serves to reduce the optical reflection of the magnetic field laser pulses 3
and to increase the dielectric properties of the capacitor formed by the metal plates 11
The absorption layer (not shown) is preferably disposed over the entire surface of the

metal plate 12, and 13 more preferably made of a foam material, for example

2

polyethylene. The foam material is selected such that after laser irradiation, an electron

density distribution is formed as a bi-Rayleigh profile.

The magnetic field laser puises 3 are generated by the schematically illustrated
magnetic field pulsed laser source 20, which contains, for example, a2 Nd-YAG laser
and other optical components (not shown) for directing the magnetic field laser pulses
3 toward the magnetic field device 10, The duration of the magnetic field laser pulses
3 may optionally be shortened by a time in the nanosecond range by using an iodine

iaser having a pulse length of 100 ps, and/or with shorter laser pulses following a CPA
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power increase. The magnetic field generated by the magnetic field device 10 can

thereby be advantageously intensified.

The fusion pulsed laser source 30 is configured to generate the fusion laser pulses 4
with a duration of less than 5 ps and an intensity in excess of 10 W/em® The fusion
laser pulses 4 preferably have a contrast ratio of at least 10° for the duration of less than
S ps prior to the arrival of the fusion laser pulses 4 at fusion fuel 1. In addition, the
fusion laser pulses 4 preferably have an intensity distribution with less than 5%
fluctuation over the beam cross section, except in an outer 3% border region of the
beam cross section. The block ignition of the fusion reaction in fusion fuel 1 15 thereby
advantageously optimized. This intensity distribution is achieved, for example, by a
fusion pulsed laser source 30 which has a bundle of fiber amplifiers, each individual
fiber having a single mode emission. The fusion pulsed laser source 30 further contains

a pulsed faser, such as a solid state pulsed laser, for generating ps laser pulses.

The magnetic field pulsed laser source 20 and the fusion pulsed laser source 30 are
coupled to a control unit 50. Control unit 50 is configured such that the magnetic field
{aser pulses 3 and the fusion laser pulses 4 are syonchronized with one another. In
reaction chamber 2, the maximum magnetic field is generated immediately before each

tusion laser pulse 4 arrives at fusion fuel 1.

Fusion fuel 1 is a solid state, cylindrical body, based on HB 11, for example, and having
a tength of 1 cm and a diameter of 0.2 mm. The surface of fusion fuel 1 has a cover

iayer over the laser interaction surface which has a thickness of three laser vacuum
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wavelengths. The top cover layer consists of elements having an atomic weight greater
than 100, for example, silver. The cover layer improves pulse transmission for
generating the fusion flame 1o fusion fuel 1. Fusion fuel 1 15 held in the roaguetic feld

device by means of quartz fibers.

Energy conversion device 40 generally comprises an electrically conductive component
(indicated schematically by dashed lings in Figure 1, see also Figure 3), which
surrounds magnetic field device 10 on all sides. Magnetic field device 10 is supported
inside energy conversion device 40 (support not shown in Figure 1) see, for example,
support bar 44 in Figure 3). Energy conversion device 40 is preferably connected to
ground potential, while a negative high voltage, for example -1.4 MV, is applied to
magnetic field device 10 by means of a voltage source 15. Energy conversion device
40 15 contigured to capture high-energy He nuclei (alpha particles) released during the
fusion reaction of fusion fuel 1, and convert them by means of high voltage direct
current transmission (HVYDC) [16] into a discharge current. The discharge current
supplies the electrical energy into which the energy released in the fusion reaction is

converted.

The arrival of the magpetic field laser pulses 3 and fusion laser pulses 4 at the reaction
unit formed by magnetic field device 10, is also illustrated in Figure 2. Magnetic field
device 10 is configured as described above inreference to Figure 1. The magnetic field
generating laser pulses 3 generate a magnetic tield having a field strength of 10 kT, for
example. Fusion fuel 1 s placed (and held in place by the quartz fibers) within axis 1

of reaction chamber 2, which is the same as the axis of the magnetic field, and is acted
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on by a magnetic field within a time range of nanoseconds. During the period in which
the magnetic field s generated, a block ignition 18 generated in fusion fuel 1 by means
of fusion laser pulse 4. Fusion laser pulse 4 has an energy of 30 ki, for example
(equivalent to 30 PW power), so that the products of the nuclear fusion (helium nuclei)
have an energy output of about 1 Gl This energy is converted electrostatically by
energy conversion device 40, with low heat toss, into electric power (1 GJ 1s equivalent
to arcund 280 kWh). This advantageously enables fusion reactor 100 to economically
supply a high electric current, even at a low reaction rate of one reaction per second.
The fusion reaction destroys magnetic field device 10 by the action of the fusion
products, so that for the subsequent fusion reaction, another magnetic field device 10

ioaded with fusion fuel must be supplied.

In contrast to the diagrams in Figures 1 and 2, the direction of incidence of the magnetic
field generating laser pulses 3 can be rotated by an angle of up to 80° between the
vertical incidence in the plane spanned by the vertical direction of incidence and the
normal plane of the magnetic field, with rotation occurring in the plane which 1s

oriented parallel to the coils 13.

Further details of an embodiment of the nuclear fusion reactor 100 according to the
invention are shown in Figure 3. In this embodiment of the invention, energy
conversion device 40 comprises an electrically conductive sphere, at the center of which
magnetic field device 10 of Figures 1 and 2 is arranged. Energy conversion device 40
is made, for example, of stainless steel having a thickness of 10 mm and a diameter of

atleast 1 m. The spherical cuter vessel of the reactor must be large enough and its walls
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must be thick enocugh to withstand the mechanical shock of the fusion reaction. This
results in the advantage that the mechanical pressure amounts to the root of the energy
of the nuclear reaction divided by the energy produced in chemical reactions, which ig
a factor of approximately 3000, The shock on the wall of the sphere transferred by the

nulse of the total of generated alpha particles s then equivalent to the explosion of

approximately S grams of TNT.

In a practical embodiment of the invention, all components of fusion reactor 100 are
formed with rounded surfaces, which are free of corners and edges. A field emission of
electrons and the formation of dark discharges is thereby advantageously avoided. The
entire assembly is located under a high vacuum generated by vacuum pumps {(not

shown).

The spherical surface of energy conversion device 40 has a plurality of windows, which
comprise a first window 41 for beaming in the magnetic field laser pulses 3, a second
window 42 for beaming in the fusion laser pulses 4 and a third window 43 for loading
the energy conversion device 40 with the magnetic tield device 10 and the fusion fuel
t. Since the 1uterior of energy conversion device 40 is evacuated, the first windows 41
and second windows 42 are formed by pressure-tight, transparent panes, for example,
of glass. The third window 43 is open and coupled in a pressure tight connection to an
adjacent container, and is used for supplying and supporting the central magnetic field
device 10 (reaction unit). This is provided on a rod-shaped tuel carrier 44, which 18
loaded outside of the energy conversion device 40 with fusion fuel 1, and is inserted

and positioned at the center of the sphere, particularly freely floating. Fuel carrier 44
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and magnetic field device 10 are located, at a potential of -1 4 MV relative to energy
conversion device 40, at ground potential. Fuel carrier 44 1s in the form, for example,

of a rod with a length of at least ove-half the diameter of energy conversion device 40.

Inside energy conversion device 40, a spherical or otherwise shaped, e¢.g. irregularly
shaped, Faraday cage 45, is provided, which encloses magnetic field device 10, The
Faraday cage 45, e.g. in the form of a mesh or gnid, is designed to prevent the static
high-current field from influencing the processes involved in generating the magnetic
field of the magnetic field device. The energy conversion device 40 is shielded on all
sides by the Faraday cage 45. Fuel carrier 44 with magoetic field device 10 and fusion
fuel 1 at the electrical potential of 1.4 MV comes from the adjoining container, which
is located electrically insulated in the same vacuum as the interior of the spherical
energy conversion device 40, so that after each reaction, additional reactor units are
brought into the center of the energy couversion device 40 at the same potential. Access

to the interior for the loading units of the reaction is provided through air focks.

During continuous operation, magnetic field devices 10, loaded with fusion tuel 1, are
introduced repeatedly in succession 1nto energy conversion device 40, exposed to the
magnetic field generating laser pulses for generating the magnetic field, and during
generation of the magnetic field are exposed to the block fusion laser pulses for block

fusion, and are then replaced by a new magnetic field device 10 loaded with fusion fuel
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The double charged alpha particles of the same energy (helium nuclet} generated with
each fusion reaction reach the spherical energy conversion device 40 through the mesh
of the Faraday cage 45 and release their kinetic energy to the energy conversion device
40. At the potential of -1 .4 MV the energy of the alpha particles is available, and at a
charge -1.4 MV the energy 1s supplied as a seconds long discharge current of 714
Araperes by means of the high voltage direct current transmission technigue known
from [16]. The high voltage direct current is converted into conventional three-phase

alternating current in a known manner, as in HVDC technology {161

The same energy of all alpha particles of 2.9 MeV generated in the fusion process is
widened by a secondary avalanche reaction to a spectrum of both higher and lower
energies, thereby advantageously improving the energy vield of energy conversion by

a few percent more.

Refilling for a subsequent reaction at the potential of -1.4 mullion volts can then be
accomplished within only seconds with the prepared fixation of the adjustment of the
iaser pulses toward the central reaction unit of Figure 2. Before 1t 15 introduced into the
reactor sphere (energy conversion device 40}, the remains from the preceding reaction
can be removed. The cost of each new unit including the HB11 fusion fuel can be held

to a fraction of the overhead costs of the generated electrical energy.

The features of the mvention disclosed in the foregoing description, the drawings and
the claims, taken alone, in combination or in sub-combinations, are considered essential

to implementing the various embodiments of the invention.
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CLAIMS

1. A method for generating electrical energy, comprising the steps of

- providing a fusion tuel (1), the fusion fuel (1) being held in a magnetic field within a
cylindrical reaction chamber (2),

- initiating nuclear fusion in the fusion fuel (1}, in which fusion laser pulses (4) having
a pulse duration of less than 10 ps and power of more than 1 petawatt are used to
generate a fusion flame, and

- converting the energy that is released during the nuclear fusion from the nuclei that
are produced into power plant power,

characterized in that

- the magnetic field has a field strength which is greater than or equal to 1 kilotesla, and
- the nuclear tusion has an energy yield of more than 500 per laser energy of the fusion

laser pulses {4) used to initiate the fusion flame.

2. The method according to claim 1, in which the tusion fuel (1) has at least one
of the following features:

- the fusion fuel {1} has a solid state density of up to 20x compression,

- the fusion fuel (1} consists of 11B isotopes with up to 15% deviation of light hydrogen
in terms of stoichiometry,

- the fusion fuel (1) counsists of a mixture of hight bydrogen and boron, each in an atomic

concentration of at least 20%.

3. The method according to any of the preceding claims, in which
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- the energy of the nuclei that are produced 1s captured in the highest possible percentage

by electrostatic fields.

4. The method according to any of the preceding claims, in which
- the reaction chamber (2} is surrounded by an energy conversion device (40), and
- the reaction chamber (2) has a negative high voltage relative to the energy conversion

device (40).

5. The method according to claim 4, in which

- the energy conversion device {40} 15 at ground potential,

- the energy conversion device (40) forms a spherical, electrically conductive enclosure
of the reaction chamber (2},

- between the energy conversion device (40) and the reaction chamber (2} a Faraday
cage 1s provided for shielding the static high voltage field from the reaction processes,
and/or

- the negative high voltage of the reaction chamber (2} relative to the energy conversion

device {(40) is at least 1 MV,

6. The method according to any of the preceding claims, in which

- the magnetic field is generated by a discharge current in electrodes that are coupled to

coils (13), by means of an interaction with magnetic field generating laser pulses (3).

7. The method according to claim 6, in which
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- the magnetic field laser pulses (3) are laser pulses having a pulse duration of less than

20 ns and energy of more than 100 J.

8. The method according to either of claims 6 and 7, in which
- the magnetic field laser pulses (3) have a direction of incidence with respect to the
magnetic field generating assembly, wherein the direction of incidence deviates up to

80° from vertical within a plane oriented parallel to the coils (13).

0. The method according to any of claims 6 to 8, in which
- the electrodes for generating the magnetic field comprise two plates (11, 12) spaced
from one another, between which a field intensifying material is arranged, in a shape

that is adapted to a Rayleigh profile of a generated plasma.

10. The method according to any of the preceding claims, in which

- a block ignition is initiated by means of the fusion laser pulses (4).

11.  The method according to claim 10, in which

- the block ignition is initiated by fusion laser pulses (4) of less than 5 ps duration.
12. The method according to any of the preceding claims, in which
- the fusion laser pulses (4) have a contrast ratio of at least 10°, and/or

- the fusion laser pulses (4) have an intensity of at least 10!7 watts per square centimeter.

13 The method according to any of the preceding claims, in which
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- the fusion fuel {1} has a cover layer made of a material which has an atomic weight

greater than 100

4. The method according to claim 13, in which
- the cover layer has a thickness equal to or less than S microns, and/or

- the cover laver 1s produced by vapor deposition.

15, A nuclear fusion reactor configured for generating electrical energy,
comprising

- a magnetic field device (10), which 13 configured to hold a fusion fuel (1) and to
generate a magnetic field in a cylindrical reaction chamber (2), and

- a fusion pulsed laser source (30}, which is configured to emit fusion laser pulses (4)
having a pulse duration of less than 10 ps and power of more than | petawatt and to
initiate a vuclear fusion reaction n the fusion fuel (1), wherein

- an energy conversion device (40} is provided for converting the energy that is released
during the nuclear fusion from the nuclei that are produced into power plant power,
characterized in that

- the magnetic field device {10} 1s configured to generate the magunetic field at a field

strength of greater than or equal to 1 kT.

16 The muclear fusion reactor according to claim 15, in which
- the magnetic field device {10} with the reaction chamber (2} 18 surrounded by the

energy conversion device {40), wherein
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- the magnetic field device (10) is connected to a voltage source {(15) for generating a

negative high voltage relative to the energy conversion device (40).

17. The nuclear fusion reactor according to claim 16, in which

- the energy conversion device (40) 1s at ground potential,

- the energy conversion device (40) forms a spherical, electrically conductive enclosure
for the magnetic fleld device {10},

- between the energy conversion device {(40) and the reaction chamber (2}, a Faraday
cage 1s provided for shielding the static high voltage field from the reaction processes,
and/or

- the voltage source is configured for generating the negative high voltage tn an amount

of at feast 1 MV,

8. The nuclear fusion reactor according to any of claims 15 to 17, in which the
magunetic field device {10) comprises

- a pair of electrodes {11, 12) which are coupled to coils (13), and

- a magnetic field pulsed laser source (20}, which is positioned for wrradiating the
electrodes with magnetic field laser pulses (3), wherein

- the magnetic field can be generated by a discharge current in the electrodes (11, 12}

and coils (13} by means of an interaction with the magnetic field laser pulses (3}

19, The vuclear tusion reactor according to claim 18, in which
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- the magnetic field pulsed laser source (20} is configured for generating the magnetic
field laser pulses (3} in the form of laser pulses having a pulse duration of less than 20

ns and energy of more than 100},

20, The nuclear fusion reactor according to claim 18 or 19, in which

- the magnetic field pulsed laser source (20} 1s positioned such that the magoetic field
laser pulses (3) have a direction of incidence with respect to the magunetic field
generating assembly, wherein the direction of incidence deviates up to 80° from vertical

within a plane oriented parallel to the coils (13).

21 The nuclear fusion reactor according to any of claims 18 to 20, in which
- the electrodes of the magnetic field device (10} comprise two plates (11, 12) spaced
from one another, between which a field intensitying material is arranged 1n a shape

which is adapted to a Rayleigh profile of the generated plasma.

22. The nuclear fusion reactor according to any of claims 18 to 21, in which
- the fusion pulsed laser source (30} is configured for generating the fusion laser pulses

(4), the duration of which is less than 5 ps.

23, The nuclear fusion reactor according any of claims 18 to 22, in which the
fusion pulsed laser source (30) is positioned such that

- the fusion laser pulses (4) have a contrast ratio of at least 10, and/or

- the fusion laser pulses (4) have an intensity of at feast 10Y7 waits per square centimeter.
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