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SYSTEMS AND METHODS FOR PLASMA
COMPRESSION WITH RECYCLING OF
PROJECTILES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a division of U.S. patent application Ser.
No. 12/845,071, filed Jul. 28, 2010, entitled “SYSTEMS
AND METHODS FOR PLASMA COMPRESSION WITH
RECYCLING OF PROJECTILES,” now U.S. Pat. No. 8,891,
719, which claims the benefit under 35 U.S.C. §119(e) of U.S.
Provisional Patent Application No. 61/229,355, filed Jul. 29,
2009, titled “SYSTEMS AND METHODS FOR PLASMA
COMPRESSION AND HEATING WITH RECYCLING OF
PROJECTILES,” each of the foregoing 1s hereby incorpo-
rated by reference herein 1n 1ts entirety.

BACKGROUND

1. Field

The present disclosure relates to embodiments of systems
and methods for plasma compression.

2. Description of Related Art

Some systems for compressing plasma to high tempera-
tures and densities typically are large, expensive, and are
limited 1n repetition rate and operational lifetime. The addi-
tion of a magnetic field within the plasma 1s a promising
method for improving the effectiveness of any given heating
scheme due to decreased particle and energy loss rates from
the plasma volume.

Methods of compressing a plasma include the following
s1X schemes.

(1) Direct compression of a plasma using an external mag-
netic field that increases with time.

(2) Compression by an ablative rocket effect of an outer
surface of an implosion capsule, with the compression driven
by mtense electromagnetic radiation or high energy particle
beams (such as certain Inertial Confinement Fusion (ICF)
devices). See, forexample, R. W. Moiretal., “HYLIFE-II: An
approach to a long-lived, first-wall component for inertial
fusion power plants,” Report Numbers UCRL-JC-117113;
CONF-940933-46, Lawrence Livermore National Lab,
August 1994, which 1s hereby incorporated by reference
herein 1n 1ts entirety.

(3) Compression by electromagnetic implosion of a con-
ductive liner, typically metal, driven by large pulsed electric
currents flowing in the implosion liner.

(4) Compression by spherical or cylindrical focusing of a
large amplitude acoustic pulse 1n a conducting medium. See,
for example, the systems and methods disclosed i U.S.
Patent Application Publication Nos. 2006/0198483 and 2006/
0198486, each of which is hereby incorporated by reference
herein 1n its entirety. In some 1implementations, the compres-
sion of a conductive medium can be performed using an
external pressurized gas. See, for example, the LINUS system
described in R. L. Miller and R. A. Krakowski, “Assessment
of the slowly-imploding liner (LINUS) fusion reactor con-
cept”’, Rept. No. LA-UR-80-3071, Los Alamos Scientific
Laboratory, Los Alamos, N. Mex. 1980, which 1s hereby
incorporated by reference herein 1n 1ts entirety.

(5) Passive compression by injecting a moving plasma into
a static but conically converging void within a conductive
medium, such that the plasma kinetic energy drives compres-
sion determined by wall boundary constraints. See, for
example, C. W. Hartman et al., “A Compact Torus Fusion
Reactor Utilizing a Continuously Generated String of CT’s.

10

15

20

25

30

35

40

45

50

55

60

65

2

The CT String Reactor”, CTSR Journal of Fusion Energy, vol.
2’7, pp. 44-48 (2008); and “Acceleration of Spheromak
Toruses: Experimental results and fusion applications,”
UCRL-102074, in Proceedings of 11th US/Japan workshop
on field-reversed configurations and compact toroids; 7-9
Nov. 1989; Los Alamos, N. Mex., each of which 1s hereby
incorporated by reference herein 1n 1ts entirety.

(6) Compression of a plasma driven by the impact of high
kinetic energy macroscopic projectiles, for example, by a pair
of colliding projectiles, or by a single projectile impacting a
stationary target medium. See, for example, U.S. Pat. No.
4,328,070, which 1s hereby incorporated by reference herein
in its entirety. See, also, the above-incorporated paper by C.
W. Hartmann et al., “Acceleration of Spheromak Toruses:
Experimental results and fusion applications.”

SUMMARY

An embodiment of a system for compressing plasma 1s
disclosed. The system can include a plasma imjector that
comprises a plasma formation system configured to generate
a magnetized plasma and a plasma accelerator having a first
portion, a second portion, and a longitudinal axis between the
first portion and the second portion. The plasma accelerator
can be configured to receive the magnetized plasma at the first
portion and to accelerate the magnetized plasma along the
longitudinal axis toward the second portion. The system for
compressing plasma may also include a liquid metal circula-
tion system configured to provide liquud metal that forms at
least a portion of a chamber configured to recerve the mag-
netized plasma from the second portion of the plasma accel-
erator. The magnetized plasma can have a first pressure when
received 1n the chamber. The system may also include a
projectile accelerator configured to accelerate a projectile
along at least a portion of the longitudinal axis toward the
chamber. The system may be configured such that the projec-
tile compresses the magnetized plasma in the chamber such
that the compressed magnetized plasma can have a second
pressure that 1s greater than the first pressure.

An embodiment of a method of compressing a plasma 1s
disclosed. The method comprises generating a toroidal
plasma, accelerating the toroidal plasma toward a cavity 1n a
liquid metal, accelerating a projectile toward the cavity in the
liquid metal, and compressing the toroidal plasma with the
projectile while the toroidal plasma i1s in the cavity in the
liquid metal. In some embodiments, the method may also
include flowing a liquid metal to form the cavity. In some
embodiments, the method may also include recycling a por-
tion of the liguid metal to form at least one new projectile.

An embodiment of an apparatus for compressing plasma 1s
disclosed. The apparatus can comprise a plasma injector con-
figured to accelerate a compact toroid of plasma toward a
cavity 1n a liquid metal. The cavity can have a concave shape.
The apparatus can also include a projectile accelerator con-
figured to accelerate a projectile toward the cavity, and a
timing system configured to coordinate acceleration of the
compact toroid and acceleration of the projectile such that the
projectile confines the compact toroid in the cavity in the
liquid metal.

BRIEF DESCRIPTION OF THE DRAWINGS

Throughout the drawings, reference numbers may be re-
used to indicate correspondence between referenced ele-
ments. The drawings are provided to illustrate example
embodiments described herein and are not intended to limat
the scope of the disclosure.
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FIG. 1 1s a schematic cross-sectional diagram showing an
example embodiment of a plasma compression system with
liquid metal wall confinement, where the system comprises a
projectile acceleration device, a plasma injector, a liquid
metal recirculating vessel and a projectile formation sub-
system.

FIG. 2 1s a schematic cross-sectional diagram showing a
portion of an example embodiment of a plasma injector
located coaxially around the muzzle of a projectile accelera-
tor. In the 1llustrated embodiment, the plasma injector 1s rota-
tionally symmetric around the projectile acceleration axis
40a.

FIG. 3 includes simplified schematic cross-sectional dia-
grams (A-I) that illustrate an example, 1n a time sequence, of
how a projectile and plasma may behave from impact with a
liquid metal to point of maximum pressure, and then subse-
quent fracture of projectile and intermixing with the liqud
metal used for recycling of projectile material. Values of
density in kg/m" are illustrated as grayscale levels according
to the values 1n the status bar on the right of the figure.

FIGS. 4A-4F are schematic cross-sectional diagrams that
illustrate various example embodiments of projectiles.

FIG. 5 schematically shows an example of timing of gas

vent valves 1n an example embodiment of a projectile accel-
erator.

FIG. 6 1s a flowchart that schematically illustrates an
example embodiment of a method of compressing plasma 1n
a liguid metal chamber using impact of a projectile on the
magnetized plasma.

DETAILED DESCRIPTION

Overview

The plasma compression schemes described above have
various advantages and disadvantages. However, a significant
obstacle 1n the effective implementation of any plasma com-
pression scheme 1s typically the monetary cost of construct-
ing such a device at the necessary physical scale. For some of
the above schemes, construction costs 1impede or even pro-
hibit testing and development of prototypes at tull scale. Thus
it may be beneficial to consider technologies that can be
affordably constructed in prototype and full-scale, using
some conventional methods and materials, and which have
relatively straightforward overall design and relatively small
physical scale.

Embodiments of the above-described compression
schemes are generally pulsed 1n nature. Two possible factors
to consider are the cost per pulse and the pulse repetition rate.
Schemes that use high precision parts that are destroyed each
pulse cycle (for example, schemes 2, 3, and some versions of
scheme 6) may typically have a significantly higher cost per
pulse than schemes that are either non-destructive (for
example, scheme 1) or employ passive recycling of material
(for example, schemes 4, 5, and some versions of scheme 6).
Non-destructive pulse schemes tend to have the highest rep-
ctition rate (which may be limited by magnetic effects) that
may be as high as in a kHz range 1n certain implementations.
Passive recycling may be the next fastest with repetition rates
(which may be limited by liner fluid flow velocities) that may
be as high as several Hz 1n certain implementations. Schemes
where the central assembly for the pulsed compression 1s
destroyed every pulse tend to have the slowest intrinsic rep-
ctition rate, determined by time taken to clear destroyed ele-
ments and 1insert a new assembly. This 1s not likely to be more
than once every few seconds at best 1n some 1implementations.
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Because of the potential for emission of intense x-rays and
energetic particles from plasmas at high density and tempera-
ture, 1t may be advantageous to consider schemes that imncor-
porate a large volume of replaceable absorber material to
reduce the extent to which radiation products from the plasma
reach the permanent structural elements of the compression
device. Devices that do not incorporate such an absorber
material or blanket may tend to sufier from radiation damage
in their structural components and have correspondingly
shorter operational lifetimes. While some embodiments of
schemes 1, 2, and 3 can be adapted to accommodate some
amount of absorber material, this can complicate the design
(see for example, the HYLIFE-II reactor design described 1n
the above-incorporated article by Moir et al.). In contrast,
schemes 4, 5, and 6 mncorporate an absorber material, either
by choice of material used for the compression liner fluid,
and/or by the addition of matenal 1nto large unused volumes
surrounding the device. Systems with a recirculating absorber
fluid can also provide a low cost method for extracting heat
produced during compression. Recirculation of an absorber
fluid can also allow radiation products from the compressed
plasma to be used to transmute 1sotopes included in the
absorber tfluid. This approach can be used for processing
waste material, or for providing a cost effective method of
producing rare 1sotopes.

Impact driven compression schemes have typically
involved methods to accelerate small but macroscopic pro-
jectiles to the ultra-high velocities needed to compress and
heat the solid projectiles into an extremely dense, hot plasma
state, typically with no magnetic field, or a magnetic field
with only marginal confinement properties. This typically
requires the use of an extremely long electromagnetic accel-
erator (for example, up to several kilometer long) to develop
the requisite velocity, resulting 1n prohibitive construction
COsIs.

Various embodiments of the present disclosure address
some of these and other challenges. For example, 1n most
systems using projectiles, there has not been any method for
recycling the projectile material, which results in the destruc-
tion of high-precision parts, greatly increasing the cost per
pulse. In addition, the mechamisms for absorbing plasma
radiation products for usetul purposes has not been integrated
into some prior designs, and so any absorber blanket must be
added on as an afterthought, possibly with significant engi-
neering complications.

Some embodiments of the present approach involve the use
of the impact of a projectile to drive plasma compression, and
provide a system configuration that enables a sigmificantly
smaller scale system with higher repetition rates and/or
longer system lifetime than previous approaches. In contrast
to some 1mpact compression methods (see for example U.S.
Pat. No. 4,435,354, which 1s hereby incorporated by refer-
ence herein in its entirety), certain embodiments of the
present approach utilize a larger mass traveling at lower
velocity, which acts to compress a well-magnetized plasma.
This can allow for the use of a less complex and less costly
projectile acceleration method for compressing the plasma.
For example, a light gas gun can be used to accelerate the
projectile to a speed of up to several km/s over a span of, for
example, approximately 100 meters. Examples of light gas
oguns and projectile launchers that can be used with embodi-
ments of the plasma compression system disclosed herein are
described 1n U.S. Pat. No. 5,429,030 and U.S. Pat. No. 4,534,
263, each of which 1s hereby incorporated by reference herein

in 1ts entirety. The projectile launcher described in the publi-
cation by L. R. Bertolini, et al., “SHARP, a first step towards
a Tull sized Jules Verne Launcher”, Report Number UCRL-
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JC-114041; CONF-9305233-2, Lawrence Livermore
National Lab, May 1993, which 1s hereby incorporated by
reference herein 1n 1ts entirety, may also be used with embodi-
ments of the plasma compression system.

Embodiments of the present approach may incorporate an
integrated passive recycling system for the projectile mate-
rial. This can allow for an improved (e.g., relatively high)
repetition rate and/or an increase in system lifetime. With
suitable choice of matenials, the projectile and liner fluid can
act as an efficient absorber of plasma radiation products,
resulting 1n a system that has an economic feasibility and
practical utility.

Example Systems and Methods for Compressing Plasma

Embodiments of systems and methods for plasma com-
pression are described. In some embodiments, plasma can be
compressed by impact of a projectile on a magnetized plasma
toroid 1n a liguid metal cavity. The projectile can melt 1n the
liquid metal cavity, and liquid metal can be recycled to form
new projectiles. The plasma can be heated during compres-
S1011.

With reference to the drawings, a schematic cross-sec-
tional diagram of an embodiment of a new and 1mproved
example plasma compression system 10 1s shown 1n FIG. 1.
The example system 10 includes a magnetized plasma for-
mation/injection device 34, an accelerator 40 (for example, a
light gas pneumatic gun or an electromagnetic accelerator),
which fires projectiles 12 along an acceleration axis 40a
toward compression chamber 26 defined in part by a converg-
ing flow of liquid metal 46. Liquid metal 46 1s contained
within liquid metal recirculating vessel 18, and a conical
nozzle 24 directs the flow of liquid metal 46 into a magnetic
flux conserving liner having a surface 27 with a desired shape
at compression chamber 26. The compression chamber 26
may be substantially symmetric around an axis. The axis of
the compression chamber 26 may be substantially collinear
with the acceleration axis 40qa (see, e.g., F1IGS. 1 and 2). The
system 10 may include a timing system (not shown) config-
ured to coordinate the relative timing of events such as, e.g.,
formation of the plasma, acceleration of the plasma, firing or
acceleration of the projectile, etc. For example, since, in some
embodiments, the projectile velocity may be significantly less
than the plasma injection velocity, plasma formation and
injection can be delayed and can be triggered by the timing
system when the projectile 12 reaches a prescribed position
(e.g., near the muzzle) of the accelerator 40.

FIG. 1 schematically illustrates three example projectiles
12a, 1256, and 12¢ moving toward the compression chamber
26. A fourth projectile 124 1s 1n the liquid metal 46 near the
point of maximum compression of the plasma. The four pro-
jectiles 12a-12d are intended to 1llustrate features of the sys-
tem 10 and are not intended to be limiting. For example, in
other embodiments, different numbers of projectiles (e.g., 1,
2, 4, ormore) may be accelerated by the accelerator 40 at any
time. FIG. 1 also schematically 1illustrates a plasma torus in
three different positions in the system 10. In the 1llustrated
embodiment, the magnetized plasma torus can be formed
near a formation region 364 of the formation/injection device
34. The magnetized plasma shown at the position 365 has
been accelerated and compressed between coaxial electrodes
48 and 50. At the position 36c¢, near the muzzle of the accel-
crator 40, the magnetized plasma expands off the end of the
coaxial electrodes 48 and 50 into the larger volume of the
compression chamber 26 defined by the front surface of pro-
jectile 12¢ (see F1G. 1) and the surface 27 of the liquid metal.
The magnetized plasma can persist at the position 36¢ 1n the
compression chamber 26 with a magnetic decay time that 1s
several times longer than the compression time.
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The motion of the projectile 12¢ can compress the plasma
near the position 36¢, with the internal magnetic confinement
ol the plasma reducing or preventing significant particle loss
back up into the plasma mjector during the early phase of
compression. In the system 10 schematically illustrated 1n
FIG. 1, the size of the projectile 12¢ transverse to the accel-
cration axis 40q 1s smaller than the size of the opening to the
compression chamber 26 so that an annular opening exists
around the outside of the projectile when the projectile 1s near
the position 36c¢. A later phase of compression begins after the
projectile 12¢ closes ofl the opening to the chamber, and the
compression chamber 26 1s substantially or fully enclosed by
the surface 27 of the liquid metal and the projectile 12¢. See,
e.g., FIG. 3 which schematically depicts a simulated time
sequence ol the compression geometry. Therefore, impact of
the projectile 12 on the plasma 1n the compression chamber
can 1ncrease the pressure, density, and/or temperature of the
plasma. For example, the plasma may have a first pressure (or
density or temperature) when in the compression chamber 26,
and a second pressure (or density or temperature) after impact
of the projectile 12, the second pressure (or density or tem-
perature) greater than the first pressure (or density or tem-

perature). The second pressure (or density or temperature)
can be greater than the first pressure (or density or tempera-
ture), for example, by a factorof 1.5, 2, 4, 10, 25, 50, 100, or
more. After the projectile 1s engulied 1 liquid metal 46 (de-
picted in FIG. 1 as projectile 12d), the projectile can rapidly
disintegrate and melt back into the metal 46. As will be further
described below, liquid metal 46 from the vessel 18 can be
recycled to form new projectiles.

As a result of the compression, the plasma may be heated.
Net heating of the liquid metal 46 can occur due to the absorp-
tion of radiation products from the compressed plasma as
well as thermalization of the projectile kinetic energy. For
example, 1n some implementations, the liquid metal 46 can be
heated by as much as several hundred degrees Celsius by the
plasma compression event. Thus, as shown in the example in
FIG. 1, as the liquid metal 46 1s recirculated by a pump 14, the
liquid metal can be cooled via a heat exchange system 16 to
maintain a desired temperature at inlet pipe 28 or at the
conical nozzle 24. In some implementations, heat generated
by plasma compression can extracted by the heat exchanger
and used 1n an electrical power generation system (e.g., a
turbine driven by steam generated from the extracted heat). In
some embodiments, the temperature of the liquid metal can
be maintained moderately above i1ts melting point (e.g.,
T . +approximately 10-50° C.). The heat exchanger 16 can
be any suitable heat exchanger.

In some embodiments, the heat exchanger output may be
used 1n other processes. For example, in addition to the inlet
pipe 28 which directs the tlow of liquid metal 46 to the conical
nozzle 24 to create the surtace 27 of the compression chamber
26, a recirculation pipe 30 can deliver a supply of the liquid
metal 46 to projectile molds 32 1n a subsystem for making
new batches of projectiles (e.g., projectile factory 37 shown in
FIG. 1). In some embodiments, a loading mechanism 38 can
be used to automatically load new projectiles into the breach
of the accelerator 40. In certain embodiments, an array of
projectiles 12 can be situated within a cartridge structure that
can be loaded by the loading mechanism 38 into the breach of
the accelerator 40 and fired in relatively rapid sequence along,
the acceleration axis 40a. In some cases, a brief time period,
possibly as brief as 1-2 seconds 1n some 1mplementations,
without the accelerator 40 firing can be provided to allow for
loading of the next cartridge of projectiles. In some embodi-
ments, the loading mechanism 38 can have a direct load-
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shoot-load-shoot cycle 1in which case a cartridge structure
need not be used, and a substantially steady rate of projectile
fire can be maintained.

In some embodiments, projectile molds 32 can be auto-
mated to receive recycled liqud metal 46, and provide a
cooling cycle suitable to allow casting of new projectiles
using various manufacturing methods. The rate of liquid
metal recirculation and new projectile production can be sui-
ficient to supply projectiles at the desired launch rate. The
total cooling time for the liquid metal to sufficiently solidify
within the molds can be taken up by parallelism within the
method of preparing batches of new projectiles. In some
implementations of the system 10, the cooling time may be
made as short as practical and/or may be determined by the
amount of rigidity needed for proper mechanical function of
the loading mechanism and/or the ability of the projectile 12
to survive acceleration down the gun. With this highly auto-
mated firing cycle, a reasonably high repetition rate can be
achieved for extended durations. Also, with the possible
exception of injecting plasma for each shot, certain embodi-
ments of the system 10 have the advantages of being effec-
tively a closed-loop in which the solid projectile 12 can be
fired 1nto a vessel 18 filled with substantially the same mate-
rial 1n liquid form, and the liquid metal 46 can be recycled to
form new projectiles 12. In some embodiments, manufactur-
ing of projectiles can be performed using the systems and
methods described 1n, e.g., U.S. Pat. No. 4,687,045, which 1s
hereby incorporated by reference herein 1n its entirety.

The system 10 may be used in a variety of practical and
usetul applications. For example, in applications mvolving
transmutation of 1sotopes by absorption of radiation products,
there can be another branch of the liquid metal flow cycle (not
shown) 1n which 1sotopes may be extracted from the liquid
metal 46, for example, using standard getter-bed techniques.
If necessary 1n some embodiments, additional metal may be
added to the tlow to replenish amounts that are lost to trans-
mutation or other losses or inefficiencies.

In some implementations of the system 10, some or all of
the recirculating liquid metal system may be similar to the
systems used for some implementations of the above-de-
scribed compression schemes 4 and 5. Certain implementa-
tion of this scheme may be different than certain implemen-
tations of scheme 4 1n that no vortex hydrodynamics are used
to create the central cavity of compression chamber 26,
instead linear nozzle flow may be used. Some 1mplementa-
tions of the present approach may also be different than some
implementations of scheme 4 1n that only a single projectile 1s
used to drive each compression, and synchromization of the
impact ol a number of pistons used to create a substantially
symmetric acoustic pulse may not be needed.

Certain embodiments of the present approach also have
some possible advantages over scheme 5, which typically
uses a significantly longer and more powertul plasma injector
to develop the kinetic energy needed to develop Tull compres-
s10on of the plasma, resulting 1n a higher construction cost due
to the price of capacitive energy storage. In some embodi-
ments of the present approach, the energy that can be used to
compress the plasma may be primarily derived from pressur-
1zed gas that accelerates the projectile 12 1n the accelerator
40. In some cases, this may be a less complex and less expen-
stve technology than used 1n certain implementations of
scheme 5.

Embodiments of the plasma compression system 10 can
include the accelerator 40 for firing a projectile 12 along a
substantially linear path that passes along the axis 40a sub-
stantially through the center of the plasma injector 34 and
ends 1 1mmpact with the plasma and liquud metal walls of
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compression chamber 26 within the recirculating vessel 18.
In some embodiments, the accelerator 40 may be configured
so that it can efficiently obtain high projectile velocities (such
as, for example, approximately 1-3 km/s) for a large caliber
projectile (such as, for example, approximately 100 kg mass,
approximately 400 mm diameter) and can be able to operate
in a mode of automated repeat firing. There are a number of
known accelerator devices that may be adapted for this appli-
cation. One possible approach can be to use a light gas gun. In
some implementations, the design of the gun may allow rapid
recharging of the plenum volume behind the projectile with a
pressurized light “pusher gas” (which may comprise, e.g.,
hydrogen or heltum). In some 1implementations, 1t may be
advantageous for the region in front of the projectile to be at
least partially evacuated before subsequent firing of the gun.
For example, as a projectile 12 moves forward, 1t can push a
fraction of the gas 1n 1ts path into compression chamber 26.
Depending on the gas composition, this may possibly con-
taminate the plasma that 1s injected into compression cham-
ber 26. The presence of another (impurity) gas may in some
cases cool the plasma through emission of line radiation,
which reduces the energy available for heating the plasma. In
embodiments 1n which hydrogen 1s used as the pusher gas, the
hydrogen can be fully 1omized and incorporated into the
plasma without a high probability of such cooling problems.
Further, residual gas 1in front of the projectile acts as a drag
force, slowing the projectile’s acceleration 1n the gun. Thus,
in embodiments with at least a partial vacuum 1n front of the
projectile, enhanced gun elliciency may be achieved.

In some embodiments, a conventional light gas gun may
provide for rapid evacuation of gun barrel 44 during the
intershot time period. For example, in one possible gun
design, the main gun barrel 44 may be surrounded by a
significantly larger vacuum tank (not shown in FIG. 1), with
a large number of actuatable vent valves 42 distributed along
the length of gun 44. One possible example method of opera-
tion of the valves includes the following. During the intershot
time period all (or at least a substantial fraction) of the valves
42 can be open and the pusher gas from previous projectile
firing can be exhausted 1into the vacuum tank. Once the valves
open, without including the effect of outflow due to active
pumping at the surface of the vacuum tank, an estimate for the
initial equilibrium pressure 1s

__ _ 2
P eqi * push ngz/ Vr-:mk_ pish ('V gzm/ F r.:mk) ’

where P, 1s the final pressure in the gun after the projectile
has lett the muzzle, V. V., are the volumes of the gun
barrel 44 and vacuum tank respectively, which for a coaxial
cylindrical gun-tank system 1s also proportional to the square
of the ratios of the radi1 of the gun barrel and the tank. For
example, if (r_,,/1,,,..)="10, and the final pushing pressure 1s
P,.s»—1 atmosphere (where 1 atmosphere 1s approximately
1.013x10° Pa), then the initial equilibrium pressure would be
about 100 of an atmosphere. In certain system embodiments,
this volumetric drop in pressure allows the use of standard
high-speed turbo pump technology for evacuating the system,
which typically are not used at the very high pressures pro-
vided 1n some gas gun designs. In certain such embodiments,
the vacuum turbo pumps (not shown) may be distributed
along the surface of the vacuum tank and, in the case of
pumping in parallel, may have a combined pumping rate that
equals or exceeds the time averaged gas inflow rate due to
injection of the pusher gas to drive the projectile. One pos-
sible arrangement can be a closed-loop for the pusher gas, 1n
which compressors take the exhaust from the vacuum pumps

and pressurize the gun plenum directly. Heat energy from the
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heat exchange system 16 can additionally or alternatively be
used to thermally pressurize the gas 1n the plenum.

Continuing with the example method of valve operation,
once the pressure 1n the gun 40 1s reduced to sutlicient levels,
valves 42 can start to close and may be synchronized such that
the valves closest to the breach of the gun 40 may fully close
first. In some cases, the time of full closing of valves 42 can be
staggered 1n a linear sequence along the length of gun 40, such
that 1t tracks the trajectory of the projectile. Other synchro-
nization patterns can be used. With suitable synchronization,
some embodiments of the gun 40 can be configured to fire
another projectile 12 as soon as the valves 42 near the breach
have closed, and then as the projectile 12 advances down the
ogun 40, the projectile can pass by newly closed valves, with
the valves ahead of the projectile being 1n the process of
closing, vet still open enough for any residual gas to be
pushed out 1into the vacuum tank. Other gun firing patterns
may be used 1n other embodiments.

Actuated vent valves 42 may, for example, operate via
motion that may be linear or rotary in nature. FIG. 5 sche-
matically illustrates an example of timing of rotary gas vent
valves 42a-42d 1n an embodiment of a projectile accelerator.
Motors 78a-784 may be used to rotate valve rotors 72a-72d,
respectively. In this example, the timing can be arranged such
that the valve rotors 72a and 725 at least partially closed over
one or more vent holes 74a and 745, respectively, behind the
location 76 of the projectile (which 1s moving to the right 1n
this example), and valve rotors 72¢ and 72d leave at least
partially open one or more vent holes 74¢ and 74d, respec-
tively, ahead of the location 76 of the projectile such that gas
can be at least partially confined in the region behind the
projectile, while the region in front of the projectile can be at
least partially evacuated. In some implementations, recycling
of the pusher gas through the system may require significant
energy expenditure during a short (e.g., sub-second) intershot
time period. In other methods of gun operation, the vent
valves (11 used) may be operated differently than described
above.

In certain embodiments, the repetition rate of the projectile
acceleration system can be greater than or equal to the mtrin-
s1c repetition rate of the compression scheme. In other
embodiments, the repetition rate of the projectile acceleration
system can be less than the intrinsic repetition rate of the
compression scheme.

Other projectile acceleration methods may be used. For
example, another possible method of projectile acceleration
includes use of an inductive coil gun, which in some embodi-
ments, uses a sequence of pulsed electromagnetic coils to
apply repulsive magnetic forces to accelerate the projectile.
One possible advantage of the inductive coil gun may be that
the coil gun can be maintained at a high state of evacuation in
a steady fashion.

In some embodiments of the system 10, additional sensors
(not shown) and a triggering circuit (not shown) may be
incorporated for precise triggering of firing the accelerator
40.

Embodiments of the projectile 12 and/or the liquid metal
46 can be made from a metal, alloy, or combination thereof.
For example, an alloy of lead/lithium with approximately
17% lithtum by atomic concentration can be used. This alloy
has a melting point of about 280° C. and a density of about
11.6 g/cm’. Other lithium concentrations can be used (e.g.,
3%, 10%, 20%), and 1n some implementations, lithium 1s not
used. In some embodiments, the projectile 12 and the liquid
metal 46 have substantially the same composition (e.g., in
some pulsed, recycled implementations). In other embodi-
ments, the projectile 12 and the liquid metal 46 can have
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different compositions. In some embodiments, the projectile
12 and/or the liquid metal 46 can be made from metals, alloys,
or combinations thereof. For example, the projectile and/or
the liquid metal may comprise 1ron, nickel, cobalt, copper,
aluminum, etc. In some embodiments, the liquid metal 46 can
be selected to have sufficiently low neutron absorption that a
usetul flux of neutrons escapes the liquid metal.

Embodiments of the plasma torus injector 34 may be gen-
erally similar to certain known designs of the coaxial railgun-
type. See, for example, various plasma torus injector embodi-
ments described 1n: J. H. Degnan, et al., “Compact toroid
formation, compression, and acceleration,” Phys. Fluids B,
vol. 5, no. 8, pp. 2938-2958, 1993; R. E. Peterkin, “Direct
clectromagnetic acceleration of a compact toroid to high den-
sity and high speed”, Physical Review Letters, vol. 74, no. 16,
pp.3165-3170,1995; and J. H. Hammer, et al., “Experimental
demonstration of acceleration and focusing of magnetically
coniined plasma rings,” Physical Review Letters, vol. 61, no.
25, pp. 2843-2846, December 1988. See, also, the mjector
design that was experimentally tested and described 1n H. S.
McLean et al., “Design and operation of a passively switched
repetitive compact toroid plasma accelerator,” Fusion Tech-
nology, vol. 33, pp. 252-272, May 1998. Each of the afore-
mentioned publications 1s hereby incorporated by reference
herein 1n its entirety. Also, embodiments of the plasma gen-
erators described 1n U.S. Patent Application Publication Nos.
2006/0198483 and 2006/0198486, each of which 1s hereby
incorporated by reference herein 1n 1ts entirety for all 1t dis-
closes, can be used with embodiments of the plasma torus
injector 34.

The toroidal plasma generated by the plasma injector 34
can be a compact toroid such as, ¢.g., a spheromak, which 1s
a toroidal plasma confined by 1ts own magnetic field produced
by current tflowing in the conductive plasma. In other embodi-
ments, the compact toroid can be a field-reversed configura-
tion (FRC) of plasma, which may have substantially closed
magnetic field lines with little or no central penetration of the
field lines.

Some such plasma torus injector designs can produce a
high density plasma with a strong internal magnetic field of a
toroidal topology, which acts to confine the charged plasma
particles within the core of the plasma for a duration that can
be comparable to or exceeds the time of compression and
rebound. Embodiments of the mjector can be configured to
provide sigmificant preheating of the plasma, for example,
ohmically or resistive heating by externally driving currents
and allowing partial decay of internal magnetic fields and/or
direct 1on heating from thermalization of injection kinetic
energy when the plasma comes to rest in the compression
chamber 26.

As schematically shown in FIG. 2, some embodiments of
the plasma mnjector 34 can include several systems or regions:
a plasma formation system 60, a plasma expansion region 62,
and a plasma acceleration/focusing system or accelerator 64.
In the embodiment shown 1 FIG. 2, the plasma acceleration/
focusing system or accelerator 64 1s bounded by electrodes 48
and 50. One or both of the electrodes 48, 50 may be conical or
tapered to provide compression of the plasma as the plasma
moves along the axis of the accelerator 64. In the 1llustrated
embodiment, the formation system 60 has the largest diam-
cter and 1ncludes a separate formation electrode 68, coaxial
with the outer wall of the plasma formation system 60, which
can be energized in order to 10n1ze the 1injected gas by way of
a high voltage, high current discharge, thereby forming a
plasma. The plasma formation system 60 also can have a set
of one or more solenoid coils that produce the initial magnetic
field prior to the 1onization discharge, which then becomes
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imbedded within the plasma during the formation. After
being shaped by plasma processes during the expansion and
relaxation in the expansion region 60, the mitial field can
develop 1nto a set of closed toroidal magnetic tlux surfaces,
which can provide strong particle and energy confinement,
which 1s maintained primarily by internal plasma currents.
Once this magnetized plasma torus 36 has been formed, an
acceleration current can be driven from the center conical
accelerator electrode 48 across the plasma, and back along the
outer electrode 50. The resulting Lorentz force (IxB) accel-
crates the plasma down the accelerator 64. The plasma accel-
crator 64 can have an acceleration axis that 1s substantially
collinear with the accelerator axis 40a. The converging, coni-
cal electrodes 48, 50 can cause the plasma to compress to a
smaller radius (e.g., at the positions 36b, 36¢ as schematically
shown 1 FIG. 1). In some embodiments, a radial compres-
sion factor of about 4 can be achieved from a moderately-
sized injector 34 that 1s approximately 5 m long with an
approximately 2 m outer diameter. This can result 1n an
injected plasma density that can be about 64 times the original
density 1n the expansion region of the injector, thus providing
the 1impact compression process with a starting plasma of
high initial density. In other embodiments, the compression
factormay be, e.g., 2,3,5,6,7, 10, or more. In some embodi-
ments, compression 1n the plasma accelerator 1s not used, and
the system 10 compresses the plasma primarily through
impact of the projectile on the plasma. In the illustrated
embodiment, electrical power for formation, magnetization
and acceleration of the plasma torus can be provided by
pulsed electrical power system 52. The pulsed electrical
power system 52 may comprise a capacitor bank. In other
embodiments, electrical power may be applied 1n a standard
way such as described in, e.g., J. H. Hammer, et al., “Experi-
mental demonstration of acceleration and focusing of mag-
netically confined plasma rings,” Physical Review Letters,
vol. 61, no. 25, pp. 2843-2846, December 1988, which 1s
hereby incorporated by reference herein in 1ts entirety.
Embodiments of the liquid metal circulating vessel 18 may
be configured to have a central substantially cylindrical por-
tion that 1s shown 1n cross-section in FIG. 1, and which
supports a net flow of liquid metal along the axial direction
that enters the main chamber through a tapered opening 24
(conical nozzle) at one end and exits at the opposing end
through a pipe 20 or a set of such pipes. Also shown 1n FIG. 1
1s an optional recirculation pipe 30 for directing liquid metal
46 to projectile molds 32. Optionally recirculation pipe 30
may be a separate pipe from another region of vessel 18. In
various embodiments, flow velocities in the liquid metal 46
can range from a few m/s to a few tens of m/s, and 1n some
implementations, it may be advantageous for substantially
laminar tlow to be maintained substantially throughout the
system 10. To promote laminar flow, honeycomb elements
may be incorporated into vessel 18. Directional vanes or
hydrofoil structures may be used to direct the tlow into the
desired shape i the compression region. The cone angle of
the converging flow can be chosen to improve the impact
hydrodynamics for a given cone angle of the projectile shape.
Recirculating vessel 18 may be made of materials of suili-
cient strength and thickness to be able to withstand the out-
going pressure wave that emanates from the projectile impact
and plasma compression event. Optionally, special flow ele-
ments near the exit of the vessel 18 (or at other suitable
positions) may be used to dampen pressure waves that might
cause damage to the heat exchange system. Optionally heat-
ers (not shown) may be used to increase the liquid metal
temperature above 1ts melting point for startup operations or
alter maintenance cycles. In certain embodiments, the sys-
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tems and methods for liquid metal tlow disclosed 1n U.S.
Patent Application Publication Nos. 2006/0198483 and 2006/

0198486, each of which is hereby incorporated by reference
herein 1n 1ts entirety for all 1t discloses, can be used with the
system 10.

During the projectile acceleration and impact there may be
significant momentum transier resulting in recoil forces
applied to the structures of the apparatus. In some implemen-
tations, the mass of the bulk fluid in the recirculation vessel 18
can be sulficient (for example, greater than about 1000 times
the mass of the projectile) that recoil forces from the impact
can be handled by mounting vessel 18 on a set of stiff shock
absorbers so that the displacement of vessel 18 may be on the
order of about one cm. The accelerator 40 may also experi-
ence a recoil reaction as 1t acts to accelerate the projectile. In
some embodiments, the accelerator 40 may be a few hundred
times as massive as the projectile 12, and the accelerator 40
may tend to experience correspondingly higher recoil accel-

erations, and total displacement amplitude during firing, than
the vessel 18. With these finite relative motions, the three
system components in the 1llustrated embodiment (e.g., the
accelerator 40, the plasma injector 34, and the recirculating
vessel 18) can advantageously be joined by substantially tlex-
ible connections such as, e.g., bellows, 1n order to maintain a
desired vacuum and fluid seals. During tull operation of some
systems 10, the driving force may be approximately periodic
at a frequency of a few Hz (e.g., 1n arange from about 1 Hz to
about 5 Hz). Therefore, 1t may be advantageous for the
mechanical oscillator system (e.g., mass plus shock absorber
springs) to be constructed to have a resonant frequency sig-
nificantly different from the driving frequency, and that
strong damping be present.

In some embodiments, the size of the recirculating vessel
18 can be selected such that the volume of liquid metal 46
surrounding the point of maximum compression 22 provides
enough absorption of radiation by an absorber element (e.g.,
lithium) so there may be very little, 11 any, radiation transier to
solid metal structures of the system 10. For example, 1n some
embodiments, a liquid thickness of approximately 1.5 meters
for a lead/lithium mixture of about 17% L1 atomic concentra-
tion may reduce the radiation flux to the solid support struc-
ture by a factor of at least about 10

FIG. 3 shows cross-sectional diagrams (A-I) schematically
illustrating a time-sequence of an example of possible com-
pression geometry during an impact of a projectile 12 on a
fluid comprising liquid metal 46. The diagrams show the
density of the fluid and the projectile material during the
impact event. The diagrams are based on a simulation using
an 1inviscid finite volume method on a fixed mesh, and where
the plasma volume 36 has been added in by hand to schemati-
cally illustrate the approximate dynamics of collapse. In this
example, prior to the time shown 1n diagram A, the accelera-
tor 40 launches the projectile 12, which passes sensors near
the end of the muzzle that in turn trigger the firing sequence of
the plasma injector. The plasma torus 1n this example can then
be 1njected into the steadily closing volume between the
projectile 12 and the conical surface 27 of the compression
chamber 26 formed 1n part by the tlow of the liquid metal 46.
As the projectile 12 impacts the compression chamber 26, the
plasma torus 36 1n this example 1s substantially uniformly
compressed to a smaller radius 1nto the conical compression
chamber 26 formed by the liquid metal flow. The plasma may
be compressed such that there can be an increase 1n density
(or pressure or temperature) by a factor of two or more, by a
tactor of four or more, by a factor of 10 or more, by a factor of
100 or more, or by some other factor.




US 9,271,383 B2

13

When the leading tip of the projectile 12 impacts the sur-
face 27 of the liguid metal (as shown 1n diagram A), the
plasma 36 becomes sealed within a closed volume. As the
edge of the projectile begins to penetrate the liquid metal
(e.g., as shown 1n diagrams B, C, and D) the rate of compres-
s10on 1ncreases. For a projectile impact velocity at or exceed-
ing the speed of sound 1n the liquid metal, the impact can
produce a bow shock wave that moves with the projectile.

The front surface of the projectile 12 may comprise a
shaped portion to increase the amount of compression. For
example, 1n the illustrative simulation depicted in FIG. 3, the
projectile 12 comprises a concave, cone-shaped front portion
(see, e.g., FIG. 4A). In some embodiments, the angle of the
projectile cone may be selected to be substantially the same as
the angle of the bow shock for a given impact velocity. In
some such embodiments, this selection of cone angle may be
such that the compression occurs during the slowing down
time of the projectile 12 rather than earlier during the crossing,
of the bowshock, which can be ahead of the surface of the
projectile 12.

As the projectile 12 first encounters resistance from the
impact, a compressional wave 70 can be launched backward
through the projectile causing bulk compression of the pro-
jectile, while at the same time the normal impact force tends
to cause a flaring of the opening of the projectile and begins
the process of deformation. On the outer edge of the projectile
a possibly turbulent wake 72 may form 1n the liquid. As the
projectile slows below the liquid metal speed of sound (e.g.,
diagram E), a compressional wave 70 can also be launched
forward into the liquid metal flow. Peak compression of the
plasma may occur after this compression wave has passed
beyond the compression chamber 26 (e.g., diagram F). When
the backwards going compression wave reaches the back
surface of the projectile 1t can reflect, yielding a decompres-
sion wave 74 that propagates forward through the projectile.
After the decompression wave reaches the plasma containing,
cavity, the collapse of the inner wall surface may begin to
decelerate in pace, stagnate at peak plasma pressure, tempera-
ture and magnetic field strength and then begin to re-expand,
driven by the increased net pressures 1n the plasma.

As an 1illustrative, non-limiting example, for the case of a
100 kg projectile traveling at an impact speed of 3 km/s,
having a kinetic energy of 450 MJ, there may be an energy
transier time of approximately 200 microseconds, resulting
in an average power of 2x10'* Watts. Since the time of peak
compression may be approximately %2 the energy transfer
time, and there can be an angular divergence of energy into
the fluid with approximately 5 of the energy going into
compressing the plasma at any given time. For example, 1n
this 1llustrative simulation, there may be a maximum of
approximately /s of the total energy going into compressing
the plasma. Thus, 1n this illustrative simulation, approxi-
mately 75 MJ of work would be done to compress the plasma.
After the projectile has become fully immersed in the liqguid
metal flow, the projectile may develop fracture lines 76 and
begin to break up into smaller fragments, which remelt into
the flow over the span of several seconds or less.

The projectile 12 shown 1n the simulations 1illustrated in
FIG. 3 comprises a concave, conical surface. There are other
possible projectile designs that may provide different com-
pression characteristics, and some examples of projectile
designs 12a-12f are schematically shown in FIGS. 4A-4F,
respectively. The projectiles 12a-12f have a surface 13a-13/,
respectively, that confines the liquid metal 1n the compression
chamber 26. In some embodiments, the surface can be sub-
stantially conical, and portions of the surface may be concave
or conveXx. Other surface shapes can be used, e.g., portions of
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spheres, other conic sections, etc. In some embodiments com-
prising a conical surface, one possible parameter that may be
adjusted to provide various concave surface designs is a cone
angle, shown as angle @ 1n FIGS. 4A and 4B. The cone angle
can be chosen to improve the shock and flow dynamics as the
projectile impacts the liquid metal liner. The cone angle @ 1s
larger in the projectile 12a than 1n the projectile 127, The cone
angle ® can be about 20 degrees, about 30 degrees, about 40
degrees, about 45 degrees, about 30 degrees, about 60
degrees, or some other angle. In various embodiments, the
cone angle ® can be 1n a range from about 20 degrees to about
80 degrees, 1 a range from about 30 degrees to about 60
degrees, efc.

In some embodiments, the projectile 12¢ includes an elon-
gated member 15 (e.g., a central spike; see FIG. 4C) that can
act to continue the center electrode of the plasma 1njector 34.
In some implementations of the system 10, such an elongated
member 15 may prevent tlipping of the magnetized plasma
torus when 1t comes off the plasma injector 34. In some such
implementations, the plasma advantageously can be mjected

just as the forward end of the spike 15 contacts the liquid

metal 46 1 the compression chamber 26, and the plasma
volume can be maintained in a substantially toroidal topology
during the compression. Such implementations may advan-
tageously allow for better magnetic confinement than a
spherical collapse topology, but may have more surface area
of metal exposed directly to the plasma, which may possibly
increase impurity levels and lower the peak plasma tempera-
ture 1n some cases.

In some projectile designs, 1t can also be possible to have
plasma compression less dominated by the fluid shock effect
by using an appropriately shaped convex projectile 124 (see,
for example FIG. 4D), which may compress the plasma for a
significant fraction of total collapse time before the projectile
intersects the liqmd metal surface. To reduce or mitigate
plasma impurities, the surface 13e of the projectile 12¢ may
comprise a coating 19 formed from a second material (see, for
example, FIG. 4E), such as, for example, lithtum or lithtum-
deuteride. Other portions of the projectile may include one or
more coatings. Materials such as these typically are less likely
to introduce impurities that may lead to, e.g., undesired
plasma cooling if the impurities are swept into the edge of the
plasma. In some embodiments, multiple coatings may be
used. In some designs, the projectile may have features such
as, e.g., grooves and/or indentations, around 1ts surface to
accommodate mechanical functioning of the loading system,
or as a seal for a pneumatic accelerator gun. The projectile 13/
schematically 1llustrated in FIG. 4F has a groove 17 around
the circumierence of the back edge imnto which a reusable
sealing flange may be fitted, for example, during the initial
casting of the projectile. In some embodiments using a pneu-
matic gun to accelerate the projectile 12/, the firing of the
projectile 12/ may occur when the pusher gas reaches sulifi-
ciently high pressure that the lead ring behind the sealing
flange may be sheared off, thus freeing the projectile for
acceleration, somewhat like the action of a burst diaphragm 1n
a conventional gas gun.

FIG. 6 1s a flowchart that schematically illustrates an
example embodiment of a method 100 of compressing
plasma in a liquud metal chamber using impact of a projectile
on the plasma. At block 104, a projectile 12 1s accelerated
towards a liquid metal compression chamber. The projectile
can be accelerated using an accelerator such as, e.g., the
accelerator 40. For example, the accelerator can be a light gas
ogun or electromagnetic accelerator. The compression cham-
ber can be formed 1n a liquid material such liquid metal. For
example, 1n some 1implementations, at least a portion of the
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compression chamber 1s formed by the tlow of a liquid metal
as described herein with reference to FIG. 1. At block 108, a
magnetized plasma 1s accelerated toward the liquid metal
chamber. For example, the magnetized plasma may comprise
a compact torus (e.g., a spheromak or FRC). The magnetized
plasma may be accelerated using the plasma torus accelerator
34 in some embodiments. In some such embodiments, the
magnetized plasma 1s generated and accelerated after the
projectile has begun 1ts acceleration toward the compression
chamber, because the speed of the magnetized plasma can be
much higher than the speed of the projectile. At block 112,
impact of the projectile on the liquid metal (when the plasma
1s 1n the compression chamber) compresses the magnetized
plasma i1n the compression chamber. The plasma can be
heated during the compression. The projectile can break up
and can melt into the liquid metal. At optional block 116, a
portion of the liquid metal 1s recycled and used to form one or
more new projectiles. For example, the liquid metal recircu-
lation system and projectile factory 37 described with refer-
ence to FIG. 1 may be used for the recycling. The new pro-
jectiles can be used at block 104 to provide a pulsed system
for plasma compression.

Embodiments of the above-described system and method
are suited for applications in the study of high energy density
plasma including, for example, applications mvolving the
laboratory study of astrophysical phenomena or nuclear
weapons. Certain embodiments of the above-described sys-
tem and method can be used to compress a plasma that com-
prises a fusionable material suificiently that fusion reactions
and usetul neutron production can occur. The gas used to form
the plasma may comprise a fusionable maternal. For example,
the Tusionable material may comprise one or more 1sotopes of
light elements such as, e.g., 1sotopes of hydrogen (e.g., deu-
terium and/or trittum), 1sotopes 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
clements and 1sotopes can be used. Accordingly, certain
embodiments of the system 10 may be configured to act as
pulsed-operation high flux neutron generators or neutron
sources. Neutrons produced by embodiments of the system
10 have a wide range of uses 1n research and industrial fields.
For example, embodiments of the system 10 may be used for
nuclear waste remediation and generation of medical nucle-
otides. Additionally, embodiments of the system 10 config-
ured as a neutron source can also be used for materials
research, either by testing the response of a material (as an
external sample) to exposure of high flux neutrons, or by
introducing the material sample into the compression region
and subjecting the sample to extreme pressures, where the
neutron flux may be used either as a diagnostic or as a means
for transmuting the material while at high pressure. Embodi-
ments of the system 10 configured as a neutron source can
also be used for remote 1maging of the internal structure of
objects via neutron radiography and tomography, and may be
advantageous for applications requiring a fast pulse (e.g.,
several microseconds) of neutrons with high luminosity.

For some large scale industrial applications it may be eco-
nomical to run several plasma compression systems at the
same facility, in which case some savings may accrue by
having a single shared projectile casting facility that recycles

liquid metal from more than one system, and then distributes
the finished projectiles to the loading mechanisms at the
breach of each accelerator. Some such embodiments may be
advantageous 1n that a misfire 1n a single accelerator may not
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bring the entire facility cycle to a halt, because the remaining,
compression devices may continue operating.

ADDITIONAL EMBODIMENTS AND
EXAMPLES

The systems and methods described herein may be embod-
ied 1n a wide range of ways. For example, in one embodiment,
a method for compressing a plasma 1s provided. The method
includes (a) circulating a liquid metal through a vessel and
directing the liquid metal through a nozzle to form a cavity,
(b) generating and 1njecting a magnetized plasma torus nto
the liguid metal cavity, (c) accelerating a projectile, having
substantially the same composition as the liquid metal,
toward the cavity so that it impacts the magnetized plasma
torus, whereby the plasma 1s heated and compressed, and the
projectile disintegrates and melts into the liquid metal. The
method may also include (d) directing a portion of the hquld
metal to a projectile-forming apparatus wherein new projec-
tiles are formed to be used in step (¢ ). One or more steps of the
method may be performed repeatedly. For example, 1n some
embodiments, steps (a)-(c) are repeated at a rate ranging from
about 0.1 Hz to about 10 Hz.

In some embodiments of the method, the cavity can be
roughly conical in shape. In some embodiments, the liquid
metal comprises a lead-lithium alloy. In some embodiments,
the liquud metal comprises a lead-lithium alloy with about
17% atomic concentration of lithium. In some embodiments,
the liguid metal comprises a lead-lithium alloy with an atomic
concentration of lithium 1n a range from about 5% to 20%. In
some embodiments, the liquid metal may be circulated
through a heat exchanger for reducing the temperature of the
liquid metal.

In some embodiments of the method, the plasma comprises
a fusionable material. In some embodiments, the fusionable
material comprises deuterrum and/or trittum. In some
embodiments, the deuterium and trittum are provided 1n a
mixture of about 50% deuterium and about 50% tritium. In
some embodiments of the method, compression of the plasma
results 1n heating of the plasma and/or production of neutrons
and/or other radiation.

An embodiment of a plasma compression system 1s pro-
vided. The system comprises a liquid metal recirculation
subsystem that comprises a containment vessel and a circu-
lation pump for directing the liquid metal through a nozzle to
form a cavity within the vessel. The system also comprises a
plasma formation and injection device for repeatedly forming
a magnetized plasma torus and injecting it into the metal
cavity. The system also comprises a linear accelerator for
repeatedly directing projectiles, having substantially the
same composition as the liquid metal, toward the cavity. The
system also comprises a projectile-forming subsystem com-
prising projectile-shaped molds in which new projectiles are
formed and then directed to the linear accelerator, wherein the
molds are connected to at least periodically receive liquid
metal, comprising melted projectiles, that are recirculated
from the containment vessel.

An embodiment of a plasma compression device 1s pro-
vided. The device comprises a linear accelerator for firing a
projectile at high speeds into a muzzle coupled to a vacuum
pump for creating at least a partial vacuum 1nside the muzzle.
The system also comprises a conical focusing plasma injector
having coaxial tapered electrodes connected to a power sup-
ply circuit to provide an electrical current. The electrodes may
form a cone tapering to a focusing region. The system also
includes a magnetized coaxial plasma gun for injecting mate-
rial for generating a magnetized compact torus (e.g., a sphero-
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mak), and the open end of gun muzzle can be seated inside the
cone 1n conductive contact with the mnner electrode. The
system also 1ncludes a recirculating vessel suitable for con-
taining metal fluid and having an opening for receiving the
tapered cone of accelerator and a base region, and a heat 5
exchange line connected between the base and conical open-
ing regions with a recirculation pump to pump fluid from the
base to the conical opening. The tapered electrodes of the
accelerator are seated within the conical opening such that the
outer electrode surface guides a convergent tlow path for the 10
pressurized metal fluid creating a focusing region within the
tapered fluid walls that confines and further focuses the mag-
netized spheromak compact torus, which can be compressed
to a maximum compression zone in the inner cavity of the
vessel. When the recirculating vessel 1s filled with fluid metal 15
and fusionable material 1s injected, a projectile 1s fired by the
ogun to intercept the magnetized plasma ring when 1t has
traveled near the tapered flmd wall, and compresses the
plasma within the fluid to an increased pressure, thereby
imparting kinetic energy to the plasma to increase ion tem- 20
perature.

An embodiment of a plasma compression system includes
an accelerator for firing a projectile toward a magnetized
plasma (e.g., a plasma torus) 1n a cavity in a solid metal or a
liguid metal. The system also may include a plasma njector 25
for generating the magnetized plasma and mjecting the mag-
netized plasma into the cavity. In embodiments comprising a
cavity 1n liquid metal, the system may include a vessel con-
figured to contain the liquid metal and having a tapered nozzle
to form the cavity by flow of the liquid metal. The magnetized 30
plasma 1s injected into the cavity, and a projectile fired by the
accelerator intercepts the plasma and compresses the plasma
against the surface of the cavity, creating a high pressure
impact event that compresses the magnetized plasma. The
plasma compression may result 1n heating of the plasma. 35
Impact of the projectile with the cavity can cause the projec-
tile to disintegrate. In embodiments comprising a liquid metal
cavity, the projectile may melt into the liquid metal. In some
such embodiments, a portion of the liquid metal may be
diverted to cast new projectiles that can be used to maintain a 40
repetitive firing cycle with a substantially closed inventory of
liquid metal.

While particular elements, embodiments and applications
of the present disclosure have been shown and described, 1t
will be understood, that the scope of the disclosure 1s not 45
limited thereto, since modifications can be made by those
skilled 1n the art without departing from the scope of the
present disclosure, particularly 1n light of the foregoing teach-
ings. Thus, for example, 1n any method or process disclosed
herein, the acts or operations making up the method/process 50
may be performed 1n any suitable sequence and are not nec-
essarily limited to any particular disclosed sequence. Ele-
ments and components can be configured or arranged difier-
ently, combined, and/or eliminated 1n various embodiments.
The various features and processes described above may be 55
used independently of one another, or may be combined in
various ways. All possible combinations and subcombina-
tions are intended to fall within the scope of this disclosure.
Reference throughout this disclosure to “some embodi-
ments,” “an embodiment,” or the like, means that a particular 60
feature, structure, step, process, or characteristic described 1n
connection with the embodiment 1s included 1 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 65
embodiment and may refer to one or more of the same or
different embodiments. Indeed, the novel methods and sys-
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tems described herein may be embodied 1n a variety of other
forms; furthermore, various omissions, additions, substitu-
tions, equivalents, rearrangements, and changes 1n the form of
the embodiments described herein may be made without
departing from the spirit of the inventions described herein.

Various aspects and advantages of the embodiments have
been described where appropriate. It 1s to be understood that
not necessarily all such aspects or advantages may be
achieved 1n accordance with any particular embodiment.
Thus, for example, 1t should be recognized that the various
embodiments may be carried out in a manner that achieves or
optimizes one advantage or group ol advantages as taught
herein without necessarily achieving other aspects or advan-
tages as may be taught or suggested herein.

Conditional language used herein, such as, among others,
can,” “could,” “might,” “may,” “e.g.,” and the like, unless
specifically stated otherwise, or otherwise understood within
the context as used, 1s generally intended to convey that
certain embodiments include, while other embodiments do
not include, certain features, elements and/or steps. Thus,
such conditional language 1s not generally intended to imply
that features, elements and/or steps are 1n any way required
for one or more embodiments or that one or more embodi-
ments necessarily include logic for deciding, with or without
operator input or prompting, whether these features, elements
and/or steps are included or are to be performed in any par-
ticular embodiment. No single feature or group of features 1s
required for or indispensable to any particular embodiment.
The terms “comprising,” “including,” “having,” and the like
are synonymous and are used inclusively, 1n an open-ended
fashion, and do not exclude additional elements, features,
acts, operations, and so forth. Also, the term “or” 1s used 1n 1ts
inclusive sense (and not 1n 1ts 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 1n the list.

The example calculations, simulations, 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
herein.

Accordingly, while certain example embodiments have
been described, these embodiments have been presented by
way of example only, and are not intended to limait the scope
of the mventions disclosed herein. Thus, nothing 1n the fore-
going description 1s intended to imply that any particular
feature, element, component, characteristic, step, module, or
block 1s necessary or indispensable. Indeed, the novel meth-
ods and systems described herein may be embodied 1n a
variety of other forms; furthermore, various omissions, sub-
stitutions and changes in the form of the methods and systems
described herein may be made without departing from the
spirit of the inventions disclosed herein. The accompanying
claims and their equivalents are intended to cover such forms

or modifications as would fall within the scope and spirit of
certain of the inventions disclosed herein.

4

What 1s claimed 1s:
1. A method of compressing a plasma, the method com-
prising:

generating a toroidal plasma;

accelerating the toroidal plasma toward a cavity 1n a liquid
metal;

accelerating a projectile toward the cavity in the liquid
metal; and
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compressing the toroidal plasma with the projectile while
the toroidal plasma 1s 1n the cavity in the liquid metal and
while the projectile 1s at least partially within the cavity
in the liquid metal.

2. The method of claim 1, wherein generating a toroidal
plasma comprises generating a spheromak.

3. The method of claim 1, wherein accelerating the toroidal
plasma further comprises compressing the toroidal plasma.

4. The method of claim 1, wherein accelerating the projec-
tile comprises using high pressure gas to accelerate the pro-
jectile.

5. The method of claim 1, wherein accelerating the projec-
tile comprises using electromagnetic forces to accelerate the
projectile.

6. The method of claim 1, further comprising forming the
cavity in the liquid metal.

7. The method of claim 6, wherein forming the cavity
comprises flowing a liquid metal to form the cavity.

8. The method of claim 6, further comprising recycling a
portion of the liquid metal to form at least one new projectile
for compressing toroidal plasma while the toroidal plasma 1s
in the cavity 1n the liquid metal and while the at least one new
projectile 1s at least partially within the cavity in the liquid
metal.
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