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(54) SYSTEM FOR PRODUCING ELECTROMAGNETIC RADIATION

(57) Disclosed is a system for producing electromag-
netic radiation with enhancement from a drift tube con-
taining a cylindrical Smith-Purcell structure. The system
includes a magnetically insulated linear oscillator. The
oscillator includes a cylindrical resonant cavity having a
traveling wave electron gun and a cooperating anode.
The drift tube is formed of a hollow cylindrical conductive
element that is positioned within a resonant cavity of the

oscillator. The drift tube includes an inner surface and a
pair of ends. The drift tube may be adapted such that the
interaction between an electron beam, from the electron
gun, passes through the inner space of the drift tube, and
the internal grating, so as to produce RF radiation by the
Smith-Purcell Effect. Spacing, face angle and shape of
the grating, and the energy of the electron beam are de-
terminants of the frequency of the RF radiation.



EP 3 007 522 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

PRIORITY APPLICATION

[0001] This application claims priority from U.S. Provisional Patent Application No. 60/809,453 entitled "Method &
Apparatus for Controller Fusion Reactions" filed May 30, 2006. The foregoing application is incorporated herein by
reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to methods and systems for extracting energy from controlled fusion reactions.

BACKGROUND OF THE INVENTION

[0003] It is widely recognized that controlled fusion offers a clean and plentiful energy source. However, despite billions
of dollars invested, only limited success has been achieved in creating an efficient, self-sustaining fusion reaction. All
prior approaches have been limited by three major factors:

(a) Only a single means of energy extraction is used.

(b) Instead of focusing on Direct Drive X-ray driven reactions, the bulk of the work has been focused on indirect
drive reactions, particularly using large lasers as drivers.

(c) Hydrodynamic instability is a serious problem. This occurs when the compression of the target pellet is not
sufficiently uniform. It gives rise to local thermal non-uniformity which, in turn, causes local cooling. This results in
an unsymmetricai burn of the fuel.

[0004] Energy can be extracted from a fusion reaction by two primary means: Thermal and Electrical. Thermal extraction
is a straightforward application of the Rankine Thermal Cycle, which is used in almost every electrical power plant. In
this process, a coolant is heated, the heated coolant used to turn a turbine, and the turbine used to turn a generator.
This process has a nominal 55% efficiency.
[0005] It is both possible and practical to extract electricity directly from fusion plasma. This has been demonstrated
many times, and is a process with an efficiency of about 85%. The disadvantage of this technique to prior art fusion
power systems is that it produces high voltage DC. High voltage DC is difficult to work with and, more importantly, not
suitable for long distance power transmission and distribution. It cannot be readily or efficiently shifted in voltage as AC
power can.
[0006] Hydrodynamic Instability is a major problem that the designer of every fusion power system faces. Formally
known as Rayleigh-Taylor Instability, it is a problem that arises from non-uniform compression of the fuel pellet. Non-
uniformities in excess of 1% in compression result in the formation of "jets" of energy that surge outward and locally cool
the target pellet. The current generation of laser driven fusion systems use multiple beams (as many as 192 in one
system) to attempt to provide a sufficiently uniform compression of the fuel pellet.
[0007] It would be desirable to provide a system for extracting energy from controlled fusion reactions in which both
thermal energy and high voltage DC energy are extracted.
[0008] It would be desirable if extracted high voltage DC energy can be used as an energy source to sustain controlled
fusion reactions.
[0009] It would be further desirable to design a system from extracting energy form controlled fusion reactions, with
a high hydrodynamic stability for achieving highly uniform compression of fuel pellets.

SUMMARY OF THE INVENTION

[0010] One embodiment of the invention provides a system for extracting energy from controlled fusion reactions. The
system includes a central target chamber for receiving fusion target material. A plurality of energy drivers are arranged
around the target chamber so as to supply energy to fusion target material in the chamber to initiate a controlled fusion
reaction of the material, releasing energy in the forms of fusion plasma and heat. A plurality of means for extracting
energy from the fusion reaction are provided, and comprise means to extract high voltage DC power from the fusion
plasma; and means to extract thermal energy from the central target chamber.
[0011] The foregoing embodiment increases efficiency of a fusion power system by extracting both high voltage DC
energy and thermal energy.
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[0012] Another embodiment of the invention provides a system for extracting energy from controlled fusion reactions
wherein the plurality of energy drivers are powered by an energy storage means. The energy storage means receives
power from a first power supply and provides start-up and make-up power, and a second power supply derives energy
from high voltage DC power extracted from the fusion plasma. The "start-up power" is the total energy required for initiate
the fusion reaction and the "make-up power" is the energy that is added to the energy from the second power supply to
maintain operation of the fusion reaction.
[0013] The foregoing embodiment achieves high efficiency by using the high voltage DC power extracted from the
fusion reaction as a source of power for the energy drivers that drive the fusion reactions. This means that most of the
energy required to drive the fusion reaction is derived from the (previous) fusion reaction itself.
[0014] A further embodiment of the invention provides a system for extracting energy from controlled fusion reactions
in which each of the plurality of energy drivers comprises a unitary apparatus. The unitary apparatus produces both (a)
an x-ray pulse for causing the fusion target material to undergo a controlled fusion reaction so as to cause energy release
in the forms of fusion plasma and heat, and (b) RF energy to simultaneously heat the fusion target material.
[0015] The foregoing embodiment of the invention has the ability to produce an RF heating pulse simultaneously with
the x-ray drive pulse without reducing efficiency. This allows the use of RF heating to increase the efficiency of the fusion
power system at little additional cost and with no energy penalty.
[0016] A still further embodiment of the invention provides a fusion power system in which an apodizing structure is
associated with each energy driver for reshaping the wavefront of the x-ray pulse to be concave from the perspective
of the fusion target material.
[0017] The foregoing embodiment of the invention corrects the wavefront errors that give rise to Rayleigh-Taylor
Hydrodynamic Instability by means of the mentioned Apodizing Filter. As the target pellet is a sphere, the Apodizing
filter is used to change the shape of the compression wavefront to a highly concave surface whose radius matches the
radius of the target. By this means, the wavefront "wraps around" one face of the target and provides totally uniform
compression of the target.
[0018] A direct benefit of the use of Apodizing Filters to correct the compression wavefront is that the number of beams
used to illuminate the target is reduced. Instead of the 192 beams that the National Ignition Facility Fusion Reactor at
Lawrence Livermore lab in California uses, the current embodiment of the invention may allow the use of as far fewer
beams, such as 6. This directly reduces the cost and size of the reactor, while increasing its reliability.

DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a simplified, perspective view of a reactor for generation of energy by controlled nuclear fusion.
[0020] FIGS. 2A and 2B are cross sectional view of the reactor of FIG. 1, with FIG. 2A showing the section indicated
as "FIG. 2A - FIG. 2A" in FIG. 1. and FIG. 2B showing the section indicated as "FIG. 2B - FIG. 2B" in FIG. 1.
[0021] FIG. 3 is a block diagram of energy flow of the reactor system of FIG. 1, showing the reactor even more simplified
than in FIG. 1
[0022] FIGS. 4A and 4B are simplified end and side cross-sections, respectively, of a basic Stimulated X-ray Emitter
(SXE) Energy Driver.
[0023] FIG. 5A is a perspective view of Grid and Phase Matching Network used with the SXE of FIGS. 4A and 4B.
[0024] FIG. 5B is a view of the Grid and Phase Matching Network of FIG. 5A showing the cross section indicated as
"FIG. 5A- FIG. 5A° in that figure.
[0025] FIG. 5C is a schematic diagram of the Phase Matching Network of FIG. 5A.
[0026] FIG. 6 is a sectional view of a planar wavefront impinging on an Apodizing filter and the corrected wavefront
produced by passage through the filter.
[0027] FIG. 7 is a perspective view of a capacitor-enhanced version of the SXE of FIG. 4.
[0028] FIG. 8 is a sectional view along the length of an Electron Coupled Transformer.
[0029] FIG. 9 shows the typical waveforms of the Electron Coupled Transformer of FIG. 8
[0030] FIG, 10 is a sectional view along the length of a combined SXE-Vircator driver.
[0031] FIG. 11 is a partly sectional view along the length of the Vircator RF head of FIG. 10.
[0032] FIG, 12 is a sectional view along the length of a combined SXE-MILO driver.
[0033] FIG. 13 is a partly sectional view along the length of the MILO RF head of FIG. 12.
[0034] FIG. 14 is a sectional view along the length of a Drift Tube used in the MILO RF head of FIG. 12, and FIG. 14B
is an enlarged view of the circled region in FIG. 14A entitled "FIG. 14B".

DETAILED DESCRIPTION OF THE INVENTION

[0035] A list of drawing reference numbers, their associated parts and preferred materials for the parts can be found
near the end of this description of the preferred embodiments. Literature references are cited in full after the list of drawing
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reference numbers. In this description, short literature references for author ""Nakai," for instance, are given as follows:
(Nakai Reference.)

Main Principles of Preferred Embodiments

[0036] Main principles of preferred embodiments of the invention are described in connection with FIGS. 1 - 3.
[0037] FIG. 1 shows a reactor for generation of energy by controlled nuclear fusion. The system includes of a central
target chamber or region 10. A series six or more of Energy Drivers 12 are arranged in symmetrical pairs around the
central target region. The symmetrical Energy Drivers 12 are arranged in symmetrical manner about a target pellet
location 22, so as to collectively create a preferably highly spherical wavefront that impinges on target fusion pellet at
location 22. The energy drivers produce X-ray beams at high fluency which symmetrically compress the target to initiate
and sustain a fusion reaction. The energy drivers are preferably Stimulated X-ray Emitters (SXE) as first described by
the inventor of this current invention in U.S. Patent No. 4,723,263. In the preferred embodiment, the mentioned SXE
drivers are fitted with an RF producing means which provides a simultaneous pulse of RF energy to provide additional
heat to the reaction. This is described further in the discussion of FIGS. 10 - 13.
[0038] With reference to FIGS. 1-3, a plurality of Energy Extraction Cones 14 are disposed around central target region
10. Each of these cones is a portion of a vacuum system. They each contain an energy collection grid 46 which produces
a High Voltage DC output which is used to drive the SXE Energy Drivers 6. Energy Extraction Cones 14 may be formed
in other shapes, such as cylinders. A detailed discussion of this process is found in the discussion of FIG. 3 below.
[0039] The system of FIGS. 1-3 contains a second energy extraction means which may suitably be a standard Rankine
Cycle Thermal loop. Coolant is introduced into an inner heat exchange sub-system 24 by an Inlet Pipe 18, circulated
through the heat exchanger 24 and then exited from the reactor via pipe 20. The heated coolant is used to drive a turbine
which in turn drives a generator to produce electricity. Most of this electricity is available to supply external energy grids.
A small portion is used to provide so-called make-up power to the system to compensate for the small inefficiency of
the HVDC Energy Extraction Cones 14. A Fuel Pellet Injection system 16 is used to inject the fusion target pellets into
the reactor. In the actual system, pellet injector 16 is oriented vertically as shown in FIG. 2B.
[0040] FIGS. 2A-2B show principal internal and external components and their geometric relationship, In FIG. 2A, we
see a cross-section of the reactor. The disposition of the Energy Drivers 12 and the Energy Extractor Cones 14 is clearly
visible. Also visible are the inner structures of the reactors, which are shown in detail in FIG. 2B. The reactor chamber
wall is the outermost layer, shown at 10. which provides structural support for the internal structures and also is the
vacuum enclosure. While depicted as a spherical object, other shapes may be successfully employed. The shape of the
chamber has no impact on the functionality of the system.
[0041] The next innermost layer consists of magnetic confinement coils 30. These coils create a strong magnetic field
that confines the fusion plasma and keeps it from contacting the linear 28 and other internal structures. The magnetic
field produced by the magnetic confinement coils 30 has apertures (low field regions) which correspond to the locations
of the energy extractor cones and SXE energy drivers.
[0042] The next innermost layer is the coolant passage layer (heat exchanger) 24. Coolant enters this structure through
the coolant inlet 18, circulates through the coolant passages 24 and exits in a superheated state via the coolant outlet
20. This superheated coolant is used to power a turbine & generator to produce electricity. In this view, the pellet injector
16 is seen in its proper vertical orientation.
[0043] FIG. 3 is a block diagram of energy flow of the reactor system of FIG. 1. The two energy extraction loops are
shown. The thermal loop consists of the Thermal coolant inlet 18, the thermal coolant outlet 20, and the coolant passage
layer (heat exchanger) 24. The operation of this loop is described above in the discussion of FIG. 2. The High Voltage
DC Extraction loop consists of the Extractor Cone 14, the Extractor Grid 46, the DC return 48, the Energy Storage and
Power Conditioning means 38, the Pulse Modulator 34, and its two synchronized outputs (a) 36, HVDC to the SXE
Energy Driver 12 and (b) 32, the Magnetic Confinement Drive signal. Fundamental to a preferred embodiment of this
invention is the use of directly extracted high voltage DC to driver the SXE energy drivers. The SXE runs on high voltage
DC, so it is directly compatible with the direct DC output of the energy extractor cones 14. The extracted energy is used
to recharge the energy storage means 38. The energy storage system can utilize either a capacitive storage means or
an inductive storage means or both, by way of example. The use of capacitive storage is the preferred embodiment for
this portion of the system. The Energy Storage and Power Conditioning sub-system 38 has a second energy input 40
which allows power from external sources (e.g., 42, 44) to be applied to the system. External source 42 can be an
Electron Coupled Transformer as described below, and external source 44 is a high voltage DC power supply. The
power from second energy input 40 is used for system startup and also to provide make-up power during operation.
This is to compensate for the inefficiency losses in the described HVDC extraction loop.
[0044] FIGS. 4A and 4B are cross-sections of the basic SXE Energy Driver, which may be used as energy drivers 12
in FIG. 1. FIG. 4A is an end view and FIG. 4B is a side view. Visible in these views are an Anode 64, a Grid 66, and a
cathode 68. The SXE is a triode electron tube. It has a novel electron gun structure, comprised of the cathode 68 and
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the grid 66. The physical juxtaposition of these elements is such that it forms a circular waveguide. A circular waveguide
supports the Transverse Electric Mode (TEM) which always propagates at the Speed of Light ("c"). This property is
critical to the function of the SXE in that it ensures that the electron beam, as shown by arrows, sweeps the anode at
the speed of light and thus the phase velocity and the group velocity of the wavefront are matched. This is known as
the Collapsing Traveling Wave. This is important in the x-ray formation process in that it ensures that the x-rays formed
by the beam are always traveling in a highly ionized zone and are therefore not absorbed by self-absorption processes.
[0045] The grid structure (discussed in detail in FIG. 5) is highly symmetrical. This ensures that the collapse of the
wave towards the anode is perfectly symmetrical. As a result, when the electrons strike the anode, they create a highly
ionized region of Bremstrahllung. There are also a large number of secondary electrons present in such highly ionized
region. The anode is filled with a lasing material. The Bremstrahllüng photons strike atoms of the lasing material and,
as a result of their being at significantly higher energy than the K-shell ionization potential of the atom, they totally ionize
the atom. The resulting repopulation cascade causes the release of photons from each electron shell of the atom. The
surplus of electrons ensures that this process occurs very rapidly. A cascade reaction follows. The radiation is, at first,
isotropic. But as it proceeds along the length of the anode, off-axis radiation is either suppressed by the wall of the abode
or used to ionize other atoms. All of this is takes place in the ionized zone that sweeps along the anode at "c". The
resulting beam is collimated geometrically by the anode and consists mostly of K-shell photons, and L-shell and M-shell
photons when they are present.
[0046] Referring now to FIGS. 5A, 5B and 5C, these figures show details of the Grid and Phase Matching Network of
the SXE of FIGS. 4A and 4B. FIG. 5A shows the entire Grid - Phase Matching Network and details of the Grid Insulation..
These two elements are actually part of a single structure. FIG. 5B shows details of a preferred Grid Tensioning and
insulating means. FIG. 5C shows the electrical schematic of the Phase Matching Network. Common to all tubes with
Traveling Wave Electron Guns (TWEG) are the design requirements for the grid. No matter what scale or power level
the tube is designed for, the following characteristics are common and must be present in order for the Traveling Wave
Electron Gun to operate.
[0047] The Traveling Wave Electron Gun (TWEG) is a unique structure in that it uses the close juxtaposition of the
grid 66 and the cathode 68 to produce a Circular Waveguide structure that supports a Transverse Electric Mode (TEM).
The Transverse Electric Mode in a Circular waveguide always travels at the speed of light ("c"). This aspect of the TWEG
accounts for its extremely fast risetime (one nanosecond for each foot or 30.48 cm of gun length).
[0048] The grid is also used to both produce the electric field necessary to extract electrons from the cathode and to
control the flow of such electrons. This is accomplished by selectively biasing the grid relative to the cathode. Both
switching and modulation functions can be attained by appropriate biasing of the tube.
[0049] There are several critical conditions that must be met when designing a grid for a TWEG structure. They are:

(1) The grid-cathode spacing must be constant across the length of the grid. This is usually accomplished by placing
the grid under high tension or building it with a rigid structure

(2)The number of elements in the grid must be high enough to ensure a constant and uniform electric field in the
grid-cathode region.

(3) There must be no sharp edges of burs anywhere on the grid structure. Individual elements can be round, flat or
high aspect-ratio elliptical shapes. All edges must be fully radiused. In this context, fully radiused means that the
edge in question has a radius equal to half the thickness of the material; an example of fully radiused appears at
125 in FIG. 14.

[0050] The actual implementation of these design rules is determined by the size of the grid being built. The grid can
be made from a single piece or, more commonly, a series of individual elements constrained by mounting rings on either
end 130, 132, provided with suitable electrical insulators 136, 140 to prevent arcing, and a means of maintaining tension
on the grid structure. In the preferred embodiment shown, each grid element is provided with a tensioning means in the
form of a heavy spring 146, washer 148, and nut 150. The nuts of the various grid elements are tightened with a torque
wrench to ensure uniform tension on all elements.
[0051] The electrical connection to the grid is made by means of a phase matching network 134, 136 that is connected
to the input end of the grid. The phase matching network consists of a series of wires 134 of exactly equal length, with
a typical tolerance of +/- 0.0005" (+/- 12 microns). Each wire of the phase matching network is connected to the lower
grid support ring 132 at a point equidistant from the two adjacent grid elements. There is a plurality of phase matching
network wires symmetrically disposed around the grid support ring.
[0052] The other ends of the phase matching network wires are connected to a common connector element 136. This
has a number of holes on one end equal to the number of phase matching network wires, and a single hole on the
opposite end. A wire is attached to this hole and runs to the grid vacuum feedthrough. The wires are silver soldered or
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welded by the Tungsten-Inert Gas method (TIG) as appropriate. TIG welding is preferred but not always possible.
[0053] The purpose of this phase matching network is to ensure that the entire base of the grid responds to the control
signal at the same moment with an accuracy that is preferably in the picosecond range. This results in a highly symmetrical
wave propagating in the TWEG structure. When the grid is grounded through the phase matching network, a radially
symmetrical collapsing traveling wave is formed and propagates along the length of the TWEG structure. This is a wave
of ground potential and it has the effect of allowing energy stored in the grid-cathode gap and also energy available to
the grid to propagate to the anode resulting in conduction of this signal.

Hydrodynamic Instability: Causes & Remediation

[0054] FIG. 6 shows the operating principle of the Apodizing Filter, with wavefront movement shown by arrows. Optimal
performance of any fusion system depends on creating a perfectly symmetrical compression of the fuel target pellet.
The Energy Drivers 12 (FIG. 1) of the current invention provides a means of symmetrically illuminating the target. If the
wavefronts 60 that impinge on the target are given a concave geometry whose radius matches the radius of the target
pellet, then it is possible to create an almost perfectly symmetrical compression wavefront on the fuel target pellet. The
reason that this is necessary is to minimize the Rayleigh-Taylor instability which, if severe enough, can cause the fuel
pellet to heat in a non-uniform fashion and thus not ignite in a fusion reaction, If necessary, additional Energy Drivers
12 can be added in symmetrical pairs to increase the uniformity of compression wavefronts. Geometric considerations
determine the number of drivers that are added. If six drivers is not sufficient, the next step would preferably be 12
drivers, followed by 14 drivers, followed preferably by 20 drivers. Other numbers of Energy Drivers are possible.
[0055] The Apodizing Filter 58 of FIG. 6 consists of an object of varying thickness that is placed in the beam path. The
cross-section is matched in thickness to the radius of the target. In the preferred embodiment, these filters are made
from thin film materials that are deposited to create the desired cross-section. The selection of the material is determined
by the energy drive requirement of the fusion fuel combination. In the case of the Deuterium-Tritium reaction, this is
between 250 and 350 electron volts, then materials with a very low atomic number such as Lithium, Beryllium, Boron
or Carbon would be used. Higher energy reactions such as Lithium-Boron of Hydrogen-Boron would use either these
materials of possibly Magnesium, Aluminum or Silicon. It is important that the Atomic number of the density material not
be so high that significant absorption occurs. It is noted that the Apodizing Filter will produce some scatter radiation but
that is not a problem in the current invention.
[0056] Fundamental to the process of fusion reactions is the minimization of Rayleigh-Taylor Instabilities (RTI) that
occurs during compression of the fusion target material. For spherical target geometries, the ideal compression wavefront
is a concentric spherical wave that reduces in diameter with perfect symmetry. In practical equipment for controlled
fusion reactions, this is extremely difficult to attain.
[0057] It is important to note that diffractive optical techniques in the form of elements such as Zone Plates can also
be used to correct the wavefront. Zone plates are well known in optical sciences. The extension to the soft x-ray portion
of the spectrum is simple and has already been reported in the literature.

Comparison of Direct X-ray Drive Fusion to Laser Inertial Confinement Fusion

[0058] The challenge that faces designers of fusion reactors is how to achieve similar symmetrical compression of
the fusion target. A wide range of solutions has produced numerous reactor geometries. The present discussion focuses
on the specific case of systems that use fuel pellets as the fusion target material. This class of systems is known as
Inertial Confinement ("ICF") systems. Common to all ICF systems is to have the driver energy presented to the target
as a collective series of combined synchronous energy beams. The combined synchronous wavefronts of the energy
beams approximate a collapsing spherical shell. In general, the more beams utilized, the better (or more spherical) the
confinement. This can be appreciated most clearly in the area of Laser driven fusion where the most successful systems
have the highest number of beams. Systems such as the NOVA laser have upwards of 50 beams. The new National
Ignition Facility (NIF) at Lawrence Livermore National Laboratory (LLNL) has 192 synchronous beams and is expected
to have significantly better confinement than predecessor systems such as NOVA (LLNL), OMEGA (LLNL), and GEKKO
(Japan).
[0059] The basic principles of ICF described as follows are:

(1) Confinement times,

(2) burn fractions, and

(3) the need for target compression implosion.
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[0060] The implosion process of a typical direct-drive ICF target is roughly divided into three phases: initial phase,
acceleration phase and deceleration phase. (The presently claimed invention uses a direct drive system.) In the initial
phase, first shock wave travels in a fuel pellet and the fluid in the pellet is accelerated mainly by the shock wave. The
outer (or ablative) shell is ablatively accelerated inward in the second phase. Then, fuel is compressed heavily in the
deceleration phase. In the initial phase, perturbations on the target surface are seeded by initial imprint due to laser
irradiation nonuniformity, along with the original target surface roughness. These perturbations are accompanied by
rippled shock propagation before the shock breaks out on the inner surface of the fuel pellet, and further accompanied
by rippled rarefaction propagation. The perturbations grown on the outer surface due primarily to the R-T instability in
the second (acceleration) phase are then fed through on the inner surface.

(Nakai Reference.)

[0061] In the mentioned NIF facility, 192 laser beams are utilized to produce 1.8 MegaJoules of energy and consume
500 TeraWatts of power, of which 30 KiloJoules is ultimately transferred as x-rays into the deuterium-tritium fuel in the
target fuel pellet. With ignition and successful burn, the fuel can produce some 600 to 1,000 times more energy than is
put into it. This produces an intense flux of x rays of almost 1,000 terawatts per square centimeter.
[0062] The large number of beams in the NIF facility will allow the laser illumination to more closely approximate a
uniform x-ray field than did the mentioned NOVA facility. Nevertheless, a basic asymmetry will still exist due to hot spots
heated directly by the laser beams and cold spots where heat is lost through the laser holes. Because ignition is dependent
upon smooth x-ray illumination of the pellet, target designers intend to reduce asymmetries in the x-ray flux to less than
1 percent by properly locating the laser-heated hot spots, adjusting the exact length of the hohlraum that contains the
pellet, and modifying the laser pulse intensities. Hohlraums are used with indirect drive systems, in contrast to the
presently claimed direct x-ray drive system.
[0063] The mechanism of Laser driven ICF is premised on light being absorbed at the hohlraum cylinder walls, which
converts the laser light into soft x-rays. The hohtraum is made of a high atomic number material such as gold, which
maximizes the production of x-rays. These x-rays are rapidly absorbed and reemitted by the walls setting up a radiation
driven thermal wave diffusing into the walls of the hohlraum. Most of the x-rays are ultimately lost into the walls, some
escape out the laser entrance holes, and the rest are absorbed by the target pellet in the center of the hohlraums and
drive its implosion. Typically this coupling to the pellet is a less than © of the total energy, or about 0.2 for a power plant
scale laser heated hohlraum. Thus, coupling for indirect drive is relatively poor compared to direct drive. (Rosen Refer-
ence.)
[0064] Indirect drive is less efficient at coupling energy to a pellet than direct drive because of the conversion to x-
rays in the hohlraum. However, indirect drive is less sensitive to variations in beam intensity and hydrodynamic instabilities.
The ignition threshold for directly-driven and indirectly-driven targets is about the same. However, the gain is calculated
to be about a factor of 2 greater in directly driven targets.
[0065] The choice of the x-ray temperature is crucial because it dictates the material forming the pellet’s outer ablator
layer, key to the implosion and subsequent ignition reactions. If this layer is smooth enough and bathed uniformly in x
rays, its ablation will efficiently force the pellet inward at a velocity of about 400 kilometers per second (more than one-
thousandth of the speed of light) and create the pressure and temperature required for fusion reactions to begin. (Haan
Reference.)
[0066] One of the key issues in minimizing Rayleigh-Taylor instabilities concerns the x-ray flux interacting with the
ablator surface. At higher fixes, the ablation of the material also carries off the growing perturbations, Initial perturbations
are also minimized by making pellet layers as smooth as possible. Laser-plasma instability and hydrodynamic instabilities
are complementary threats to ignition, and the targets are intentionally designed so that the two threats are roughly
balanced. Higher temperatures requiring higher laser intensities worsen laser-plasma instabilities but minimize hydro-
dynamic instabilities. In turn, low temperatures minimize laser-plasma instabilities but magnify hydrodynamic instabilities.
As a result, designers have arrived at low and high x-ray temperature boundaries, about 250 electron volts and 350
electron volts for the specific case of Deuterium-tritium fuel, beyond which efficient implosion and ignition are difficult to
attain (optimum conditions. Other fuels have higher energy requirements.
[0067] The Fundamental difference between the dynamics of implosions directly driven by lasers and those driven by
x-rays is that lasers absorb at relatively low electron density, n, corresponding to the critical electron density for the
wavelength of that laser, whereas x-rays are absorbed deeper into the target at solid material densities, which, when
ionized by the x-ray flux, are at very high electron densities. Thus even if the laser is at 1/3 mm light, the typical x-ray
absorption region has electron densities nearly 100 times larger.
[0068] To achieve the conditions under which inertial confinement is sufficient to achieve thermonuclear burn, an
imploded fuel pellet is compressed to conditions of high density and temperature. In the laboratory a driver is required
to impart energy to the pellet to effect an implosion. There are three drivers currently being considered for ICF in the
laboratory:
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(1) High-powered lasers,

(2) accelerated heavy ions, and

(3) x-rays resulting from pulsed power machines.

[0069] We define the ablation velocity by r Vabl 5dm/. We expect a full order of magnitude difference in Vabl, between
direct and indirect drive. Direct drive, by virtue of its overall better coupling [ηr of order (0.8)(0.1) = 8% versus indirect
drive (0.2)(0.2) = 4%] has advantages over indirect drive, both in terms of gain, and in terms of a smaller driver, but is
challenged by the RT instability. (Barnes Reference.)
[0070] The pressures, P, will scale as nTαn1/3/2/3. By this scaling we would expect about a factor of 5 difference in
pressures between direct and indirect drive, and indeed at equal energy fluxes of 1015 W/cm2, 1/3 mm laser light has a
pressure of about 90 MB, whereas x-rays produce an ablation region pressure of about 400 MB. The higher pressure
attainable with direct x-ray drive coupled with the higher coupling efficiency make it a more desirable candidate. One of
the reasons direct x-ray drive has not been chosen for large scale experiments to date has been the unavailability of
suitable drivers.
[0071] In order to achieve conditions for ICF, targets have a spherical shell filled with a low density (≤ 1 mg/cm2)
equimolar mixture of deuterium and tritium (DT) gas. The spherical shell consists of an outer ablator and an inner region
of frozen or liquid DT. Energy from the driver is delivered to the ablator which heats up and expands. As the ablator
expands the rest of the shell is forced inward to conserve momentum. The pellet behaves as a spherical, ablation-driven
rocket. As the pellet implodes, the compression wave heats the central region. Electron conduction and radiative losses
act to cool the central region. Fuel convergence ratios of 30-40:1 and a central fuel temperature of 10 KeV are required
so that a particle deposition from thermonuclear burn of DT can overcome conduction and radiative losses and a self-
sustaining burn wave can be generated.
[0072] An asymmetric implosion will convert less of the available energy into compression. Assuming the available
energy is such that a 25% variation in symmetry is tolerable at peak fuel compression, then less than 1% variation in
symmetry is acceptable in the precompressed pellet. (Barnes Reference.)
[0073] The preceding discussion explains the dynamics of target implosion physics, the relative efficiencies and trade-
offs of the direct and indirect drive schemes and the impact of Rayleigh-Taylor Hydrodynamic instability (RTI). Prior work
has focused on improving the uniformity of laser illumination to minimize the effects of RTI. We note that once the fuel
pellet is ignited, there is no difference between direct and indirect drive fusion systems.
[0074] Since lasers are the most prevalent high energy drive source, they have been the focus of most of the research.
Heavy ion beams have been used but those systems tend to be less efficient than the laser drive systems. A small
percentage of work has been done using direct x-ray drive. This has been mostly done with either Z-pinch or plasma
focus drivers. Neither of these systems has demonstrated the reliability or efficiency for practical direct drive x-ray fusion
processes.
[0075] The Stimulated X-ray Emitter (SXE) of U.S. Patent 4,723,263 is uniquely suited to resolving both the driver and
the RTI issues. This system scales efficiently to the sizes necessary to drive fusion reactions. If we take NIF value of
30 KiloJoules of x-ray flux as being necessary to drive a fusion reaction, we can scale an SXE system accordingly.
[0076] If we use 6 drivers, then each driver needs only produce 5 KiloJoules. Twelve drivers scale to 2.5 KiloJoules
and 20 drivers scale to 1.5 Kilojoules. The following shows what is necessary to produce a 2.5 KiloJoule (for example)
SXE driver.
[0077] Early research with the SXE showed that is has 10% conversion efficiency. Thus, to achieve 2.5 KiloJoules
output, 25 KiloJoules DC input per driver are required. Assuming we operate a one foot (30.48 cm) diameter SXE at
500KV, we get approximately 3.5 KiloJoules per linear foot of driver. Further assuming we want a 20 nanosecond x-ray
pulse; this means that a 20 foot long SXE (6.1 meters length) would be required. A 20 foot (6.1 meter) SXE would thus
be capable of 7 Kilojoules of x-ray output. So this driver could actually be used in a 6 driver configuration. The use of
20-foot drivers yields a compact system "footprint" of 3,600 square feet (335 square meters) and occupies a cube with
60 feet to a side (216,000 cubic feet or 6,116 cubic meters). Such a system is sufficiently compact to be used in maritime
applications, such as in aircraft carriers and other major naval vessels or dedicated floating power plants.
[0078] This is very attractive except when one considers the RTI issue. The SXE produces a nominally planar wavefront
in its output pulse. In a 6-driver configuration, it is clear that RTI would probably preclude a successful reaction from
occurring.
[0079] If, however, we are willing to accept a small loss of efficiency, it is possible to introduce an Apodizing filter into
the x-ray beam, as discussed above in connection with FIG. 6. As used herein, °an Apodizing filter" means a quasi-
optical element that has a transmission profile which is denser in the center than at the edges, with some controlled
attention function from the edge to the center to the edge. This would be the x-ray equivalent of Apodizing filters that
are routinely used with optical band lasers to control the wavefront shape. The filter for the SXE would be built to produce

·

´



EP 3 007 522 A1

9

5

10

15

20

25

30

35

40

45

50

55

a concave wavefront. The symmetrical assembly of concave wavefronts would be highly beneficial in suppressing RTI
by increasing the uniformity of the compression wavefront. The use of more than 6 drivers, in configurations such as
12, 14, 20 or more drivers offers the potential for increased uniformity of the compression wavefront. The advantage of
using an Apodizing filter is to minimize the number of drivers required which lowers the total cost and complexity of the
system and increases the reliability of the system.
[0080] This concept can be extended to optical drive fusion systems as well. However, given the advantages of Direct
X-ray drive, particularly when one consider the fast reaction group of processes, the use in optical drive systems, while
certain to improve performance, is negated by the advantages of X-ray drive.
[0081] While the use of a variable density object as an apodizing filter is considered the preferred embodiment, it is
noted that it is possible to use diffractive optical techniques to construct an apodizing filter for the soft x-ray band. A
typical form of diffractive optic is the Zone Plate. This device uses Fresnel zones to modify the wavefront. Such a
diffractive filter is currently more difficult to manufacture than a variable density type apodizing filter.

Energy Storage Enhancement of SXE

[0082] FIG. 7 shows a projected view of the SXE driver enhanced with an energy storage capacitor 70 integrated
directly into its structure. One of the most difficult problems associated with controlled fusion reactions is getting a
sufficient amount of energy into the reaction in a very short period of time. It is necessary to deliver energy on the order
of 30 KiloJoules of x-rays into the target in a few nanoseconds. Given that electricity travels at or near the speed of light,
which equates to approximately one foot (30.48 cm) per nanosecond, and the time available to do this is only a few
nanoseconds, it becomes clear that the energy storage means must be proximate to the means of energy delivery .
[0083] This issue is addressed in the design of the SXE driver 12 of FIG. 4 by adding a coaxial capacitor to the external
surface of the SXE, as shown in FIG. 7. The external surface of the SXE is the outside surface of the cathode 68, so it
offers a very large, low inductance means of connection. The entire inner surface of the capacitor is bonded in intimate
electrical contact to the cathode. The capacitor is then wound around the SXE driver until it has a suitable diameter to
provide the required capacitance to store the energy necessary for the reaction.
[0084] It should be noted that the cathode - grid interelectrode space is a capacitor by itself and stores a considerable
amount of energy. A three-inch (75 mm) diameter structure stores approximately 200 picofarads per foot (30.48 cm). A
two foot (61 cm) diameter device would store 1.6 nanofarads per foot (30.48 cm) if operated at 500,000 Volts and would
store approximately 4 Kilojoules in the cathode - grid interelectrode space. Thus, the coaxial capacitor would only have
to add one KiloJoules to meet the requirements of the fusion reaction. The reason that this enhanced storage means is
included in a preferred form of current invention is for large scale commercial power generation. It also allows for shorter
energy drivers 12 to be used if "Fast Fusion" reactions are contemplated. The trade-offs in x-ray pulse width and energy
suggest the possible necessity for this enhancement.

Electron Coupled Transformer

[0085] FIG. 8 shows a cross-section of an Electron-coupled Transformer. The Electron Coupled Transformer (ECT)
is a novel electron tube derivative of the SXE. The ECT is a pulse amplification device. It utilizes the same style electron
gun as the SXE (i.e., cathode 68 and grid 66). The difference lies in the design and installation of the anode 64.
[0086] In the SXE, the anode is always hollow and filled with a lasing material. The input end (left, lower, FIG. 8) is
always connected to ground. The inventor of the current invention realized that the basic SXE structure was very similar
to a class of high speed transformers known as "Linear Adder Transformers". In these devices, the secondary is a "stalk"
with one end attached to ground and the other end as the high voltage output terminal. A series of Toroidal secondaries
are stacked on the stalk. These are pulsed in sequence, such that the time between pulses is equal to the propagation
time of the pulse up the stalk. Each secondary pulse adds to the energy (voltage) in the secondary.
[0087] The disadvantage of the Magnetic Linear Adder Transformer is that the Toroidal primaries will go into saturation
and collapse the field if they are driven with too large a pulse. This limits the amount of energy that one can extract from
this type of transformer.
[0088] The inventor of the current invention realized that there was a strong similarity between the Linear Adder
Transformer and the SXE. The both incorporated a "Stalk. Both used a sequential drive mechanism, but the SXE had
a much larger current-handling capacity due to the large current-handling capacity of its cold cathode. In early SXE
experiments, both ends of the anode were grounded so no high voltage was observed. An experiment was conducted
in late 2006 where a version of the SXE was constructed that had only one end grounded and the other end highly
insulated. A solid anode 64 (FIG. 8) was used in this test. A pulse was injected into the cathode and the anode output
was measured. A final distinction between the Linear Adder Transformer and the ECT is that in the Linear Adder
Transformer, the primaries are separate distinct entities. The pulse that results has a "staircase" leading edge as a result.
The ECT, in its preferred embodiment, has a continuous primary (cathode) and thus has a smooth leading edge to its
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pulse. The ECT is much lighter than a Linear Adder due to the lack of magnetic cores. A 100KV 100KA ECT weighs
less than 200 pounds (90.7 kilograms).
[0089] FIG. 9 shows the results of the foregoing test. The input pulse 86 and output pulse 84 were measured with
identical voltage dividers on a high speed oscilloscope. The output pulse was several times larger than the input pulse,
thus verifying the operational concept of the ECT.
[0090] The enormous energy handling capacity of the ECT gives us some options for the power supply design. The
basic choices are:

(1) Individual Isolated Power Supplies 34, 38 (FIG. 3) for each driver 12 (no matter how many are used) which are
synchronized by the use of high precision delay generators in each power supply.

(2) Two large power supplies 34, 38 (FIG. 3), one for each half of the total number of drivers 12, with a single delay
generator to synchronize the two sides. High voltage is distributed by a network similar to the phase matching
network 134, 136 (FIGS. 5A-5C) where the transmission line 36 lengths are controlled to ensure synchronization
of the drivers 12.

(3) A single large supply 34, 38 to drive the entire system. High voltage is distributed by a network similar to the
phase matching network 134, 136 where the transmission line 36 lengths are controlled to ensure synchronization
of the drivers 12

[0091] While theoretically possible, the design of #3 above would not be practical for geometric and safety reasons.
The High Voltage transmission lines 36 (FIG. 3) would be very long and there would be constant risk of arc discharge.
[0092] The design of #2 above is more practical but still has long transmission lines 36 (FIG. 3). It does, however,
have the advantage of reduced system complexity and therefore higher reliability. The ECT 42 and Pulse Modulator 38
designs will handle the load imposed by this design.
[0093] The design of #1 above is the most complex, but in some ways the easiest to implement. The individual power
supplies 34, 38 for each driver 12 would be of "modest size". The high voltage transmission line 36 from the power
supplies 34, 38 to the drivers 12 would be extremely short, which is preferred. Each power supply 34, 38 would have to
be controlled by its own delay generator and there would be a necessary tuning process where all the drivers 12 are
brought into temporal synchronization.
[0094] We note that it is also possible to synchronize the drivers 12 by mechanical means. In this case, the physical
length of the high voltage input line 36 would be adjusted by a small amount (fractions of an inch or millimeters) to
achieve temporal synchronization of the drivers 12.
[0095] Referring back to FIG. 8, we see that the ECT is nearly identical in form to the SXE (FIG. 4) but the dimensions,
anode, and output are different. In the preferred embodiment, the ECT is encased in a Glass Vacuum Envelope 76.
There is a robust high voltage insulator 80 at the output, which provides a constant impedance electrical connection to
the outside world. The Grid and cathode signals are fed in through feedthroughs 74 and 72, respectively. The entire
device is encased in a Lead radiation shield 78 to contain the transverse radiation field that forms. The thickness of
shield 78 is a function of the cathode voltage and is calculated by conventional means for determining a radiation safety
shield.
[0096] We note that it is both possible and practical to utilize the coaxial capacitor energy enhancement scheme
described above in the "Energy Storage Enhancement of SXE° with the ECT. This would be a convenient method of
making additional energy available to the ECT for extremely high power applications.

Combined SXE & RF Energy Drivers

[0097] FIG. 10 shows an SXE combined with an RF generating means, and FIG, 11 shows the RF generating means.
Specifically, a separate tube known generically as a Virtual Cathode Oscillator (Vircator) is mounted onto the output
(right-shown) end of the SXE in FIG. 11. In this configuration, we take advantage of the Electron-Coupled Transformer
(ECT) principle to use the high voltage pulse that is created by the SXE process and apply it directly to the cathode 90
of the Vircator. The Vircator body forms a resonant cavity 98 which oscillates when the cathode fires. A grid 92 controls
the firing of the Vircatron. The control signal is obtained from the output terminal 142 of the grid of the SXE, which is
located at the opposite end from the phase matching network. The trigger pulse is applied to the Vircator sequentially
as a result of the Traveling Wave action of the SXE Grid. The Cathode and grid contain an aperture in their center that
the x-ray pulse propagates through.
[0098] The novelty of the foregoing system is that it combines two techniques known by themselves, i.e., Direct x-ray
drive and RF Heating, so as to realize increased system efficiency. This concept is practical because the SXE is going
to generate a high voltage DC pulse whether it is used or not. However, if the RF heater is not employed, then the SXE
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output is grounded and no high voltage DC pulse occurs. The electrical energy then leaves the system in the form of a
current pulse in the ground return. But, because the HVDC pulse is available, it makes sense to use it, particularly since
using it does not affect the x-ray output.
[0099] FIG. 11 shows a cross-section of the Vircator RF head. The principle components are the cathode 90, the grid
92, a mesh anode 94, a resonant cavity 98, and an output window 96. The drive pulse comes directly from the anode
of the SXE 12, which is attached directly to the Vircator cathode via the cathode feedthrough 102. The Vircator is triggered
by the output signal from the SXE grid 142. When the Vircator is triggered, a burst of RF energy is formed by oscillation
in the resonant cavity 98. This energy has a spectral distribution that is determined by the dimensions of the cavity 98.
Typically, this energy is between 200 MHz and 2.5 GHz. The energy exits the Vircator and enters the Target Chamber
10 by the output window 96. The Vircator is one type of RF source that can be integrated to the SXE 12 to increase
system operating performance. The Vircator cathode 90 has an aperture 93 in its center through which the x-ray pulse
from the SXE passes into the target chamber 10.
[0100] FIG. 12 shows a cross-section of an SXE combined with a Magnetically Insulated Linear Oscillator (MILO) at
the output (right-shown) end of the SXE. The MILO is another well known, high power RF source, similar to the Vircator.
The significant difference is that it can produce much higher frequencies than the Vircator. Structurally, the major differ-
ence is the incorporation of a drift tube 122 of FIG. 14A and use of a Traveling Wave Electron Gun (TWEG) instead of
the planar cathode 90 and grid 92 of the Vircatron. There is a resonant cavity 98 and its dimensions in conjunction with
the dimensions of the drift tube 122 (FIG. 14A) determine the output range. Conventional MILO devices have outputs
between 300 MHz and 3.5 GHz. The inventor of the present invention has experimentally verified that by placing a
grating surface on the inner face of the drift tube 122 (FIG. 14A), as shown FIG. 14B, it is possible to generate RF at
much higher frequencies than those available from a smooth bore drift tube 122. The source of this RF is due to the
Smith-Purcell effect which describes the interaction of a relativistic electron beam with a grating surface 123. Outputs
in the THz range are possible. The grating surface can be formed by many methods. The spacing, face angle and grating
geometry all are determinants in the frequency achieved (FIG. 14B). It has been determined that the preferred embod-
iment of the drift tube grating is an internal thread as shown in FIGS. 14A and 14B. By altering the thread parameters,
the output frequency is changed. The ends of the Drift Tube 125 are radiused to minimize formation of undesirable
electric field perturbations inside the Resonant Cavity 98.
[0101] The balance of the SXE-MILO driver is the same as the SXE-Vircator. In fact, the RF heads-Vircator and MILO-
can be interchanged. As in the case of the SXE-Vircator, the TWEG of the MILO has a hollow center through which the
x-rays pass. The electron output from the TWEG is compressed by the drift tube 122 and oscillates in the resonant cavity
98.

Fusion Power System Efficiency

[0102] The SXE-based fusion power generation system has a substantially higher efficiency than all other fusion power
generation systems. This is due to two factors:

(1) Direct x-ray drive is inherently more efficient than any indirect method.

(2) Multiple Means of Energy Extraction.

[0103] Let us consider what the basic efficiency determinants of the fusion process are. We will first consider the
amount of energy required to initiate a fusion reaction.
[0104] Let:

W = Power input to drivers, (NIF = 400 TeraWatts; SXE = 50 MegaWatts)

X = Energy required to generate x-rays (NIF=1.5 MegaJoules, SXE= 50 KiloJoules)

Y = Amount of x-ray required to drive the reaction (25 KiloJoules; either case)

Z = Total energy output of the fusion, (1000 times the input energy; either case)

T = Reaction Burn Time (5 Hertz repetition rate = 200 milliseconds; either case)

We can now make the following statements: X > Y, and for a system to be practical, Z >> X
[0105] In the case of NIF, X = 1.5 MegaJoules, and Y = 25 KiloJoules (for a D-T reaction). According to researchers
at NIF, a complete burn of the fuel pellet will produce "somewhere between 600 and 1000 times the amount of energy
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that is put into it [the target]" (Haan Reference). Dr Haan does not tell us whether he means the laser power input or the
x-ray input. If he is referring to the laser power input of 1.5 MegaJoules, this would argue for an output of 1.5 GigaJoules.
If he is referring to the x-ray input, then 25 KiloJoules input would yield 25 MegaJoules output.
[0106] The NIF baseline design calls for a pellet injection rate of 5 pellets per second, so it is reasonable to presume
that the useful life of the plasma is 200 milliseconds.
[0107] The NIF system requires around 400 TeraWatts of power (4 x 1012 Watts) to accomplish this. If we use the
actual x-ray input of 25 KiloJoules, and an output of 25 MegaJoules, the output value times the burn time equals 5
MegaWatts. A system that consumes 400 TeraWatts to produce 5 MegaWatts has an efficiency of 0.00015%. If we were
to use the input power to the laser as a multiplier instead of the x-ray input power, the output would only be around 250
GigaWatts. In either case, when compared to the massive input power requirement (400 TeraWatts), it is clear that NIF
is only a step in the process, not a system that should achieve breakeven conditions.
[0108] Let us now consider an SXE based system using the same D-T reaction and fuel pellet as the above analysis
of NIF. We have previously shown that the D-T fusion reaction produces 2.5 x 108 watts (250 GigaWatts) per pellet for
a period of 200 milliseconds. The SXE driver system will consume 25 MegaJoules which, for the 200 milliseconds time
period works out to (2.5 x 106) x (2 x 10-1) = 5 x 107 Watts or 500 MegaWatts. A system that consumes 10 500 MegaWatts
to produce the same 250 GigaWatts has an efficiency of 500 % (output / input = efficiency). We now take the Rankine
cycle loss into account and come up with an efficiency of 250%.
[0109] The foregoing calculation does not take into account one of the most important characteristics of a preferred
embodiment of the current invention: The simultaneous use of direct extraction of high voltage DC to run the SXE drivers,
which run on high voltage DC. The direct extraction process has a verified efficiency of approximately 85%. This means
that 15% of 500 MegaWatts (75 MegaWatts) is drawn from the thermal output leaving over 249 GigaWatts available for
output to a power grid. This feature makes the use of SXE systems for maritime applications a practical as the dimension
of the system are small enough to allow its incorporation on any ship with a beam of 100 feet (30.5 meters) or more.
This analysis also shows that the baseline design system described in this application is more than capable of exceeding
breakeven conditions.

Alternate Energy Driver

[0110] The current invention is not limited to the use of the SXE and its derivatives as the x-ray source for providing
energy to initiate the fusion reaction. There is a prior art device known as a Plasma Focus device. This is an electron
tube with a different structure from the SXE. It is capable of producing intense x-ray bursts at the energy levels required
for Direct Drive Fusion Applications. It has several disadvantageous attributes which make it less desirable than the
SXE for use as a fusion driver.
[0111] The Plasma Focus does not produce a collimated beam of x-rays as the SXE does. This is not desirable as
there is a need to focus the energy on the target. The SXE produces a collimated beam of the correct diameter. The
Plasma Focus requires an off-axis reflector that is curved in 2 dimensions. This reflector can be used to collimate the
beam or bring it to a focus on the target pellet. The beam quality is such that it would be necessary to use the Apodizing
Filter of a preferred embodiment of this invention to correct the wavefront to a useful shape.
[0112] The Plasma Focus does not generate a simultaneous High Voltage DC output pulse as the SXE does. This is
a disadvantage as it means that external heating or compression technologies will require a separate power supply and
will lower the overall efficiency of the fusion reactor significantly. (Gai Reference.)

Drawing Reference Numbers

[0113] The following list of drawing reference numbers has three columns. The first column includes drawing reference
numbers; the second column specifies the parts associated with the reference numbers; and the third column mentions
a preferred material (if applicable) for the parts.

REFERENCE NUMBER LIST PREFERRED MATERIAL
10 Target Chamber Stainless Steel

12 SXE X-ray Driver (6 places) Various
14 Energy Extraction Cones (6 places) Various
16 Target Pellet Injector Various
18 Thermal Coolant Inlet Stainless Steel
20 Thermal Coolant Outlet Stainless Steel
22 Target Pellet Location n/a

24 Coolant Passage Layer n/a
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(continued)

REFERENCE NUMBER LIST PREFERRED MATERIAL
28 Liner Refractory Metal
30 Magnetic Confinement Coils Copper
32 Magnetic Confinement Drive n/a
34 Pulse Modulator Electronics
36 HV DC to SXE Driver Electronics

38 Energy Store & Power Conditioning Electronics
40 Startup & Makeup Power Electronics
42 Electron Coupled Transformer Various
44 HV DC Power Supply Electronics
46 DC Extractor Grid Refractory Metal
48 HV DC recycles to Energy Store n/a

56 Plane Wave X-ray
58 Apodizing Filter Various Low-Z Materials
60 Corrected Wavefront X-ray
62 Collapsing Traveling Wave Electrons
64 Anode Refractory Metal; Hi-Z
66 Grid Refractory Metal

68 Cathode Graphite (Preferred Embodiment)
70 Coaxial Capacitor Dielectric/Metal Layers
72 Cathode Feedthrough Ceramic & Metal
74 Grid Feedthrough Ceramic & Metal
76 Glass Vacuum Envelope Glass (Ceramic, Stainless Steel)

78 Radiation Shield Lead
80 Anode Output Insulator Ceramic
84 ECT Input Waveform n/a
86 ECT Output Waveform n/a
90 Vircator Cathode Graphite
92 Vircator Grid Refractory Metal

93 Aperture in Vircator Cathode n/a
94 Anode Mesh Refractory Metal
96 Output Window RF Transparent Low-Z Ceramic
98 Resonant Circular Cavity Stainless Steel or Copper
100 Mounting Flange Stainless Steel
102 Cathode Feedthrough Ceramic & Metal

104 Cathode Support Refractory Metal
106 Grid Feedthrough Ceramic & Metal
108 Grid Support Refractory Metal
110 Getter Pump n/a
112 Getter Pump Feedthrough Ceramic Metal
114 MILO Cathode Graphite

116 MILO Cathode Support Refractory Metal
118 MILO Grid Refractory Metal
120 MILO Grid support refractory Metal
122 Drift Tube Refractory Metal
124 Drift Tube Support Ceramic
125 Radiused end of Drift Tube Refractory Material

126 Internal Anode Insulator Ceramic
128 Grid Insulator Ceramic
130 Upper Grid Support Ring Stainless Steel
132 Lower Grid Support Ring Stainless Steel
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Literature Reference Citations

[0114] The following literature references are cited in short form in the specification. For instance, the short literature
reference for author ""Nakai" is given as follows: (Nakai Reference.)

"On Target Designing for Ignition", Steven Haan, Lawrence Livermore, Science & Technology Review, July/August.
1999

"The Physics Issues That Determine Inertial Confinement Fusion Target Gain and Driver Requirements: A Tutorial",
Mordecai D. Rosen, Lawrence Livermore National Laboratory, Livermore, California 94550 12 November 1998,
Physics of Plasma, Vol. 6, No. 5.

"Convergent Hydrodynamics of Inertial Confinement Fusion Implosions", C. W. Barnes, LLNL Physics Division 132
Progress Report 1997-1998

"Fundamental Experiments on Hydrodynamic Instability in Direct Drive Laser Fusion at Gekko XII", M. Nakai, Institute
of Laser Engineering, University of Osaka, Japan.

"Production of Fast Neutron with a Plasma Focus Device", Moshe Gai, Laboratory for Nuclear Science at Avery
Point, University of Connecticut, 5 May 2006

[0115] The foregoing describes fusion power systems in which both high voltage DC energy and thermal energy are
extracted. In one embodiment, the extracted high voltage DC energy can be used as an energy source to sustain
controlled fusion reactions. High hydrodynamic stability in focusing driving energy onto a target fuel pellet can be realized
with the use of an Apodizing filter to shape the driving energy wavefronts that reach a fuel pellet.
[0116] While the invention has been described with respect to specific embodiments by way of illustration, many
modifications and changes will occur to those skilled in the art. It is, therefore, to be understood that the appended claims
are intended to cover all such modifications and changes as fall within the true scope and spirit of the invention.

Claims

1. System for producing electromagnetic radiation with enhancement from a drift tube containing a cylindrical Smith-
Purcell structure, comprising:

a) a magnetically insulated linear oscillator having a cylindrical resonant cavity containing a traveling wave
electron gun and cooperating anode, and further containing a drift tube positioned between the traveling wave
electron gun and the cooperating anode;
b) the drift tube being formed of a hollow cylindrical conductive element that is positioned within said resonant
cavity and that is electrically isolated from the traveling wave electron gun, wherein a cylindrical axis of the drift
tube is coaxial with a main axis of the resonant cylindrical cavity in a region between said electron gun and said
anode;
c) the drift tube having an inner surface and a pair of ends; the hollow cylindrical element being enhanced by

(continued)

REFERENCE NUMBER LIST PREFERRED MATERIAL
134 Phase Matching Network Wire Stainless Steel
136 Phase Matching Network Connector Stainless Steel
138 Internal Anode Insulator Ceramic
140 Phase Matching Network End Insulator Ceramic
142 Grid Output Terminal Refractory Metal

144 Wire to Grid Feedthrough Ceramic & Metal
146 Grid Tension Spring Stainless Steel
148 Washer Stainless Steel
150 Hex Nut Stainless Steel
152 Phase Matching Network Insulator Ceramic
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containing a cylindrical Smith-Purcell grating surface formed on the inner surface of the drift tube; said grating
surface comprising a reflection grating surface having a series of ridges spaced apart by respective grooves;
said reflection grating surface extending for at least a majority of the length of the drift tube;
d) the drift tube being adapted so that the interaction between an electron beam, from the electron gun, passes
through the inner space of the drift tube and the internal grating, so as to produce RF radiation by Smith-Purcell
Effect; and
e) the drift tube being further adapted so that spacing, face angle and shape of the grating, and an energy of
the electron beam are determinants of the frequency of the RF radiation.

2. The system of claim 1, wherein the grating surface comprises an internal thread extending for at least a majority of
length of the drift tube.

3. The system of claim 1, wherein each ridge of the reflection grating surface has a cross-section, taken along a plane
passing through said cylindrical axis of the drift tube, comprising a triangle having one side parallel to said axis.
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