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SYSTEMS AND METHODS FOR COMPRESSING PLASMA
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 US.C. § 119{e) of U.S.
Provisional Patent Application No. 61/149,886, filed February 4, 2009, entitled “SYSTEMS
AND METHODS FOR ACCELERATING AND COMPRESSING A PLASMA,” which is
hereby incorporated by reference herein in its entirety.

BACKGROUND

Field

[00602] The present disclosure relates to embodiments of systems and methods for
compressing plasma. In certain such embodiments, a plasma toroid is compressed using a
liquid metal funnel.

Description of the Related Art

10003] Various systems for heating and compressing plasmas to high
temperatures and densities have been described. One approach for accomplishing plasma
heating and compression by spherical focusing of a large amplitude acoustic pressure wave in
a liquid medium is described in U.S. Patent Publication No. 2006/0198486, published
September 7, 2006, entitled “Pressure Wave Generator and Controller for Generating a
Pressure Wave in a Fusion Reactor”, which is hereby incorporated by reference herein in its
entirety. In certain embodiments of this approach, a plurality of pistons is arranged around a
substantially spherical vessel containing a liquid medium. A vortex or cavity is created in the
liquid medium. The pistons are accelerated and strike the outer wall of the vessel generating
an acoustic wave. The acouslic wave generated in the ligunid medium converges and
envelopes a plasma that 1s introduced into the vortex, thereby heating and compressing the
plasma.

[0004] A pressure wave generator of the type described in U.S. Patent Pubhication
No. 2006/0198486 can be employed in a Magnetized Target Fusion (MTF) reactor as
described, for example, in U.S. Patent Publication No. 2006/0198483, published September 7,
20006, entitled "Magnetized Plasma Fuston Reactor,” which is hereby incorporated by reference

herein in its entirety. In certain such implementations, a magnetized plasma is introduced into
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a vortex that is created in the liquid medium, such as molten lead-lithium (PbLi). The
acoustic wave produced by the impact of pistons surrounding the spherical reactor vessel can
compress the magnetized plasma to high density and temperature.

10005] In some embodiments of the above-described devices, compressed gas
such as steam or air can be used to accelerate the pistons. Typically the desired piston impact
velocity for plasma compression is of the order of 100 m/s, and so generally a compressed
gas pressure of about 1,300 psi is used to accelerate the pistons. To achieve the symmetry of
implosion that may be useful or desirable in some implementations, the timing of the piston
firing, trajectory, and impact is precisely controlled for each piston. For example, for some
plasma compression implementations, all the pistons preferably strike the vessel wall within
about 1 us of each other. In some such implementations, a servo control system can be used
to measure precisely the position of each piston and control its trajectory to attain the
requisite impact time.

[0006] Whilst certain embodiments of such mechanical compression systems are
attractive from, for example, a cost perspective, certain such implementations may need
frequent maintenance, especially in applications where the repetition frequency of piston
firing is high.

SUMMARY

[0007] Embodiments of systems and methods for compressing plasma are
disclosed. Some embodiments comprse electrically accelerating a plasma, for example, by
using a plasma accelerator such as, e.g., a rail gun. The plasma can be accelerated into a
funnel of liquid metal where the plasma is further compressed. The use of the liquid metal
allows high plasma densities to be achieved, because, in some embodiments, the pressure
attained can be higher than the breakpoint or yield strength of solid matenals typically used in
the apparatus itself.

10008] In certain embodiments, a low density and temperature spheromak or
toroidal plasma is formed using a plasma gun, for example, a magnetized coaxial gun. The
toroidal plasma is electrically accelerated, compressed and heated to a high density and
temperature using a plasma accelerator (e.g., a tapered rail gun) that extends towards a liquid

metal funnel. The liquid metal funnel in some implementations can be formed of molten
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metal such as, for example, molten lead-lithium (PbLi). In various embodiments, the toroidal
plasma can be formed as a field-reversed configuration (FRC) or other compact toroid.

[0009] In some implementations, the plasma can include a fusionable material
such as, for example, 1sotopes of light elements (e.g., deuterium, tritium, helium-3, lithium-6,
and/or lithium-7). The higher plasma densities and/or temperatures that are achievable in
some such implementations can be sufficient for the initiation of fusion reactions. Some
fusion reactions produce neutrons. Therefore, some embodiments of the system can be
configured as neutron sources. Some embodiments of the systems and methods may provide
sufficient fusion reactions for net energy production to occur {e.g., above breakeven).

10010} An embodiment of an apparatus for compressing plasma is disclosed. The
apparatus comprises a plasma gun configured to generate a compact toroid of plasma, a
plasma accelerator, and a liquid funnel system. The plasma accelerator has a first end, a
second end, and a longitudinal axis between the first end and the second end. The plasma
accelerator is configured to receive the compact toroid at the first end and to accelerate the
compact toroid along the longitudinal axis toward the second end. The hiquid funnel system
comprises a hiquid funnel having a substantially cylindrical passage substantially aligned with
the longitudinal axis of the plasma accelerator. The passage has a first inner diameter at a top
end of the passage and a second inner diameter at a bottom end of the passage. The second
inner diameter can be less than the first inner diameter in some embodiments. The liquid
funnel system is configured to receive the compact toroid from the second end of the plasma
accelerator and to compress the compact toroid as the compact toroid moves along the
passage from the top end toward the bottom end. The system can be configured such that a
pressure of the compact toroid when below the top end is greater than a pressure of the
compact toroid when above the top end.

j0011] An embodiment of a hquid metal funnel system configured for
compressing plasma is disclosed. The liguid metal funnel system comprises a liquid metal
funnel having a substantially cylindrical passage having a first inner diameter at a first end of
the passage and a second inner diameter at a second end of the passage. The second inner
diameter can be less than the first inner diameter. The liquid metal funnel can be oriented

such that the first end of the passage is higher than the second end of the passage. The liquid
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metal funnel can be configured to receive a plasma from a plasma injector and to compress
the plasma as the plasma moves along the passage from the first end toward the second end.

[0012] An embodiment of a method of compressing a plasma is disclosed. The
method comprises generating a toroidal plasma, accelerating the toroidal plasma along a
longitudinal direction, and introducing the accelerated toroidal plasma into a passage in a
liquid funnel. The passage can have a first size at a first end of the passage and a second size
at a second end of the passage. The second size can be smaller than the first size. The
method can also include compressing the toroidal plasma as the toroidal plasma moves from
the first end of the passage toward the second end of the passage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]) F1G.1A 1s a schematic cross-sectional diagram showing an embodiment of
a system compressing a plasma in a tapered liquud metal funnel. In this embodiment, a
plasma gun forms a compact toroid that is accelerated by a plasma accelerator toward the
liquid metal funnel.

[0014] FIG.1B is a schematic cross-sectional diagram showing another
embodiment of a system for compressing a plasma in a liquid metal funnel system. In this
embodiment, the funnel system comprises a liquid metal funnel and an axial liquid metal
guide disposed substantially along a central axis of the funnel. In this embodiment, the
plasma accelerator compnses a plasma restrictor that comprises a constriction in a
propagation channel of the accelerator.

16015] FIG. IC 1s a schematic cross-sectional diagram showing another
embodiment of a system for compressing a plasma in a liquid metal funnel system. In this
embodiment, the plasma accelerator comprises a plasma restrictor that comprises one or more
magnetic coils.

{0016} FIG. 1D 1s a perspective cutaway view of an embodiment of a system for
compressing a plasma. The embodiment shown in FIG. 1C is generally similar to the
embodiment schematically shown in F1G. 1B.

[0017] FIG. 2 is a graph indicating an example calculation of the energy of the
plasma to achieve the Lawson cnteria for vanous plasma densities and an example

calculation of the magnetic pressure of a plasma at various plasma densities. These example
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calculations are based on Bohm diffusion and certain other assumptions described below.
Note that a pressure of 1 atmosphere (atm) is about 10° Pa.

(0018} FIG. 3 is a schematic cross-sectional diagram showing an example of a
toroidal plasma within a tapered liquid metal funnel.

[0019] FIG. 4 is a graph showing an example calculation of the plasma energy to
achieve the Lawson criteria for various plasma densities, taking into account various power
losses that can occur in an example embodiment of a plasma compression system.

DETAILED DESCRIPTION OF EMBODIMENTS

[0020] Tapered coaxial plasma spheromak accelerators have been built and
studied in the past for, e.g., x-ray production, tokomak fuelling, and plasma physics research.
However, the maximum achievable magnetic pressure has been limited by the strength of the
solid matenials used in the apparatus (e.g., a fracture limn, yield strength, or breakpoint of the
solid materials). In certain embodiments of the present approach, the magnetic pressure that
can be achieved has been increased significantly beyond this limit by using a tapered or
funnel-shaped liquid metal tube as described in more detail below.

[0021] With reference to the drawings, FIGS. 1A-1D schematically illustrate
several embodiments of a system 1000 that can be used to accelerate and compress a plasma.
The embodiments shown in FIGS. 1A-1D comprise a plasma gun 100 configured to generate
a toroidal plasma (for example, a compact toroid such as, e.g., a spheromak), a plasma
accelerator 110 configured to accelerate the plasma along a longitudinal axis 115 of the
accelerator 110, and a liquid metal funnel system 120 into which the plasma accelerated by
the accelerator 110 is introduced for further compression. In vartous embodiments, the
plasma gun 100 may comprise a magnetized plasma gun that has a gun axis that is
substantially aligned or coaxial with the longitudinal axis 115 of the accelerator 110. In some
embodiments, the plasma gun 100 comprises a Marshall-type plasma gun. In various
embodiments, the plasma accelerator 110 may comprise a rail gun configured to accelerate
the plasma using magnetic and/or electromagnetic forces. In some embodiments, the plasma
accelerator 110 can provide some degree of plasma compression as the plasma 1s accelerated
along the longitudinal axis 115. For example, the rail gun can comprise one or more tapered

electrodes to compress the plasma during acceleration along the longitudinal axis 115. The
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higuid metal funnel system 120 may comprise a liquid metal funnel, cylinder, or tube 8
having a passage substantially aligned with the longitudinal axis 115 of the acceterator 110.
In some embodiments, a cross-section and/or inner diameter of the passage can change from
an upper end of the funnel to a lower end of the funnel, e.g., the cross-section (and/or inner
diameter) can decrease to allow the plasma to be compressed as the plasma moves below the
upper end and toward the lower end. In certain embodiments, the plasma gun 100 and/or the
plasma accelerator 110 are positioned substantially above the liquid funnel system 120. In
certain embodiments, the upper end of the funnel § is substantially above the lower end of the
funnel 8.

[0022] The toroidal plasma generated by the plasma gun 100 can be a compact
toroid such as, e.g., a spheromak, which i1s a toroidal plasma confined by i1ts own magnetic
field produced by current flowing in the conductive plasma. In other embodiments, the
compact toroid can be a field-reversed configuration (FRC) of plasma, which may have
substantially closed magnetic field lines with little or no central penetration of the field lines.

10023} As schematically illustrated in the embodiments shown in FIGS. 1A-1D,
gas from one or more tanks 4 is introduced into the gun by fast puff valves 3. In some
implementations, the initial gas pressure 1s about 15 pounds per square inch (pst) (e.g., about
1.03 x 10° Pa). The gas may comprise a fusionable material. For example, the fusionable
material may comprise one or more isotopes of hght elements such as, e.g., isotopes of
hydrogen (e.g., deuterium and/or tritium), isotopes of helium (e.g., helium-3), and/or 1sotopes
of lithium (e.g., lithium-6 and/or lithium-7). Other fusionable materials can be used.
Combinations of elements and isotopes can be used. For example, in some implementations,
a 50% deuterium - 50% tntium gas mixture 1s introduced from the tank 4 using about 100
puff valves 3. Each pulse from the valves introduces about 2 mg of gas, in one
implementation. In other embodiments, a different number of valves can be used and/or a
different mass of gas can be introduced. In other implementations, the percentages of
deuterium and tritium, respectively, can be different from 50%-50%.

[0024] Coils 5 induce a magnetic field in the space between an outer electrode 7
and a formation electrode 14, The coils 5 can be configured to provide a mostly radial

stuffing magnetic field of about 0.8 Tesla in some 1mplementations. In the embodiment
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schematically illustrated i FIGS. 1A-1C, the formation electrode 14 is substantially
cylindrical, and the outer electrode 7 is tapered mmward toward the liquid metal funnel system
120. In the embodiments schematically illustrated in FIGS. 1B-1D, the magnetic field 1s
produced by 3 magnetic coils 5a, 5b, and 5c, although fewer or greater numbers of coils may
be used in other embodiments. In some embodiments, the coil 5a comprises about 140 tumns
of hollow square 6 mm x 6 min copper wire. During operation of the system, the wire can
carry a current of about 1000 Amps at a voltage of about 630 V dissipating about 630 kW.
Coil 5b comprises about 224 turns of hollow square 6 mm X 6 mm copper wire carrying a
current of about 1000 Amps at a voltage of about 832 V dissipating about 830 kW. Coil 5¢
comprises about 552 tums of hollow square 6 mm X 6 mm copper wire carrying a current of
about 1000 Amps at a voltage of about 844 V dissipating about 840 kW. In some
embodiments, the coils 5a, 5b, and 5¢ will run substantially continuously during operation of
the system. In some embodiments, a cooling system (not shown) provides water (or another
coolant), which flows in the hollow wires to cool them.

[0025] In certain implementations of the system, it is desirable to introduce gas
only between the outer electrode 7 and the formation electrode 14. In certain such
implementations, the valves 3 open and close sufficiently rapidly to introduce the gas so that
it is substantially confined between the electrodes 7 and 14. For example, at room
temperature (e.g., about 20 C), the thermal velocity of the gas is about 900 nvs. I, for
example, the distance between the electrodes 7 and 14 is about one meter, the gas could be
injected for a duration of less than about 1 ms to provide gas for the generation of each
compact toroid. In some implementations, Parker Series 99 valves can be used (available
from Parker Hannifin, Cleveland, Ohio).

[0026] In some embodiments, the formation electrode 14 is electrically connected
to a capacitor bank 1. In some such embodiments, the capacttor bank 1 can comprise a
capacitance of about 4.1 mF and the bank can be charged at a voltage of about 22 kV. In
some cases, the capacitor bank 1 comprises about eighty 52 pF individual capacitors (e.g.,
General Atomics Energy Products (San Diego, CA), model 33677 capacitors). The
individual capacitors can be connected in parallel. The capacitor bank 1 can be connected to

the formation electrode 14 using a transmission line. In some embodiments, the total
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inductance of the transmission line and capacitors is about 20 nF, which advantageously
provides a sufficiently fast electric discharge.

[0027] During operation of the system 1000, when the gas introduced by the puff
valves 3 achieves a suitable pressure between the electrodes 7 and 14, the capacitor bank 1
discharges in the gas, turning the gas into a plasma. The discharge can occur when the
capacitor bank voltage exceeds the breakdown voltage of the gas (which can depend on the
gas pressure). In some implementations, the bank 1 discharges when the gas pressure is
about 10 mTorr (e.g., about 1.3 Pa). The discharge can occur at other gas pressures in other
embodiments. In the embodiment shown in FIG. 1A, a switch 2 is activated to discharge the
capacitor bank 1 through the gas, generating a plasma. A possible advantage of embodiments
using the switch 2 is that the switch can be activated so that the discharge occurs when the
gas is at a desired pressure, which may allow increased flexibility during operation.

[0028] The current rises (e.g., to about 3 MAmp in about 20 ps in some cases),
and the magnetic field from this current forces the plasma in the downward direction in
FIGS. 1A-1C, toward the plasma accelerator 110. The stuffing magnetic flux from the coils
5 wraps itself around the plasma. The magnetic field reconnects to form closed magnetic
surfaces, and the plasma forms a compact toroid. For example, the toroid may be a
spheromak 16 having a relatively low density (e.g., about 10" em™, in some cases) and
temperature {e.g., about 20 €V, in some cases).

[0029] In some implementations of the system 1000, after a relatively small delay
(e.g., about 30 ps, in some cases) to allow the magnetic fields to reconnect and/or to allow
turbulence, if present, to settle, the spheromak 16 is accelerated and compressed by the
plasma accelerator 110 toward the Liquid metal funnel system 120.

[0030] For example, in the embodiments schematically illustrated in FIGS. 1A-
1D, acceleration electrodes 6 are connected to a second capacitor bank 11, which is used to
provide energy to the plasma. In some embodiments, the capacitor bank 11 has a capacitance
of about 2.6 mF and is charged at a voltage of about 88 kV. In some such embodiments, the
capacitor bank 11 comprises about 100 pairs of 52 pF, 44 kV individual capacitors with each
pair electrically connected in series, and the 100 pairs electrically connected in parallel. In

some embodiments, the capacitors comprise General Atomics Energy Products (San Diego,
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CA), model 32283 capacitors. In some implementations, the capacitor bank 11 1s electncally
connected to the acceleration electrode 6 using a substantially disk-shaped transmission line
15 substantially surrounding the coaxial gun 100 to reduce or mimimize inductance. The
current rise-time of some embodiments 1s about 40 ps because of the relatively large
capacitance of the bank 11. In some embodiments, a substantially disk-shaped transmission
line can be used to electrically connect the capacitor bank 1 to the formation electrode 14. In
some embodiments, two substanttally disk-shaped transmission lines are used: a first
substantially disk-shaped transmission line electrically connecting the capacitor bank 1 to the
formation electrode, and a second substantially disk-shaped transmission line electrically
connecting the capacitor bank 11 to the acceleration electrode 6.

{0031}  The plasma accelerator 110 comprises a plasma propagation channel 114
through or along which the toroidal plasma 16 is accelerated. For example, as schematically
tustrated 1in FIGS. 1A-1D, the acceleration electrode 6 can be disposed within the outer
electrode 7, and the plasma propagation channel 114 comprises space between the electrodes
6 and 7. The plasma propagation channel 114 can have a cross-section (perpendicular to the
fongitudinal axis 115) that changes (in shape, size, width, spacing, and/or any other way)
from a first end 112a to a second end 112b of the accelerator. For example, in the
embodiments illustrated in FIGS. 1A-1D, at least one of the electrodes 6 and 7 can be tapered
from the first end 112a of the accelerator 100 (e.g., near the plasma gun 100} to the second
end 112b of the accelerator 100 (e.g., near the funnel system 120). For example, in some
embodiments, the radius of the accelerator 110 (e.g., a radius from the longitudinal axis 115
to the center of the channel 114) decreases by a factor of about 30 from the first end 112a to
the second end 112b. In other embodiments, the radius of the accelerator 110 decreases from
the first end to the second end by a factor of about 2, about 5, about 10, about 20, about 50,
about 100, or some other factor. In various embodiments, the radius decrease of the
accelerator from the first end to the second end can be i a range from about 10 to about 50,
in a range from about 20 to about 40, or some other range.

[0032] With further reference to the embodiments schematically illustrated in

FIGS. TA-1D, the magnetic force of the plasma accelerator 110 accelerates the toroidal
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plasma 16 between the tapered coaxial electrodes ¢ and 7 and heats and compresses the
plasma to higher temperature and density, forming a compressed toroidal plasma 12.

[0033] The configuration of the electrodes 6, 7 can be selected to provide a
desired amount of compression as the plasma moves from the first end 112a to the second
end 112b of the accelerator 110. For example, one or more factors including the tapering,
shape, and/or spacing of the electrodes 6, 7 can be selected to provide a desired compression.
In the case of some toroidal configurations of plasma (e.g., compact toroids), the compression
of the plasma in some implementations of the system 1000 can be measured in terms of a
radial compression of the toroid (e.g., a ratio of the radius of the toroid when in a first
position in the system to the radius of the torotd when in a second position in the system).
For example, in some embodiments, the radial compression of the plasma as the plasma
moves from the first end 112a to the second end 112b of the accelerator 110 1s about 30:1.
The radial compression of the plasma in the accelerator 110 can be different in other
embodiments such as, for example, about 2:1, about 5:1, about 10:1, about 15:1, about 20:1,
about 30:1, about 50:1, about 100:1, etc. In various embodiments, the compression of the
plasma in the accelerator 110 can be in a range from about 10:1 to about 50:1, in a range
from about 20:1 to about 40:1, or in some other appropriate range. In some embodiments,
tapering of the electrodes 6, 7 1s not used in the accelerator 110, and there is substantially no
compression of the plasma in the accelerator 110.

{0034] In other embodiments, the plasma accelerator 110 may be configured so
that the outer electrode 7 acts as the acceleration electrode. In other embodiments, both
electrodes 6 and 7 can be used to electromagnetically accelerate the plasma from the first end
to the second end. In other embodiments. additional electrodes can be used (e.g., to assist
stabilizing the plasma and/or to inhibit tilting of the toroid in the channel 114).

[0035] The electrodes 6, 7, and/or 14 can be formed from electrically conductive
metal. The electrodes 6, 7, and/or 14 can be formed in one or more sections. For example, in
some embodiments, the electrodes 6, 7, and/or 14 comprise one or more stainless steel 304
plates or sheets having a thickness of about 5 mm. The sections of the electrodes can be
joined together by welding, fasteners (e.g., bolts), etc. In other embodiments, the electrodes

can be formed from additional and/or different matenals and/or thicknesses of material. In

-10-
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some implementations, the plasma can become sufficiently hot to at least partially vaporize
some of the electrodes. Vaporization of the electrode may in some cases contaminate the
plasma with metallic impurities that can cool down the plasma. Therefore, in certamn
implementations that utilize electrodes that can (at least partially) vaporize, one or more of
the electrodes 6, 7, and 14 can be coated with a high melting point material such as, e.g.,
tungsten. The coating material can be selected so that the melting point of the coating
material (e.g., tungsten) is greater than the melting point of the electrode material (e.g.,
stainless steel). For example, in some implementations, tungsten is plasma sprayed on the
electrode material (e.g., stainless steel 304). For example, Flamespray Northwest in Seattle,
Washington, provides plasma spraying services. In other embodiments, the high melting
point material can be layered or deposited on the electrode. In other embodiments, the
electrodes are formed from the high meiting point material.

[0036] During the current rise time, the plasma will accelerate as it moves in the
plasma propagation channel 114 (e.g., the space between the acceleration electrode 6 and the
outer electrode 7) toward the liquid metal funnel system 120. In some implementations, the
plasma accelerates for a distance of about 20 m and then for another distance of about 20 m
or so to finish discharging the capacitor bank 11. In such embodiments, the total length of
the plasma accelerator 110 1s about 40 m. Dafferent lengths of the plasma accelerator are
possible. For example, the voltage on the capacitors 1n the bank 11 can be increased while
the capacitance of the bank 11 is reduced, thereby maintaining the energy stored in the
capacitor bank 11. This can reduce the current nse time and length of the accelerator 110.
Use of higher voltage in some implementations may have possible disadvantages such as
being technologically challenging and expensive.

[0037] In some embodiments, the plasma accelerator 110 comprises a plasma
restrictor 23. The length of an embodiment of the accelerator 110 comprising a plasma
restrictor can be less than the length of an accelerator embodiment that does not comprise a
plasma restrictor. In the embodiment shown in FIG. 1B, the plasma restrictor 23 is disposed
near the first end 112a of the accelerator 110, for example, below the first end 112a. As the
current to the electrodes 6 and/or 7 increases, the magnetic field of the plasma accelerator 110

1s miially insufficient to force the plasma past the restrictor 23. Movement of the plasma
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along the propagation channel 114 1s inhibited. The system can be configured such that as
the magnetic field of the accelerator 110 increases (e.g., as the current and/or voltage
supplied to the electrodes 6 and/or 7 increases), the magnetic field increases and reaches a
threshold value at which the magnetic force is sufficient to force the plasma past the restrictor
23. The plasma then accelerates along the propagation channel 114. For example, the system
may be configured such that at (or near) peak current the magnetic force is sufficient to push
the plasma through the restrictor 23 and to start the plasma accelerating down the plasma
accelerator 110.

[0038] In some embodiments, the plasma restrictor 23 comprises a constriction in
the plasma propagation channel 114. For example, the constriction may comprise a
narrowing of the space between the acceleration electrode 6 and the outer electrode 7. In
some embodiments, the constriction is provided by disposing one or more structures 23a in
the plasma acceleration channel 114 (sece, e.g., FIG. IB). In other embodiments, the
constriction in the plasma channel 114 is provided by shaping the outer electrode 7 and/or the
acceleration electrode 6 so that the channel 114 narrows at the location of the constriction.
The location, shape, size, spacing, and/or number of constrictions (e.g., structures disposed in
or along the channel 114 or narrowings of the channel 114) disposed along the propagation
channel 114 can be selected to provide a desired amount of restriction against movement of
the plasma along the channel 114. In some such implementations, an accelerator length of
about 10 m can be used to transfer the energy from the capacitor bank 11 to the plasma using
an 88 kV capacitor voltage.

[0039] In other embodiments, the plasma restrictor 23 can be configured
differently than the constriction schematically illustrated in FIG. 1B. For example, FIG. 1C
schematically illustrates an embodiment in which the plasma restrictor 23 comprises one or
more magnetic coils 23b disposed near the first end 112a of the accelerator 110. When a
current is supplied to the one or more magnetic coils 23b, the coils 23b provide a restricting
magnetic force than inhibits movement of the plasma toroid past the position of the coils until
the magnetic force produced by the accelerator 110 is above a threshold. In some
embodiments, the current to the coils 23b can be reduced (or switched off) to reduce (or

substantially eliminate} the restricting magnetic field in order to permit the plasma toroid to
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accelerate toward the second end 112b of the accelerator 110. In some embodiments, a
combination of the increase in the magnetic force provided by the accelerator 110 and the
reduction of the restrictive magnetic force provided by the coils 23b permits the plasma to
accelerate along the channel 114 at an appropriate time. In some embodiments, the magnetic
field produced by the coils 23b is sufficient to inhibit acceleration of the toroidal plasma
along the channel 114, even at maximum current in the accelerator 110. In such
embodiments, the current to the coils 23b 1s reduced (or switched off) to release the toroidal
plasma at a desired time. In some embodiments, the plasma restrictor 23 can comprise one or
more constrictions 23a and one or more coils 23b

[0040] After the plasma is formed, the plasma electrically contacts the outer
electrode 7 and the acceleration electrode 6. This contact can short circuit the acceleration
capacitor bank 11 and start current flowing through the plasma. As discussed above, it may
be desirable in some implementations to delay the acceleration (e.g., for about 30 us, in some
cases) to allow the closed magnetic surfaces to form and/or for turbulence, if present, to
settle. In some such implementations, a saturable inductor 17 (see, e.g., FIG. 1B) is used to
delay the voltages provided to the electrodes. The saturable inductor 17 can be disposed in
transmission line 15. The saturable inductor 17 may comprise a saturable magnetic material.
For example, an amorphous metal such as, e.g., METGLAS 2605Co (available from Metglas
Inc., Conway, South Carolina) can be used. To provide a delay of about 30 ps at a voltage of
about 88 kV the inductor 17 can store about 88 kV multiplied by 30 ps = 2.6 V-s. In some
embodiments, the inductor 17 is substantially toroidal with a cross-section of about 0.6 m’
and a major radius of about 1 m. In some embodiments, the inductor 17 comprises Metglas
wound tape with a saturation field of about 1.8 Tesla to provide an appropnate delay.

[0041] In the embodiments schematically illustrated in FIGS. 1A-1D, the system
is configured so that at or before the point where the pressure of the plasma builds so that it
could exceed the break point or strength of the material or the assembly comprising the
electrodes 6 and/or 7 (or other components of the accelerator near the second end 112b), the
plasma exits the accelerator 110 and enters the liquid metal funnel system 120. An advantage

of some of these embodiments is that the pressure of the plasma in the accelerator is
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increased to a relatively large value without damaging the accelerator (e.g., due to yield
failure and/or deformation of second end 112b of the accelerator 110).

0042} In the illustrated embodiments, the liquid metal funnel system 120
comprises a tank 10 and one or more pumps 9 configured to circulate the liquid metal to form
a liquid metal funnel 8. The liquid metal flows from a top end of the funnel system 120 to a
bottom end of the funnel system 120 under the influence of gravity. In some embodiments,
the top end of the funnel system 120 is substantially above the bottom end of the funnel
system 120. In some embodiments, the pumps 9 may provide a pressure to the liquid metal,
which may also influence the flow of the liquid metal in the tank 10. In some
implementations, the funnel 8 has a substantially cylindrical shape having a passage 125 that
1s substantially aligned with a longitudinal axis of the plasma accelerator 110. The cross-
section of the passage 125 (perpendicular to a longitudinal axis of the passage 125) may be
substantially circular, substantially oval, substantially polygonal, or any other shape. The
cross-sectional shape (and/or size) of the passage can change from the top end to the bottom
end. For example, the cross-sectional area at the bottom end may be less than the cross-
sectional area at the top end. The passage 125 may have an inner surface having an inner
diameter. The cross-section of the inner surface can be substantially circular, substantially
oval, substantially polygonal (e.g., rectangular), or any suitable shape. The inner diameter at
the bottom end can be less than the inner diameter at the top end. The cross-sectional shape,
size, and/or the inner diameter of the passage can be configured to provide a desired amount
of compression for the plasma as it moves below the top end. For example, m some
embodiments, the inner diameter of the passage 125 at the bottom end is about a factor of 3
smaller than the inner diameter of the passage 125 at the top end. The ratio of the inner
diameter of the passage at the top end to the inner diameter of the passage at the bottom end
can be about 1.5, about 2, about 4, about 5, about 10, about 15, or greater. This ratio can be
in a range from about 1.5to about 5, from about 2 fo about 4, or some other range.

[0043] In some embodiments, th(_e plasma may move from the top end to the
bottom end of the passage. In other embodiments, the plasma pressure may become
sufficiently large during movement of the plasma along the channel that the plasma may

disrupt the funnel 8 before the plasma reaches the bottom end of the passage.
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[0044] In certain embodiments, the liquid matertal comprising the liquid furmel 8
does not substantially rotate around an axis of the passage. In other embodiments, the liquid
material can be introduced into the tank 10 so that the liquid material rotates around the axis
of the passage as the liquid material moves from the top end to the bottom end. Funnels in
which the liquid material possesses some amount of rotation (or swirling) may provide
advantages in some implementations such as, e.g., mcreasing stability of the mner surface of
the passage.

[0045] Because the plasma can move at a speed (e.g., about several tens of km/s,
or higher, in some cases) that is higher than the speed of sound in the liquid metal (e.g., about
3 km/s, in some cases), the liquid metal does not have time to move out of the way as the
plasma moves through the liquid funnel system 120 (e.g., the inertia of the liquid metal
funnel at least partially confines the plasma). The liquid metal therefore tends to act as if it
were a solid to the plasma and can act to confine the plasma in the passage 125 of the funnel
8. The plasma can experience compression (and heating) in the funnel 8 as the plasma moves
from the top end of the funnel 8 to the bottom end of the funnel 8. For example, a pressure of
the plasma when the plasma is below the top end of the funnel 8 can be greater than a
pressure of the plasma when the plasma is above the top end of the funnel 8. FIGS. 1A-1C
schematically illustrate the compressed plasma toroid 13 in the funnel 8.

{0046} The radial compression of the plasma in the passage 125 of the funnel 8
can be about 3:1 {or greater) in some implementations. In other implementations, the radial
compression of the plasma can be about 1.5:1, about 2:1, about 4:1, about 5:1, about 7:1,
about 10:1, about 15:1, or greater. The radial compression of the plasma in the passage 125
of the funnel 8 may be in a range from about 1.5:1 to about 5:1, from about 2:1 to about 4:1,
or some other range. In certain implementations, a desired total radial compression of the
plasma measured between the first end of the accelerator 110 and the final position of the
plasma in the funnel 8 (e.g., when the plasma pressure becomes sufficiently large to disrupt
the funnel} can be about 200:1, about 150;1, about 100:1, about 90:1, about 75:1, about 50:1,
about 30:1, about 20:1, about 10:1, or some other value. The total radial compression can be
in a range from about 50:1 to about 150:1, from about 75:]1 to about 125:1, about 80:1 to

about 100:1, or some other range.
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10047} In some implementations, the desired total radial compression of the
plasma toroid (e.g., from the first end 112a of the accelerator 110 to the final position of the
plasma in the funnel &) can be achieved by configuring the system 1000 to have a first
compression ratio in the accelerator 110 and to have a second compression ratio in the funnel
8 such that the first compression ratio multiplied by the second compression ratio equals the
desired total compression ratio. For example, to achieve a total compression of about 90:1,
the acceleratbr 110 can be configured to provide a first compression ratio of about 30:1 and
the funnel 8 can be configured to provide a second compression ratio of about 3:1. These
ratios are not limitations on the disclosed systems and methods, and continuing with this
example, a total compression ratio of 90:1 can be achieved differently in different
implementations of the system 1000, e.g., about 45:1 in the accelerator and about 2:1 in the
funnel, about 18:1 in the accelerator and about 5:1 in the funnel, and so forth. In some
embodiments, the first compression ratio in the accelerator 110 is selected so that a pressure
of the plasma at the second end 112b of the accelerator 1s at or below the material strength or
breakpomnt of the materials or assemblies of materials at the second end 112b of the
accelerator 110. In some implementations, the accelerator 110 can be configured to provide a
desired first compression ratio more readily than the liquid funnel can be configured to
provide a desired second compression ratio. In some such implementations, it may be
advantageous for the accelerator 110 to provide more compression than the funnel 8 (e.g., the
first compression ratio is larger than the second compression ratio).

[0048] The liqud funnel 8 can comprise a suitable liquid metal such as, for
example, molten lead-lithium (PbLi) with about 17% lithium (Li). Other lithium percentages
can be used in other embodiments (e.g., 0%, 5%, 10%, 15%, 20%, 25%, etc.). Also, other
liquid materials (e.g., other liquid metals, liquid metal alloys, etc.) can be used in other
embodiments. For example, in other embodiments, substantially pure liquid lithium and/or
enriched liquid lithium can be used. In some embodiments, the liquid metal comprises one or
more lithium isotopes, which can absorb neutrons and produce tritium.

[0049] In some implementations of a system in which the plasma comprises a
fusionable maternal, the plasma can be compressed to a density and/or temperature sufficient

to imtiate at least some thermonuclear reactions in the fusionable material. The
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thermonuclear reactions may produce neutrons. Some of the neutrons may be used for
neutron analysis if the system is configured, e.g., as a neutron source. Some of the neutrons
may be absorbed by, e.g., the liquid metal funnel 8 and their energy converted to heat in the
molten funnel. Some of this heat may be extracted to produce electrical power (e.g., via
steam turbines) if the system 1s configured, e.g., as an energy source. During or after passage
of the plasma through the funnel 8, the liquid metal funnel 8 generally is at least partially
disturbed and/or destroyed (e.g., the liquid metal splashes outwards but is contained by a tank
10). The pumps 9 circulate liquid metal into the tank 10 to re-form the hquid metal funnel 8
for subsequent injections (or shots) of the plasma. Accordingly, embodiments of the system
schematically illustrated in FIGS. 1A-1D may be configured to act as a pulsed source of
neutrons and/or energy as plasma toroids are repeatedly introduced into the liquid metal
funnel 8.

|0050] In some embodiments (see, e.g., FIGS. 1B-1D), in addition to the liguid
metal funnel 8, the liquid funnel system 120 comprises a substantially central or axial liquid
guide 22. For example, the liqud guide 22 can be substantially aligned with the longitudinal
axis 115 of the accelerator 110 and/or the axis of the passage 125. The liquid guide 22 can be
configured to stabilize and/or reduce a tendency for tilting of the plasma torus in the funnel
system 120. In some embodiments, the liquid guide 22 is supplied by liquid metal from a
Hquid metal storage tank or reservoir 18. The storage tank 18 is disposed between the
acceleration electrodes 6 in some embodiments. In the embodiment shown in FIG. 1B, the
liquid guide 22 flows at least partially under gravity toward the bottom of the tank 10, and a
pump 21 can be used to recirculate the liquid metal back into the storage tank 18 for reuse.
In some such embodiments, it is advantageous if the liquid metal used for the funnel § and
the liquid metal used for the liquid guide 22 comprise the same material, because of the likely
mixing of the liquid metal of the guide 22 and the liquid metal of the funnel 8 in the tank 10.
For example, the liquid metal for the liquid guide 22 can comprise molten PbLi.

{0051] In some such embodiments, the plasma is compressed between the inner
surface of the funnel 8 and the outer surface of the liquid guide 22, which advantageously
may provide a larger amount of compression than embodiments not using a liquid guide 22.

The size and/or shape of the funnel 8 and/or the liquid guide 22 can be configured to provide
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a desired amount of compression and/or heating for the plasma as the plasma moves below
the top of the liquid metal funnel system 120. The liquid guide 22 may be physically and/or
electrically isolated from the liquid funnel 8 (and/or the tank 10) i various embodiments.

10052} An advantage of some embodiments of the system that use a liquid guide
22 is that the liquid metal is electrically conductive and acts like a substantially central or
axial electrode. In some such embodiments, the electrical current from the plasma
accelerator 110 can continue to provide a magnetic (and/or electromagnetic) force that pushes
on the plasma to provide further compression. Accordingly, some such embodiments can
provide additional compression compared to certain embodiments not comprising the liquid
guide, in which compression in the funnel 8 is provided primarily by the momentum of the
plasma.

[0053] In certain embodiments, the liquid guide 22 is electrically isolated from
the outer electrode 7, to reduce the likelihood of or aveid shorting the electrical circuit. In
certain such embodiments, the liquid guide 22 is not provided continuously into the tank 10.
For example, the liquid funnel system 120 may comprise a liquid guide injection system that
injects the liquid guide 22 into the passage of the funnel 8 at desired times. For example, the
liquid guide injection system can comprise a pulse valve 20 that can be opened shortly before
a plasma shot. The plasma shot can be fired before the lower end of the liquid metal in the
liquid guide 22 contacts the bottom of the tank 10 (or contacts liquid metal at the bottom of
the tank 10), because such contact 1s likely to complete the electrical circuit. After each shot,
the pump 21 {e.g., an intermittent pump) recirculates some of the liquid metal in the tank 10
1o the storage tank 18. In some embodiments, the pump 21 operates to refill the storage tank
18 when the acceleration electrode 6 1s not at a high voltage {e.g., between shots of plasma).
In some embodiments, a portion of the recirculation plumbing (e.g., a return pipe 31) used for
recirculating the liquid metal into the tank 18 comprises an electrically insulated section 19
(see, e.g., FIGS. 1B and 1C). The insulator section 19 can be oriented substantially vertically
~ to permit drainage of residual liquid metal after refilling of the storage tank 18 to reduce the
likelihood of short circuiting the acceleration electrode 6. In some embodiments, the space
above the fluid in the storage tank 18 is pressurized {e.g., at a pressure of about 30 psi, in

some cases) (e.g., about 2.07 x 10° Pa) with an inert gas such as, ¢.g., argon. The pressurized
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inert gas provides a downward force on the liquid in the storage tank 18 that (in combination
with gravity) allows the hiquid metal to be ejected at a desired speed.

Example Magnetized Target Fusion Applications

[0054] The following discussion is intended to give illustrative, non-limiting
examples of certain parameters of an embodiment of a system that could be used to achieve
certain plasma compression values. Various assumptions are discussed in the context of these
examples, and various equations and example calculations are provided herein to highlight
some of the factors and considerations involved in an example embodiment of a system for
compressing a plasma. The following discussion is not intended to limit the scope of the
systems and methods described herein, nor end-uses or applications of the disclosed systems.
In other implementations of the systems and methods described herein, other equations,
parameters, factors, and considerations may be applicable.

[0055] Magnetized Target Fusion (MTF) systems typically use significant energy
(e.g., about 100 MJ in some cases) to compress the plasma. For generating fusion ¢nergy in
many systems, the well-known Lawson criteria indicates that a plasma of density n,
maintained at a temperature of 10 keV, for a time 1, should be selected so that n1 >10*" m> s
for fusion heating to exceed plasma heat losses. However, the plasma cools down with a time
1=r*/y where r is the smallest distance between the hot plasma core and the cold edge of the
reactor, and y is the diffusivity. Therefore, a larger plasma (e.g., larger r) may be beneficial
but uses more energy for its formation, and generally therefore a larger and more expensive
apparatus.

[0056] The energy in the plasma is 3/2 NkT; for the ions and 3/2N kT, for the
¢lectrons, where T; is ion temperature, T, is ¢lectron temperature and N is the number of ions
or electrons. The number of ions and electrons is equal in the case of overall charge
neutrality. Assuming T; and T. are the same temperature, then the thermal energy (Ey,) 1n the
plasma is 3NkT.

[0057] Thus, the following equations are applicable for providing estimates for
example parameters in certain embodiments of the system:

nt>10%m” s

T= r2/x
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Emn=3VnkT
with N = nV, where V is plasma volume, and E,e = Ey, /B where B is the ratio of plasma
pressure/magnetic pressure. The total energy is the thermal energy E,, plus the magnetic energy
Enae For a torus, the volume is 27°r'R where R is the major radius (around the torus) and 1 is the
minoer radius. For a compact torus R 1s approximately equal to r so the volume can be approximated
as 21T

10058] Combining these equations 1t 1s found that the minimal energy to reach the
[awson criterion at 10 keV temperature m some system embodiments 18 about:

E=7x10" (1+1/8) % *? n'? Joules withninm™ and y in m%/s.

[0059] The energy E decreases with increasing density and decreases with
decreasing y. Diffusion and the value of y in these systems 1s a subject of much research. The
value of diffusion in some systems i1s much larger than a so-called classical calculation
because of complex turbulence. Classical estimates for the value of diffusion generally
provide the best possible diffusion. Many experiments observe a diffusion much larger than
classical, but less than the so-called Bohm diffusion where:

ABohm = PiVi/ 16
where p; is the ion gyroradius and v; 1s the ton thermal velocity.

[0060] Assuming Bohm diffusion (as a worst case example scenario), the minimal
plasma energy to achieve the Lawson criterion for various plasma densities (e.g., at 10 keV
and P=0.1 typical of certain spheromaks}) can be predicted from the above equations for the
above example system and is shown in the graph illustrated in FIG. 2 (solid line with
diamonds). The magnetic pressure of a plasma at a temperature of 10 keV, p =0.1 at various
densities is also plotted on the graph shown in FIG. 2 (solid line with squares). The
maximum pressure that solid material can take before breaking is typically about 1x10* atm
{e.g., about 1000 MPa). At that pressure, the example calculations shown in FIG. 2 indicate
the example system should provide about 100 MJ in the plasma to achieve break-even, and
possibly a few times more than that energy for a practical gain. Assuming a transfer
efficiency from the power source to the plasma of about 50%, the system should provide at

least about 200 MJ of energy to heat the plasma to a fusion temperature.
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[0061] Embodiments of the disclosed system configured as an energy source may
provide advantages. For example, using a hquid metal funnel can allow pressures in the
plasma to be achieved that are above the breaking pomnt of solid materials. Therefore,
embodiments of the disclosed systems may provide increased plasma density, which
advantageously reduces the energy used by the system. This may also reduce the cost and/or
size of the system.

[0062] In some embodiments of the present systems and methods, the plasma
pressure increases as the plasma is accelerated and then compressed as the plasma moves
down the accelerator 110 (e.g., along the propagation channel 114 between the coaxial
tapered electrodes 6, 7). At or before the point along the plasma path where the plasma
pressure meets and/or exceeds the strength of the confining electrode material, the plasma is
directed into the liquid metal funnel system 120 in which further compression occurs. For
example, the plasma compression can be about a factor of 30 in the accelerator and about a
factor of 3 in the funnel system. In some embodiments, the plasma can be accelerated to a
speed greater than about 100 kmy/s down the accelerator 110. The speed of sound in the liquid
metal is generally of the order 3 km/s, so the liquid metal does not have time to move out of
the way, and a high plasma pressure 1s maintained in the funnel 8. In some implementations,
a shock wave wake may be generated in the liquid metal. The energy in the shock wave wake
is drawn from the plasma kinetic energy; which can be a new energy loss mechanism in some
such embodiments.

[0063] FIG. 3 is a schematic cross-sectional diagram showing an example of a
toroidal plasma 30 moving within a portion of a tapered liquid metal funnel 25. Assuming a
plasma speed v, and plasma length L, and a liquid metal with a sound speed of ¢, the
schematic diagram in FIG. 3 shows a shock wave trailing behind the plasma. The thickness
of the shock wave 1s about ¢;L/v,. In a time of about L/v, (e.g., the time for the plasma to
travel its own length), the volume of the compressed liquid in the funnel 1s about
2nRLcgL/vy. Dividing the compressed volume by the time gives an estimate for the rate at
which liquid metal 1s compressed:

aV/dt = 2nRlc, m’/s

where R is the radius of the liquid metal funnel 25.
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[0064) As an example, a simple approximate formula for the equation of state for

the hiquid metal can be used:
P=K(V¢/V-1)

where K is the volume compression modulus and Vg 1s the initial volume at zero
compression.

[0065] Accordingly, the compression work, PdV, can be integrated to calculate
the energy stored m the compressed liquid metal in this example:

E/V =K [In(P/K+1)-1/(1+K/P)] J/m®

[0066] The power dissipated in the wake 1s given by the following formula in this

example:
Power = 2nRLe¢s K [In(P/K+1)-1/(1+K/P)] Watts

[0067] In some implementation, electrical currents may be induced in the liquid
metal by the magnetic field of the spheromak. Resistive losses in the liquid metal may reduce
the energy in the magnetic field that contains the plasma, representing another possible
energy loss mechanism in some cases. The following llustrative example is used to provide
an estimate for this energy loss mechanism.

[0068] The current I flowing in the liquid metal to support the magnetic field is:

I=1LB/ue

where L is the length of the plasma, B is the magnetic field in the spheromak (or other
suitable compact torus) and pg 1s the vacuum permeability.

[0069] The thickness t of the sheet of electric current flowing in the metal is given

by:
t="(nt/po)"”
where 1 is the electrical resistivity of the metal and 1 is the time during which the magnetic
field is applied to the metal and where T = L/v,
[0070] The resistance 1s as follows:
Resistance = n2nR/Lt
[0071] Thus, the power dissipated Ohmically in the liquid metal is:

Power = Resistance I = 2nRB2(7] Lv][,)]"2 “073/2 Watts
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[0072] In some implementations, there also may be power losses due to turbulent

transport. An estimate for such power losses, using the Bohm diffusion formula, is:
Powerponn = En/Tsohm

[0073] Bremsstralung radiation losses may occur in some cases and an estimate

for such losses is given by:

POWErgremsstatung = 1.67 X 107 0* T Zoy  W/m’®
where TisineV andnisinm” and Zey = bX Z*n,/n where Z is the atomic number of the
impurity and n, is its density. The Bremsstralung radiation power losses are a function of the
square of the impurity atomic number Z, so having a low impunty content can be
advantageous in some cases, especially for impurities with high atomic numbers.

[0074] Continuing with this illustrative, non-limiting example calculation,
dividing the energy in the plasma configuration by these various power losses gives a total
plasma confinement time t. Using that confinement time it is possible to calculate the
minimum plasma energy to achieve a Lawson break-even condition at various densities for
this example embodiment of the system. The energy for this embodiment is shown in the
graph of FIG. 4.

[0075] Note that the energy used may be more than indicated by the example
graph in FIG. 2 in some implementations, because energy loss mechanisms particular to the
above example embodiment have been taken into account. The graph in FIG. 4 shows that an
example estimate for the minimum plasma energy used is about 3 MJ at an example density
of 10" em™. Compare this to the example results shown in FIG. 2 that indicate less than
about 1 MJ at this example density. The plasma outer radius R 1s 2.4 c¢m in this example
calculation. The confinement time is 10 ps in this example calculation. The magnetic field is
200 Tesla, and the pressure is 0.16 Mbar, in this example calculation. A possible value for
the speed of the plasma duning maximum compression 1s just above the speed of sound, for
example, about 5 km/s. Based on these example values, the plasma moves only about 50 mm
during the time where the plasma temperature and pressure conditions could allow fusion to
OCCUT.

[0076] As discussed above, during and/or after the passage of the plasma, the

hiquid metal funnel may tend to be outwardly disrupted in some implementations of the
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system. In some such implementations, the system can be configured so that the liquid metal
funnel will reform after a time Li/vy where Ly, is the length of the funnel and vy is the speed
at which the liquid is expelled from the nozzles (that input liquid metal into the tank 10 of the
funnel system 120). These parameters can be used to determine an example estimate for the
maximum pulse repetition rate in such an embodiment. In this illustrative, non-limiting
example, about 1 m of the liquid metal is used to absorb most of the neutrons so, for
example, a 2 m long liquid metal funnel, where the plasma temperature and pressure
conditions are suitable for fusion to occur in the center, would be appropriate for some
embodiments. Assuming vy is approximately 10 m/s, the repetition rate could be about 5 Hz
in this example. Finally if the net energy out is of the order of the energy in, the plasma will
produce approximately 3 MJ at 5 Hz yielding a power output of approximately 15 MW,
which is suitable for a small power plant. Note that these estimates provide one possible
estimate for the size of a power plant producing break-even in this example, and a larger
plant may provide more power but may cost more to develop and build.

[0077] Continuing with this illustrative, non-limiting example, working from the
conditions at maximum compression and assuming that some plasma guns 100 typically
produce plasma densities not much in excess of about 10" ¢m™, the initial plasma formation
at the first end 112a of the plasma accelerator 110 would be about 2.2 m in diameter in order
to provide the final 2.4 cm radius compressed plasma with a density of about 10" cm™. The
length of the plasma formation initially will be about 1 m, so this is about the length
estimated for the formation region in this example implementation. Therefore, the ratio of
the radial size of the compact toroid at the first end 112a of the accelerator 110 to the radial
size of the compact toroid when the toroid is in the liquid metal funnel 8 is about 100 to 1 in
this example. In other embodiments, this ratio can be different such as, for example, about
5:1, about 10:1, about 25:1, about 50:1, about 90:1, about 125:1, about 150:1, about 200:1, or
some other value.

[0078] Assuming, for example, about 33% efficiency of energy transfer between
the capacitors and the plasma, about 10 MJ will be used in this example. Typical fast
discharge foil capacitors have an energy density of about 1 J/cm®, so about 10 m’ of capacitor

volume is used in this example. Assuming the capacitors are 1 m high and are packed on both
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sides of a disk-shaped transmission line 15 associated with the plasma accelerator, a disk of
about 2.2 m inside diameter and 2.6 m outside diameter is used in this example. In some
embodiments, this disk transmission line plus internal inductance of the capacitors have an
inductance of about 20 nH. The inductance of the plasma accelerator is about 130 nH in some
implementations. Generally, the higher the voltage in the capacitor, the faster the discharge.
Assuming a voltage of about 88 kV, the capacitor bank can have a capacitance of about 2.6
mF. In such an example implementation, the system will have an LC nnging time of about
100 ps. In one example implementation, for reasonable energy transfer to occur, half the
ringing time (e.g., about 50ps) should be approximately equal to the time for the plasma to
accelerate down the accelerator. The final velocity advantageously can be high enough so the
kinetic energy of the plasma is high enough to compress itself in the liquid metal funnel to
maximum compression. Equating the example energy found above to the kinetic energy:
3 MI=mv?/2
0079} The mass of the plasma is its volume times the density and 1s about:
m = 2 milligrams

{0080} Accordingly, in this example, a final speed of the plasma is about 1700
km/s. In order for the transit time of the plasma to equal half the ringing time, an accelerator
length of about 40 m can be used in some cases. The length of the accelerator can be
advantageously reduced by using a plasma restrictor at or near the first end 112a of the
accelerator 110 (see, e.g., the constriction shown in FI1G. 1B or the magnetic coils 23b shown
in FIG. 1C). As the current increases, limited by the inductance, the plasma is unable to pass
trough the constriction. In some embodiments, the system is configured such that only at or
near peak current is the magnetic force strong enough to force the plasma through the
constriction and rapidly accelerate the plasma. In some such embodiments, because the
plasma starts accelerating only at (or near) peak current, an accelerator that is only about 1/4
the length (e.g., about 10 m, in some cases) can be used. This would provide a reasonable,
practical, realistic implementation of a system for compressing plasma and, in some cases,

initiating fusion reactions. Implementations of such a system may have other uses as well.
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Other Example Embodiments and Useful Applications

[0081] As discussed above, certain embodiments of the above-described systems
and methods can be used to compress a plasma that comprises a fusionable material
sufficiently that fusion reactions and useful neutron production can occur. For example, the
fusionable material may comprise one or more isotopes of light elements such as, e.g.,
deuterium, tritium, helium-3, lithium-6, lithium-7, etc. Accordingly, certain embodiments of
the system may be configured and operated to act as neutron generators or neutron sources.
Neutrons so produced have a wide range of practical uses in research and industrial fields.
For example, a neutron source can be used for neutron activation analysis (NAA) which can
provide multi-element analysis of major, minor, trace, and rare clements in a variety of
substances (e.g., explosives, drugs, fissile materials, poisons, etc.) and can be used in a
variety of applications (e.g., explosive detection and identification, ecological monitoring of
the environment and nuclear waste, etc.). Embodiments of the system configured as a
nentron source can also be used for materials research {e.g., analyzing the structure,
dynamics, composition, and chemical uniformity of materials), for non-destructive testing of
industrial objects (e.g., via neutron radiography and/or neutron tomography), and for many
other industrial and technological applications. For example, embodiments of the system
may be used for nuclear waste remediation and generation of medical nucleotides.

[0082] Embodiments of the above-described systems and methods for plasma
heating and compression are also suited for applications in the study of high energy density
plasma including, for example, applications in astrophysics and nuclear physics.

[0083] Recent advances in energy storage (for example, supercapacitors) and
high-power semiconductor switching have driven down the cost of high-power electrical
components. Further developments in electrical pulse power systems and increasing demand
for such components for a variety of applications 1s expected to make an electrically-driven
MTF system (and/or neutron source) cost competitive with other approaches. In applications
where cost 1s less of a factor (e.g., fusion space propulsion where a lower mass payload may
be at a premium), embodiments of such an electrically-driven system may be already

appealing compared to other possible technologies.
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[0084] In certain implementations of the systems and methods disclosed herein,
achieving plasma compression based on an electrical rather than a mechanical approach (e.g.,
certain piston-based systems) can, in some cases, be expected to reduce system maintenance
and offer other advantages. For example, in some such implementations, the acceleration
system can be configured with fewer or no moving parts and can be of lower weight. In some
embodiments, synchronization issues are simplified relative to certain embodiments of a
piston-based system.

{0085] While particular elements, embodiments, examples, and applications of
the present disclosure have been shown and described, it will be understood, that the scope of
the disclosure is not limited thereto, since modifications can be made by those skilled in the
art without departing from the scope of the present disclosure, particularly in light of the
foregoing teachings. Thus, for example, in any method or process disclosed herein, the acts
or operations making up the method/process may be performed in any suitable sequence and
are not necessarily limited to any particular disclosed sequence. Elements and components
can be configured or arranged differently, combined, and/or eliminated in various
embodiments.  Reference throughout this disclosure to “some embodiments,” “an
embodiment,” or the like, means that a particular feature, structure, step, process, or
characteristic described in connection with the embodiment is included in at least one
embodiment.  Thus, appearances of the phrases “in some embodiments,” “in an
embodiment,” or the like, throughout this disclosure are not necessarily all referring to the
same embodiment and may refer to one or more of the same or different embodiments.
Indeed, the novel methods and systems described herein may be embodied in a variety of
other forms; furthermore, various omissions, additions, substitutions, equivalents,
rearrangements, and changes in the form of the embodiments described herein may be made
without departing from the spirit of the inventions described herein.

0086} Various aspects and advantages of the embodiments have been described
where appropriate. It is to be understood that not necessarily all such aspects or advantages
may be achieved in accordance with any particular embodiment. Thus, for example, it should

be recognized that the various embodiments may be carried out in a manner that achieves or
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optimizes one advantage or group of advantages as taught herein without necessarily
achieving other aspects or advantages as may be taught or suggested herein.

[0087] Conditional language used herein, such as, among others, "can,” "could,”

n" g LI .4 e

"might,” "may," “e.g.,” and the like, unless specifically stated otherwise, or otherwise
understood within the context as used, is generally intended to convey that certain
embodiments include, while other embodiments do not include, certain features, elements
and/or steps. Thus, such conditional language 15 not generally intended to imply that
features, elements and/or steps are in any way required for one or more embodiments or that
one or more embodiments necessarily include logic for deciding, with or without operator
mput or prompting, whether these features, elements and/or steps are inchuded or are to be
performed in any particular embodiment. No single feature or group of features is required
for or indispensable to any particular embodiment. The terms “comprising,” “including,”
“having,” and the like are synonymous and are used inclusively, in an open-ended fashion,
and do not exclude additional elements, features, acts, operations, and so forth. Also, the
term “or” is used in its inclusive sense (and not i its exclusive sense) so that when used, for
example, to connect a list of elements, the term “or” means one, some, or all of the elements
in the hist.

{0088} The example calculations, results, graphs, values, and parameters of the
embodiments described herein are intended to illustrate and not to limit the disclosed

embodiments. Other embodiments can be configured and/or operated differently than the

illustrative examples described heremn.
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WHAT IS CLAIMED 18:

1. An apparatus for compressing plasma, the apparatus comprising:

a plasma gun configured to generate a compact toroid of plasma;

a plasma accelerator having a first end, a second end, and a longitudinal axis
between the first end and the second end, the plasma accelerator configured to receive
the compact toroid at the first end and to accelerate the compact toroid along the
longitudinal axis toward the second end; and

a liqud funnel system compnsing a hquid funnel having a substantially
cylindrical passage substantially aligned with the longitudinal axis of the plasma
accelerator, the passage having a first inner diameter at a top end of the passage and a
second inner diameter at a bottom end of the passage, the second inner diameter less
than the first inner diameter, the liquid funnel system configured to receive the
compact toroid from the second end of the plasma accelerator and to compress the
compact toroid as the compact toroid moves along the passage from the top end
toward the bottom end,

wherein the system is configured such that a pressure of the compact toroid
when below the top end is greater than a pressure of the compact toroid when above
the top end.

2. The apparatus of Claim 1, wherein the plasma gun has a gun axis that is
substantially aligned with the longitudinal axis of the plasma accelerator.

3. The apparatus of Claim 1, wherein the compact toroid comprises a spheromak.

4. The apparatus of Claim 1, further comprnsing a capacitor bank configured to
provide electrical energy to the plasma gun.

5. The apparatus of Claim 4, further comprising a substantially disk-shaped
transmission line configured to electrically couple the capacitor bank to the plasma gun.

6. The apparatus of Claim 1, wherein the plasma gun comprises at least one
magnetic coil.

7. The apparatus of Claim 6, further comprising a cooling system configured to

cool the at least one magnetic coil.

-20.



WO 2010/089670 PCT/IB2010/000368

8. The apparatus of Claim 1, wherein the plasma accelerator comprises an
electromagnetic rail gun.

9. The apparatus of Claim 1, wherein the plasma accelerator comprises a plasma
restrictor located near the first end of the plasma accelerator, the plasma restrictor configured
to mhibit movement of the compact toroid from above the location of the restrictor to below
the location of the restrictor until a magnetic field strength of the accelerator exceeds a
threshold value.

16.  The apparatus of Claim 9, wherein the plasma accelerator comprises a plasma
propagation channel, and the plasma restrictor comprises a constriction in the plasma
propagation channel.

1. The apparatus of Claim 9, wherein the plasma restrictor comprises at least one
magnetic coil disposed near the first end of the plasma accelerator.

12. The apparatus of Claim 1, wherein the plasma accelerator comprises an inner
electrode and an outer electrode, at least one of the inner electrode and the outer electrode
configured with a taper to provide compression to the compact toroid as the toroid moves
from the first end to the second end.

13. The apparatus of Claim 12, wherein at least one of the inner electrode and the
outer electrode is coated with a material having a melting point greater than a temperature of
the compact toroid when the compact toroid is in the plasma accelerator.

14, The apparatus of Claim 1, further comprising a capacitor bank configured to
provide electrical energy to the plasma accelerator.

15.  The apparatus of Claim 14, further comprising a saturable inductor configured
to delay the provision of the electrical energy from the capacitor bank to the plasma
accelerator.

16.  The apparatus of Claim 15, wherein the saturable inductor is disposed in a
disk-shaped transmission line configured to transmit the electrical energy from the capacitor
bank to the plasma accelerator.

17. The apparatus of Claim 15, wherein the saturable inductor comprises an

amorphous metal.
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18.  The apparatus of Claim 1, wherein the apparatus is configured such that a
pressure of the compact toroid at the second end of the plasma accelerator is less than a
material strength of the plasma accelerator at the second end of the plasma accelerator.

19.  The apparatus of Claim 18, wherein the apparatus 1s configured such that a
pressure of the compact toroid when in the hiquid funnel is above the material strength.

20.  The apparatus of Claim 1, wherein the liquid funnel comprises a liquid metal.

21.  The apparatus of Claim 20, wherein the liquid metal comprises lead-lithium.

22.  The apparatus of Claim 20, further comprising a pump system configured to
supply the liquid metal to form the liquid funnel of the liquid funnel system.

23. The apparatus of Claim 1, wherein the liquid funnel comprises a liquid
material that flows at least partially under gravity from the top end to the bottom end.

24.  The apparatus of Claim 1, wherein the liquid funnel system further comprises
an electrically conductive liquid guide substantially aligned with the longitudinal axis of the
plasma accelerator and an axis of the passage of the liquid funnel.

25.  The apparatus of Claim 24, wherein the liquid guide is configured to provide a
magnetic force on the compact toroid when the compact toroid is below the top end of the
passage.

26.  The apparatus of Claim 24, further comprising an injection system configured
to mject the liquid gude into the hiquid funnel system before the compact toroid reaches the
top end of the liquid funnel.

27.  The apparatus of Claim 26, wherein the injection system 1s configured to
provide the liquid guide into the liquid funnel system as a liquid material that flows at least
partially under gravity, the liquid guide not in electrical contact with the liquid funnel when
the compact toroid is below the top end of the funnel.

28.  The apparatus of Claim 27, further comprising a recirculation system
configured to recirculate a portion of liquid material from the liquid funnel system to a
reservoir configured to store liquid matenial for the liquid guide.

29.  The apparatus of Claim 28, wherein the recirculation system comprises an
intermittent pump configured to recirculate the portion of the liquid material between

successive ipjections of plasma into the liquid funnel system.
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30.  The apparatus of Claim 29, wherein the recirculation system further comprises
a return pipe 1n fluid communication between the liquid funnel system and the reservoir, the
return pipe comprising an electrically insulated section configured to be electrically isolated
from the plasma accelerator.

31.  The apparatus of Claim 30, wherein the electrically insulated section is
ontented substantially vertically to provide drainage of liquid material into the reservoir.

32 A liqud metal funnel system configured for compressing plasma, the liquid
metal funnel system comprising:

a liquid metal funnel having a substantially cylindrical passage having a first
mner diameter at a first end of the passage and a second inner diameter at a second
end of the passage, the second inner diameter less than the first inner diameter, the
liquid metal funnel oriented such that the first end of the passage is higher than the
second end of the passage,

wherein the hiquid metal funnel 1s configured to receive a plasma from a
plasma injector and to compress the plasma as the plasma moves along the passage
from the first end toward the second end.

33, The liquid metal funnel system of Claim 32, wherein the first end is
substantially above the second end.

34.  The liquid metal funnel system of Claim 32, wherein a pressure of the plasma
received from the plasma injector is less than a pressure of the plasma when the plasma is
below the first end of the passage.

35. The liquid metal funnel system of Claim 32, wherein the plasma comprises a
compact toroid.

36.  The hiqud metal funnel system of Claim 32, wherein the system is configured
such that the liquid metal funnel comprises liquid metal that flows at least partially under
gravity from the first end toward the second end.

37.  The liqud metal funnel system of Claim 36, further comprising a liquid metal
circulation system configured to circulate the liquid metal such that the liquid metal is

capable of flowing from the first end to the second end.
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38.  The liquid metal funnel system of Claim 37, wherein the liquid metal
circulation system comprises a confinement system and a pump system, the liquid metal
funnel disposed in the confinement system, the pump system configured to pump the liquid
metal from a lower end of the confinement system to an upper end of the confinement
system.

39.  The liquid metal funnel system of Claim 32, wherein the passage has an axis
between the first end and the second end, the system further comprising a liquid gude
mjection system configured to inject a liquid metal guide substantially along the axis of the
passage of the liquid metal funnel.

40.  The hiquid metal funnel system of Claim 39, wherein the liquid metal funnel
system is configured to receive the plasma between an inner surface of the hquid metal
funnel and an outer surface of the Liqmd guide.

41.  The liquid metal funnel system of Claim 39, wherein the liquid metal guide is
configured to be electrically 1solated from the liquid metal funnel.

42. A method of compressing a plasma, the method comprising:

generating a toroidal plasma;
accelerating the toroidal plasma along a longitudinal direction;
introducing the accelerated toroidal plasma into a passage in a liquid funnel,

the passage having a first size at a first end of the passage and a second size at a

second end of the passage, the second size smaller than the first size; and

compressing the toroidal plasma as the toroidal plasma moves from the first
end of the passage toward the second end of the passage.

43.  The method of Claim 42, wherein generating the toroidal plasma comprises
generating a spheromak.

44.  The method of Claim 42, wherein accelerating the compact toroid comprises
accelerating the compact toroid with an electromagnetic rail gun.

45.  The method of Claim 44, wherein accelerating the compact toroid with the
electromagnetic rail gun comprises compressing the compact toroid by the rail gun.

46.  The method of Claim 42, further comprising recirculating liquid to form the
liquid funnel.
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47.  The method of Claim 42, wherein the liquid funnel comprises a liquid metal.

48.  The method of Claim 42, further comprising introducing a liquid guide
substantially along an axis of the passage.

49.  The method of Claim 48, wherein compressing the compact toroid comprises
compressing the compact toroid between an inner surface of the passage and an outer surface
of the liquid guide.

50.  The method of Claim 48, further comprising electrically isolating the liquid
guide from the liquid funnel when the compact toroid is between the first end and the second
end of the passage.

51. The method of Claim 42, further comprising discharging a capacitor bank to
provide electrical energy for accelerating the toroidal plasma.

52.  The method of Claim 51, wherein discharging the capacitor bank comprises

using a saturable inductor to delay discharging the capacitor bank.
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