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SYSTEMS AND METHODS TO GENERATE A SELF-CONFINED HIGH
DENSITY AIR PLASMA

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 61/498,281, entitled “Systems and Methods to Generate a High
Density Air Plasma,” filed on June 17, 2011, which is incorporated by reference
in its entirety.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under
grant number N0O0014-08-1-0266 by Office of Naval Research (Agency). The

government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to a method and apparatus for

generating self-sustaining air plasmas at atmospheric pressures.

BACKGROUND OF THE INVENTION

[0004] An air plasma is an electrically conductive state of matter
composed of ions, electrons, radicals, and other neutral species formed at
atmospheric pressure that exist in an independent state. Air plasmas may be
used in a variety of applications, such as nonlethal weapons, fusion, plasma

processing, propulsion, disinfection applications, and shockwave mitigation.

[0005] However, current plasma sources have been unable to
generate an air plasma with an electron density sufficient to protect against the
consequences of the overpressure caused by a shockwave at atmospheric
pressure. Furthermore, current plasma sources have been unable to generate
self-containing or self-confining air plasmas that have lengthy lifetimes without
the use of expensive and unwieldy support equipment or large magnets.
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Therefore, there remains a need for a versatile, scalable, and repeatable method

and apparatus to generate air plasmas.

SUMMARY OF THE INVENTION

[0006] The present invention relates to a method and an apparatus
for generating self-confined and self-stabilized air plasmas at atmospheric
pressures. In particular, the method and apparatus generate toroidal air plasmas
(TAPs) at atmospheric pressure having an electron density sufficient for a
number of applications. The method and apparatus may be configured to

generate TAPs at a high repetition rate.

[0007] The method includes generating a self-contained air plasma
at an atmospheric pressure. The air plasma is generated in a first ignition region
and restricted in radial expansion. The method also includes applying a high
voltage pulse to the air plasma in a secondary ignition region to heat and
accelerate the air plasma away from the second ignition region. Heating the air

plasma causes the air plasma to expand and become self-contained.

[0008] The apparatus for generating a self-contained air plasma at
an atmospheric pressure includes a primary ignition region that includes a first
shielding material defining a first cavity, that may be elongated or another
configuration, to contain a plasma source. The apparatus also includes an
ignition device to generate the air plasma from the plasma source and a
secondary ignition region that includes a second shielding material defining a
second region, that may be elongated or another configuration, wherein the
second cavity is in fluid communication with the first cavity to receive the air
plasma. In one embodiment, the second region is defined, at least in part, by a
wire mesh that allows a current to be discharged through the air therein and form

a plasma discharge.

[0009] The apparatus includes a high voltage circuit that includes at

least one capacitor and is in communication with a voltage source in order to
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apply a high voltage pulse to the air plasma. The high voltage pulse heats and
accelerates the air plasma away from the apparatus to form the self-contained air
plasma at the atmospheric pressure. In various other embodiments, the plasma
source is at least one member of a group consisting of an exploding wire, an
explosive, a puffed gas plasma, a hollow cathode plasma, a hypervelocity
plasma source, a railgun, a microwave-driven plasma source, or other compact
plasma source that can be directed into the second region. The plasma source
may also be provided by a one or more laser-induced plasma channels.

[0010] In another embodiment, a method for generating a self-
contained air plasma at an atmospheric pressure includes applying a first high
voltage pulse across a wire to explode the wire and generate the air plasma in a
first ignition region located between an anode and a cathode. The method also
includes restricting radial expansion of the air plasma, such that the air plasma
travels parallel to a longitudinal axis of the wire to a second ignition region
between the cathode and an accelerator electrode. A second high voltage pulse
is applied across the cathode and the accelerator electrode to heat the air
plasma, wherein heating the air plasma causes the air plasma to expand,
accelerate, and form a toroidal structure. The method also includes discharging
the self-contained toroidal air plasma from the second ignition region at the

atmospheric pressure.

[0011] The method further includes providing rigid electrically
insulating materials between the anode and the cathode, as well as between the
cathode and the accelerator electrode. The insulating materials define cavities,
which may be elongated. The elongated cavity between the anode and the
cathode receives the wire and restricts the radial expansion of the air plasma.
The cavity between the cathode and the accelerator electrode allows the air
plasma to expand. Both cavities may have generally cylindrical or spiral
configurations. The cavities may have equal or different diameters and may be

configured to increase or decrease the diameter of the toroidal plasma. In
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addition, the cavities may be configured to increase or decrease the velocity of

the toroidal plasma.

[0012] In another embodiment, a method for generating a self-
contained air plasma at an atmospheric pressure includes generating the air
plasma in a first ignition region, directing a velocity of expansion of the air plasma
out of the first region, and imparting energy to the air plasma in a secondary
ignition region, wherein the imparted energy causes the air plasma to expand,
accelerate out of the second ignition region, and become self-contained.
Alternately, the method may include restricting radial expansion of the air

plasma.

[0013] In various embodiments, the wire has a gauge in the range
between 00 AWG and 80 AWG. In other embodiments, the first high voltage
pulse is between 10kV and 50kV and has a duration between 0.1 ys and 200 ms,
while the second high voltage pulse is between 100V and 300V or up to many

thousands of volts and has a duration between 1 ns and 1000 ms.

[0014] In another embodiment, an apparatus for generating a self-
contained air plasma at an atmospheric pressure includes a first shielding
material positioned between an anode and a semi-permeable cathode in a
primary ignition region. The first shielding material has a first longitudinal cavity
to contain a conductive wire extended between and in communication with the
anode and the cathode. The apparatus also includes a primary high voltage
circuit with at least one voltage source and at least one capacitor. The primary
high voltage circuit is in communication with the anode and the cathode to apply
a first high voltage pulse across the wire causing it to explode and generate the
air plasma. The first longitudinal cavity restricting radial expansion of the air
plasma.

[0015] The apparatus also includes a secondary ignition region
defined by a second shielding material positioned between the cathode and a

semi-permeable electrode. The second shielding material has a second
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longitudinal cavity extending between the cathode and the electrode wherein the
second longitudinal cavity is in fluid communication with the first longitudinal
cavity to receive the air plasma. The apparatus also includes a secondary high
voltage circuit with at least one other capacitor that is in communication the
voltage source. The secondary high voltage circuit further communicates with
the cathode and the electrode to apply a second high voltage pulse across the
gap between the cathode and the electrode, wherein the second high voltage
pulse further heats and accelerates the air plasma as it traverses the electrode to
form the self-contained air plasma at the atmospheric pressure.

[0016] In various embodiments, the self-contained air plasma may
be formed by a laser induced plasma and subsequently heated by a laser, a
microwave pulse, or any means for imparting energy. The plasma formed in air
is self-confined by electrostatic or electromagnetic fields and interactions. As
such, the air plasma inherently has a long lifetime. The self-confined air plasma
may have a lifetime on the order of milliseconds to multiple seconds or even

minutes.

[0017] The density of the plasma may be increased by using a
pressurization system that may increase the pressure in the apparatus to a range
between 1 ATM- 2000 ATM or higher. In addition, the air within and/or around
the apparatus may be modified to optimize the size and electron density of the
generated air plasmas. For example, the air within and/or around the apparatus
may include one or more gas mixtures or gases seeded with nanoparticles or

various chemical compounds.

[0018] In various embodiments, the self-contained air plasmas have
an electron density of at least 10'%cm® and may be as high as 10'/cm?. In
addition, the geometry of the apparatus leads the air plasma to form a toroidal

structure.
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DESCRIPTION OF FIGURES

[0019] FIG. 1 depicts an embodiment of a toroidal air plasma
generator.
[0020] FIG. 2 is a photograph of one embodiment of the air plasma

generation apparatus.

[0021] FIG. 3 is a side-view photograph of one embodiment of the

air plasma generation apparatus

[0022] FIG. 4. is a schematic layout of a primary high-voltage circuit

according to one embodiment.

[0023] FIG. 5 is a high-speed image of a toroidal air plasma

according to one embodiment.

[0024] FIGS. 6A and 6B are photographs providing a cross
sectional view of the formation of a toroidal air plasma according to one
embodiment.

[0025] FIG. 7 is a flowchart depicting a method to form a toroidal air

plasma according to one embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0026] The present invention relates to the generation of high-
density air plasmas at atmospheric pressure that are sustainable for a sufficient
duration and have an electron density sufficient to be used in a variety of
applications. As used herein, an air plasma at atmospheric pressure refers to an
air plasma having pressures substantially equal to the surrounding atmosphere.
In addition, air plasmas at atmospheric pressure do not require specialized high-
pressure or low-pressure vessels. In one aspect, the geometry of the air plasma
generating apparatus gives rise to the shape and the self-containing nature of the

air plasma. Once formed, the air plasmas are self-containing and do not require
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additional support equipment. For example, the air plasma generator may be
configured to generate a toroidal air plasma (TAP). A TAP is an air plasma

having a substantially toroidal shape.

[0027] For example, the generated air plasmas may be used for
shock wave mitigation, used as fusion sources for Tritium-Tritium or Deuterium-
Tritium reactions or any other advanced fusion cycle, or plasma capacitors. In
addition, the generated air plasmas may be used in nonlethal applications,
including but not limited to electroshock weapons, such as a Taser. The air
plasmas may also be used for a number of industrial applications, including but
not limited to: plasma surface modification including semiconductor processing,
polymer modification, directed energy applications, microwave generation,
energy storage and generation, UV generation for semiconductor manufacturing,
plasma chaff, surface disinfection, and microwave channeling at a distance. The
air plasmas may also be used as an ignition source for turbines, combustion
engines, and rocket engines. The generated plasmas may also be used in other
applications, for example, the generated air plasmas may be precursors to ball
lightning.

The Air Plasma Generator Apparatus

[0028] An embodiment of an air plasma generation apparatus 100
that generates a toroidal air plasma (TAP) is shown in FIGS. 1-3. The apparatus
100 includes an TAP generator 102 that is in electrical communication with a
primary high-voltage circuit 104 and a secondary circuit 106.

[0029] The TAP generator 102 is capable of generating a TAP
discharge, generally indicated as 130, that has a finite duration. According to
one embodiment, the TAP generator 102 uses an exploding wire 108 to form the
TAP discharge 130.

[0030] As shown, the exploding wire 108 may be formed of a single
strand of wire positioned within the TAP generator 102. Alternately, the

exploding wire 108 may consist of a single stand of wire that is woven or looped
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back and forth within the TAP generator 102, such that multiple lengths of the
wire may be exploded simultaneously. In various other embodiments, the

exploding wire 108 may consist of multiple stands of distinct or looped wires.

[0031] By way of example and not limitation, the exploding wire 106
may be a 40-gauge copper wire; however, any suitable wire that heats and
vaporizes in air may be used. In other examples, the exploding wire 108 may be
any gauge of wire ranging from 00 AWG to 80 AWG. In addition, the exploding
wire 108 may be a solid wire, a plated wire, a wire that is doped with other
materials, or a wire-clad in another material. The exploding wire 108 is
suspended between an anode 110 and a cathode 112. To ignite the exploding
wire 108, a high voltage current is applied across the anode 110 and a cathode
112 and through the wire 108. In various embodiments, the high voltage current
superheats at least a portion of the exploding wire 108, thereby causing it to

expand explosively.

[0032] The anode 110 and the cathode 112 define a primary
ignition region 114 in which the exploding wire 108 is ignited. The primary
ignition region 114 also includes a non-conductive primary shielding material 116
that fills a portion of the space between the anode 110 and the cathode 112. The
primary shielding material 116 has a thickness equal to the spacing between the
anode 110 and the cathode 112. In one example, the primary shielding material
116 may have a thickness between 5 cm and 20 cm; however, other thickness
and spacing distances may be used. In one embodiment, the primary shielding
material 116 defines an primary elongated cavity 118 that receives the exploding
wire 108. The diameter of the elongated cavity is larger than the diameter of the
exploding wire, such that the exploding wire 108 does not contact the primary
shielding material 116, thereby allowing the exploding wire 114 to ignite in air at
atmospheric pressure. The primary elongated cavity 118 restricts the radial
expansion of air, as indicated by 120, within the elongated cavity following the

explosion from the exploding wire 108. Restriction the radial expansion 120 of
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the air, along with the momentum from the explosion directs the velocity of

expanding air out of the primary ignition region 114.

[0033] The composition of the exploding wire 108 may also
contribute to the formation of the air plasma. By way of example and not
limitation, the explosion of the wire 108 generates shockwaves of electrons, ions,
plasmas, UV waves and/or metal particles, as well as a number of other
conditions, which may augment the formation of the TAP discharge 130. The
exploding wire 108 also generates a pressure pulse that imparts momentum to
the gas molecules in a secondary ignition region 122 of the TAP generator 102.
Similarly, the exploding wire 108 imparts energy and momentum to the TAP

discharge 130 within the secondary ignition region 122.

[0034] In one embodiment, the primary elongated cavity 118 is
generally cylindrical. In another embodiment, the primary elongated cavity 118
has a spiral configuration. Similarly, other configurations of the primary
elongated cavity 118 may be used; however, in all embodiments, the TAP
discharge 130 from the exploding wire 108 is substantially restricted to axial
acceleration along the axis of the central axis of the elongated cavity in order to
generate boundary conditions that help form and shape the TAP discharge 130
in the secondary ignition region 122.

[0035] The secondary ignition region 122 is defined, in part, by the
cathode 112 and an accelerator electrode 124. In one embodiment, the cathode
112 and the accelerator electrode 124 are a semi-permeable materials, such as
but not limited to a mesh or screen, such that the TAP discharge 130 may
traverse the cathode and the accelerator electrode. By way of example and not
limitation, the accelerator electrode 124 may be composed of stainless steel or

any other semi-permeable conductive material.

[0036] The secondary ignition region 122 includes a secondary
shielding material 126. The secondary shielding material 126 is non-conductive

and may have the same composition as the primary shielding material 116.
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Alternately, the secondary shielding material 126 may have a different

composition than the primary shielding material 116.

[0037] In one embodiment, secondary shielding material 126 has a
thickness equal to the spacing between the cathode 112 and the accelerator
electrode 124. In one example, the secondary shielding material 126 has a
thickness ranging between approximately 2 mm and 2 cm depending upon the
distance between the cathode 112 and the accelerator electrode 124; however
other thickness and spacing distances may be used. The secondary shielding
material 126 also defines a secondary cavity 128 that is axially aligned with the

primary elongated cavity 118 of the primary shielding material 116.

[0038] In one embodiment, the diameter of the secondary cavity
128 is greater than the diameter of the primary elongated cavity 118 to allow the
TAP discharge 130 to expand as it travels through or, alternately, is formed in
and by the secondary ignition region 122. In another embodiment, the diameter
of the secondary cavity 128 may be equal to or less than the diameter of the
primary elongated cavity 118. Similarly, the length of the secondary cavity may
be greater than, equal to, or less than the length of the first elongated cavity. In
various other embodiments, the secondary ignition region 122 has multiple
cavities that, optionally, may be aligned in parallel to one another and the primary
elongated cavity 118.

[0039] While a single primary ignition region 114 and a single
secondary ignition region 122 are shown in FIGS. 1-3, in other embodiments
multiple ignition regions may be used to further amplify the effects of the TAP
discharge 130. For example, multiple plasma sources may be ignited in multiple
primary ignition regions and/or multiple secondary ignition regions may be used

to amplify, accelerate, augment, and/or shape the TAP discharge 130.

[0040] In various embodiments, the diameters of the primary and
secondary cavities can be formed or otherwise configured to increase or

decrease the diameter of the air plasma and to increase or decrease the velocity
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of the air plasma. The geometry of the self-contained air plasmas may also be
enhanced through optimization of the air plasma generation apparatus 100 and
the surrounding environment. For example, the TAP generator may be
configured to generate stable plasmoids or spheres of plasma similar to ball
lightning.

[0041] The TAP generator 102 is electrically connected to a primary
high voltage circuit 106 that is configured to deliver a high-voltage pulse to the
anode 110 and the cathode 112. The TAP generator 102 is also electrically
connected to a secondary circuit 106 configured to discharge energy through the

plasma in the secondary ignition region 122.

[0042] The primary high voltage circuit 106 includes one or more
capacitor banks, one or more high voltage power sources, and one or more high-
voltage switches, and suitable pulse generating circuitry to deliver a high-voltage
pulse across the anode 110 and the cathode 112. In one embodiment, the
primary high voltage circuit 106 includes a capacitor bank energized to between
approximately 2 kV and approximately 100 kV to deliver a high voltage pulse
having a duration between about 10 ns and 200 ms pulse through the anode 110
and the cathode 112 to the exploding wire 108. In this embodiment, the anode
110 is solid or a semi-permeable conductor while the cathode 112 is semi-
permeable conductor.

[0043] As shown in FIG. 4, a particular embodiment of the primary
high voltage circuit 106 is an RLC circuit 400 that includes a number of resistors
402A-C, one or more inductors 404, and one or more capacitors or capacitor
banks 406. The primary high voltage circuit 106 also includes as a power source
408, a three-plate pressurized air gap switch 410, a lead 412 connected to the
anode 110, another lead 414 connected to the cathode 112, and additional
protection and safety circuitry, including but not limited to switches and diodes,
generally indicated as 416.

11
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[0044] In one embodiment, the power source 408 is a direct current
(DC) power source that supplies approximately 30kV to the primary high voltage
circuit 106. The capacitor bank 406 has a capacitance of approximately 11 pF to
store and release approximately 4.4 kJ generate a 6 kA, 46 us current pulse (full-
width half maximum) through the wire 108, causing the wire to explode. The
inductor 404 is typically an 11.77 pH air-core inductor. The inductor 404 and a
5.5 Q aqueous-electrolyte shaping resistor 402A are used to shape the current
pulse.

[0045] The circuit inductance and resistance are both variable
parameters that affect the amount of current and energy delivered to and
deposited into the wire 108. To determine the effects of circuit inductance on the
current pulse delivered to the wire 108, the air core inductor 404, was replaced in
various embodiments with other inductors having inductance values of 0.6 uH
and 27.5 pH. Similarly, in other embodiments, the aqueous-electrolyte resistor
was replaced with resistors having resistances of approximately 20 Q to

approximately 300 mQ. Non aqueous-electrolyte resistors may also be used.

[0046] When varying the inductance of the primary high-voltage
circuit 104, a shaping resistor 402A with a resistance of approximately 5.2 Q was
used. Likewise, the inductor 404 had a resistance of approximately 11.77 uH

when the resistance of resistor 402A was varied.

[0047] The current pulse generated by the primary high-voltage
circuit 104 with a typical 11.77 uH inductor 404 and a typical 5.2 Q shaping
resistor 402A delivers approximately 6 kA with a pulse width of approximately
46.08 us. It was observed that the peak and width of the current pulse varied
with changes in inductance. For example, when the inductor 404 had an
inductance of approximately 27.5 pH the current pulse delivered to the wire 104
had a peak current of approximately 5.48 kA and a pulse width of approximately
53.55 us. While the current pulse generated when the inductor 404 had an
inductance of 0.6 pH results in higher current (approximately 6.88kA) delivered in

12
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a smaller pulse width (approximately 35.9 us). As expected in view of traditional
circuit theory, it was observed that the current pulse decreases in amplitude yet
spreads in pulse width as the inductance increases. Further, it was observed
that varying the inductance of the primary high-voltage circuit 104 did not result in
a significant change in the height or duration of the TAP discharge 130.

Similarly, no significant effect was observed in the distance traveled data by the
TAP discharge 130. As such, the inductance of the primary high-voltage circuit
104 may be varied according to the desired application of the air plasma
generation apparatus 100 without diminishing the generated TAPs.

[0048] Conversely, it was determined that varying the resistance in
the primary high-voltage circuit 104, did however, affect the generated TAPs.
For example, the current pulse from a typical configuration of the primary high-
voltage circuit, where the resistance of the shaping resistor 402A is
approximately 5.2 Q, is approximately 6 kA with a pulse width of approximately
46.08 us. The current pulse, when the resistor 402A has a resistance of
approximately 20 Q, however, reaches a peak of only about 2.02 kA with a pulse
width of approximately 130.85 ps.

[0049] Further, by removing the typical aqueous-electrolyte resistor
402A from the circuit and directly connecting the inductor 404 to the anode 110,
through lead 412, resulted in a stray resistance of approximately 300 mQ. In this
configuration, the primary high-voltage circuit 104 is underdamped, rather than
the typical overdamped configuration. As such, the resultant current oscillates
about four times in approximately 288 ps while reaching a peak of approximately
23.6 kA.

[0050] Changing the resistance of the resistor 402A yields
appreciable differences in the size and the duration of the TAP discharge 130.
For example, when the resistor 402A has a resistance of approximately 20 Q the
TAP discharge 130 has a shorter duration and smaller diameter when compared

to a shaping resistance of approximately 5.2 Q. Further, when the resistor 402A
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is removed or otherwise reduced to yield a resistance of approximately 300 mQ,
the TAP discharge 130 is approximately twice as large in diameter and has a
longer duration when compared to TAP discharges with a 5.2 Q resistor. In
additionally, the TAP discharge 130 generated with a 300 mQ resistor for the
shaping resistor 402A travels approximately twice as far as the TAP discharges
generated using a 20 Q resistor or a 5.2 Q resistor for the shaping resistor. In
this configuration, additional energy has been deposited into the TAP discharge
130 formed by the exploding wire 108. This results in an increase in the volume
and duration of the TAP discharge 130 and may be caused, at least in part by the
reduction in dampening of the primary high-voltage circuit 104.

[0051] Preferably, the secondary circuit 106 includes a capacitor
bank charged to a voltage suitable for heating the TAP discharge 130. For
example, when the secondary high voltage circuit 106 is charged to between
100V and 300V, the TAP discharge 130 entering the secondary ignition region
122 completes a circuit between the cathode 112 and the accelerator electrode
124. The energy imparted by the secondary high voltage circuit 106 enhances
the duration and velocity of the TAP discharge 130. In one embodiment, the
secondary high voltage circuit 106 is connected to the same high voltage power
source as the primary high voltage circuit 106. In another embodiment, the
secondary high voltage circuit 106 is powered by another high voltage source. In
yet another embodiment, the primary high voltage circuit 106 and the secondary

high voltage circuit 106 may be incorporated into a single high voltage system.

[0052] By way of example and not limitation, the secondary circuit
106 may include a secondary 8.8 mF electrolytic capacitor bank 132 that is
charged to approximately 250 V to heat the plasma in the secondary ignition
region 122. The post-explosion heating has been shown to enhance both the
size and duration of the TAP discharge 130.

[0053] The additional heating provided by the secondary circuit 106
also plays a role in forming the toroidal shape of the TAP discharge 130. For

14
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example, the elongated cavity 128 defined by the secondary shielding material
126 allows for the plasma generated by the explosion of the wire 104 to expand.
During expansion, when the area between the cathode 112 and the accelerator
anode 124 is filled with plasma, the secondary capacitor bank 132 discharges
stored energy through the plasma. In one embodiment, a 400 A current drawn
by the plasma from the secondary capacitor bank 132 has a pulse width of
approximately 4 ms. After the discharge from the secondary capacitor bank 132,
the bulk of the TAP discharge 130 detaches from a portion 134 of the discharge
that remains in the secondary ignition region 122 and exits from the TAP
generator 102, as shown in FIG. 5. After the bulk of the TAP discharge 130 has
separated from the remaining portion, the capacitor bank 132 may continue to

discharge and energize the remaining plasma in the TAP generator 102.

[0054] A cross sectional view of the evolution of the toroidal
structure 500 of the TAP discharge 130 is shown in FIG. 5. For approximately
the first millisecond after ignition, the discharge 130 is still expanding from the
secondary ignition region 122 and has a very homogeneous profile.
Approximately 1.5 ms after ignition, the toroidal shape begins to form. These two
images illustrate the toroidal shape of the discharge at 6 ms and 7 ms after
ignition. FIG. 5 also shows the remaining discharge 134 within the secondary
ignition region 122.

[0055] In one embodiment, the TAP discharge 130 can last up to 15
ms while travelling approximately 30 cm from the TAP generator 102. In other
embodiments, the TAP discharge 130 may have a lifetime in the range of
milliseconds to multiple seconds and multiple minutes. The toroidal structure 400
of the TAP discharge 103 may expand to approximately 12 cm in diameter. In
other embodiments, the toroidal structure 400 may expand to other diameters
including those less than or greater than 12 cm. The electron density of the TAP
is preferably at least 10'%cm?®and may be as high as 10"/cm?®. In various

embodiments, the electron density is determined to be approximately 10™-
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10"%/cm?® based upon the measured current passing through the plasma while it

is in the secondary ignition region 122.

[0056] The density of the plasma may be increased by using a
pressurization system (not shown) that may increase the pressure in the
apparatus to a range between 1 ATM- 2000 ATM or higher. In addition, the air
within and/or around the apparatus may be modified to optimize the size and
electron density of the generated air plasmas. For example, the air within and/or
around the apparatus may include one or more gas mixtures or gases seeded

with nanoparticles or various chemical compounds.

[0057] In various embodiments, the radial expansion 120 of the
shock wave and heat generated by the explosion of the wire 108 is confined
within the primary and secondary cavities 118 and 128, respectively. The
discharge from the exploding wire 108 is thus dissipated, predominantly, through
axial expansion along the axis of the primary elongated cavity 118 and the
secondary cavity 128. This imparts hydrodynamic effects upon the TAP
discharge 130 and therefore, the geometry of the TAP generator 102 lends itself
to the self-containing characteristics of the TAP discharge 130.

[0058] The combined effects of the initial axial expansion from the
exploding wire 108 and the secondary excitation in the secondary ignition region
122 result in the formation of the toroidal structure 400. In various other
embodiments, the secondary ignition region 122 may have any geometry that
can transfer energy into the TAP discharge 130. In these embodiments, the
temperature and subsequent absorption and emission of light by the TAP
discharge 130 can be tailored to specific requirements based upon the geometry
of the secondary ignition region 122. The duration and amount of energy
delivered to the plasma in the secondary ignition region 122 can be optimized to
generate characteristics of the TAP discharge 130 that are required for the
desired application. For example, by increasing the energy imparted to the TAP

discharge in the secondary ignition region 122, the lifetime of the TAP discharge
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may be extended from milliseconds to minutes thereby allowing the long-range

projection of the plasma.

[0059] Although the TAP generator 102 has been described using
the exploding wire 108 as the initial plasma source, other plasma sources may
be used. By way of example and not limitation, other plasma sources include
explosives, puffed gas plasmas, hollow cathode plasmas, microwave driven
sources, high power laser arrays, railguns, hypervelocity plasma accelerators,
and any other plasma source that has a high repetition rate to generate ionized
particles. In these embodiments, the plasma source is activated by a suitable
activation device corresponding to the plasma course. For example, an
activation device for an explosive is a detonator, while an activation device for a

microwave driven source is a microwave generator.

[0060] In another example, one or more lasers is used to form or
further heat the TAP discharge 130. For example, a laser may be used to form a
laser-induced air plasma in the primary ignition region 114. Alternately, a laser
may be used to heat a plasma discharge within the secondary ignition region
122.

[0061] In various embodiments, the air plasma generation
apparatus 100 is configured for single or multi-shot operation. As such, the air
plasma generation apparatus 100 may generate a single or multiple self-
contained air plasmas at a high rate of repetition.

The Toroidal Air Plasma

[0062] The TAP discharge 130 has a very homogenous profile
immediately after the ignition of the exploding wire 108 as it expands from the
first primary elongated cavity 118. In one embodiment, the TAP discharge 130
begins to take on the toroidal structure 400 approximately 1.5 ms after ignition.
The toroidal structure 400 of the TAP discharge 200 is shown at approximately 6
ms and approximately 7 ms after ignition in FIGS. 5A and 5B, respectively.
FIGS. 6A and 6B also show the secondary ignition 600 of the TAP discharge 130
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within the secondary ignition region 122. When the TAP discharge 130 exits the
TAP generator 102, the discharge has a circulating current or field reversal that
generates a self-magnetic field as well as a rotating plasma region on the minor
radius of the toroid structure 400. The self-magnetic field confines the TAP
discharge 130 and significantly increases the lifetime of the TAP discharge to
effectively produce a self-sustaining TAP discharge by reducing interactions that

may recombine molecules of the air plasma with atmospheric gas molecules.

[0063] In various embodiments, the TAP discharge can be
sustained for approximately 2-30 ms and may travel approximately 10-40 cm
away from the TAP generator 102 at up to 200 m/s. The toroidal shape 500 may
expand up to approximately 12 cm in diameter. The electron density of the TAP
discharge 130 is approximately 10'*-10"%/cm?® as determined by the measured
current passing through the TAP discharge 130 during the secondary heating of
the discharge in the secondary ignition region 122. In various other
embodiments, the TAP discharge 130 is scalable to higher energies, densities

and can be used for a number of advanced applications.

[0064] For example, 1 kilojoule to 1 gigajoule or higher of energy
may be imparted to the TAP discharge 130 in the secondary ignition region 122.
Increasing the energy will increase the lifetime of the TAP discharge 130 from an
order of milliseconds to minutes allowing for the long-range projection of the TAP
discharge.

[0065] FIG. 7 is a flowchart illustrating one embodiment of a method
700 for generating a TAP discharge 130. At step 702, a first high voltage pulse is
applied across the anode 110, the cathode 112, and the exploding wire 108 in
the primary ignition region 114. The first high voltage causes the wire to explode
thereby producing the TAP discharge 130. At step 704, the radial expansion of
the AP discharge is restricted such that the TAP discharge travels along the
longitudinal axis of the wire to a second ignition region defined by the cathode
112 and the accelerator electrode 124.
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[0066] In the second ignition region 122, a second high voltage
pulse is applied across the cathode 112 and the accelerator electrode 124 to
further heat and expand the TAP discharge 130, at step 706. Within the
secondary ignition region 122, the TAP discharge becomes self-sustaining and
takes on the toroid structure 200. At step 708, the self-contained TAP discharge
is discharged from the second ignition region 122, wherein it may be used to
mitigate the effects of a shock wave or another propagating wave.

Example Method for Generating a Toroidal Air Plasma

[0067] By way of example and not limitation, an exemplary method
for generating a TAP discharge, such as the discharge 130 is provided. The
primary high voltage circuit 104 of the air plasma generation apparatus 100
included an 11 yF capacitor bank energized to approximately 30kV to deliver a 4
kA pulse for a duration of approximately 200 ys pulse through two strands of 40
AWG silver-plated copper wire 108 within the TAP generator 102. The anode
110 connected to the wire 108 was a copper screen while the cathode 112 was a
stainless steel screen. The primary shielding material 116 was a polycarbonate
material having a thickness of approximately 10 cm and the elongated cavity 118

had a diameter of approximately 1.25 cm.

[0068] The secondary circuit 106 used an 8.8 mF electrolytic
capacitor bank 132 charged to 250V to heat the TAP discharge 130. The
secondary primary shielding material 126 was plastic approximately 7 mm thick
and defined another elongated cavity 128 with a diameter of approximately 3 cm.
The secondary circuit 106 discharged approximately 400A into the TAP
discharge 130 over approximately 4 ms. The TAP discharge 130 exiting the TAP
generator 102 has an electron density of approximately 10'°-10"/cm?® as
determined by the measured current that passed through the discharge during

the secondary heating.
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[0069] It will be appreciated that the device and method of the
present invention are capable of being incorporated in the form of a variety of
embodiments, only a few of which have been illustrated and described above.
The invention may be embodied in other specific forms without departing from its
spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive and the scope of
the invention is, therefore indicated by the appended claims rather than by the
foregoing description. All changes which come within the meaning and range of
equivalency of the claims are to be embraced within their scope.

20



WO 2012/173864 PCT/US2012/041332

CLAIMS

What is claimed is:

1. A method for generating a self-contained air plasma at an
atmospheric pressure comprising:
generating the air plasma in a first ignition region;
restricting radial expansion of the air plasma; and,
applying a high voltage pulse to the air plasma in a secondary ignition
region, wherein the high voltage pulse causes the air plasma to
expand, accelerate out of the second ignition region, and become

self-contained.

2. The method of claim 1, wherein the air plasma is generated from a
plasma source and the plasma source is at least one member of a group
consisting of an exploding wire, an explosive, a puffed gas plasma, a hollow
cathode plasma, a laser, a railgun, a hypervelocity plasma source, and a

microwave-driven plasma source.

3. The method of claim 1, wherein restricting radial expansion of the

air plasma further comprises:
providing a shielding material around the air plasma source that focuses
expansion of the air plasma in a direction parallel to a longitudinal

axis of the first ignition region and the second ignition region.

4. The method of claim 1, wherein applying the high voltage pulse to
the air plasma further comprises:
applying the high voltage pulse across a cathode and an electrode
separated by an air gap, wherein the air plasma completes a circuit
between the cathode and the electrode.

5. The method of claim 4, wherein the air plasma accelerates away

from the cathode and the electrode and forms a self-confining structure.
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6. The method of claim 5, wherein the self-confining structure is a

toroidal structure or a spherical structure.

7. The method of claim 1, wherein the self-contained air plasma has

an electron density of at least 10'%cm?.

8. An apparatus for generating a self-contained air plasma at an

atmospheric pressure comprising:

a primary ignition region comprising a first shielding material that defines a
first longitudinal cavity to contain a plasma source;

an ignition device in communication with the primary ignition region to
generate an air plasma from the plasma source;

a secondary ignition region adjacent to the primary ignition region, the
secondary ignition region comprising a second shielding material
that defines a second longitudinal cavity, wherein the second
longitudinal cavity is in fluid communication with the first
longitudinal cavity to receive the air plasma; and,

a high voltage circuit comprising at least one capacitor, the high voltage
circuit in communication with a voltage source to apply a high
voltage pulse to the air plasma, wherein the high voltage pulse
heats and accelerates the air plasma away from the apparatus to

form the self-contained air plasma at the atmospheric pressure.

9. The apparatus of claim 8, wherein the plasma source is at least one
member of a group consisting of an exploding wire, laser, an explosive, a puffed
gas plasma, a hollow cathode plasma, a railgun, a hypervelocity plasma source,

and a microwave-driven plasma source.

10.  The apparatus of claim 8, wherein the second longitudinal cavity is
cylindrical and the self-contained air plasma forms a self-confining structure.

11.  The apparatus of claim 10, wherein the self-confined structure is a

toroidal structure or a spherical structure.
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12.  The apparatus of claim 8, wherein the self-contained air plasma
has an electron density of at least 10'°/cm?® or higher.

13. A method for generating a self-contained toroidal air plasma at an
atmospheric pressure comprising:

applying a first high voltage pulse across a wire to explode the wire and
generate the air plasma in a first ignition region between an anode
and a cathode;

restricting radial expansion of the air plasma, wherein the air plasma
travels parallel to a longitudinal axis of the wire to a second ignition
region between the cathode and an accelerator electrode;

applying a second high voltage pulse across the cathode and the
accelerator electrode to heat the air plasma, wherein the heated air
plasma expands and forms a toroidal structure; and,

discharging the self-contained toroidal air plasma from the second ignition

region at the atmospheric pressure.

14.  The method of claim 13, further comprising:

providing a rigid electrically insulating material between the anode and the
cathode, the material defining an elongated cavity around the wire
and the elongated cavity restricting the radial expansion of the air
plasma.

15.  The method of claim 14, wherein the elongated cavity has a
generally cylindrical configuration.

16. The method of claim 14, wherein the elongated cavity has a
generally spiral configuration.

17.  The method of claim 14, further comprising:
providing a second rigid electrically insulating material between the
cathode and the accelerator electrode, the second material defining

a second elongated cavity to receive the air plasma.
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18. The method of claim 17, wherein the second elongated cavity has a

greater diameter than the first elongated cavity.

19.  The method of claim 17, wherein the second elongated cavity has a
smaller diameter than the first elongated cavity.

20. The method of claim 17, wherein the second elongated cavity has a
generally cylindrical configuration.

21.  The method of claim 17, wherein the second elongated cavity has a

generally spiral configuration.

22. The method of claim 13, wherein the wire has a gauge in a range
between 00 gauge and 80-gauge.

23. The method of claim 13, wherein the first high voltage pulse is
between 10kV and 50kV and has a duration between 10 ps and 200 ms.

24.  The method of claim 13, wherein the second high voltage pulse is
between 100V and 300V and has a duration between 1 ms and 200 ms.

25. The method of claim 13, wherein the self-contained toroidal air

plasma has an electron density of at least 10"%/cm?®.

26. An apparatus for generating a self-contained air plasma at an
atmospheric pressure comprising:

a primary ignition region defined by a first shielding material positioned
between an anode and a semi-permeable cathode, the first
shielding material having a first longitudinal cavity to contain a
conductive wire extending between and in communication with the
anode and the cathode;

a primary high voltage circuit having at least one voltage source and at
least one capacitor, the primary high voltage circuit in

communication with the anode and the cathode to apply a first high
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voltage pulse across the anode and cathode to cause the wire to
explode and generate an air plasma, wherein the first longitudinal

cavity restricts radial expansion of the air plasma;

a secondary ignition region defined by a second shielding material

positioned between the cathode and a semi-permeable electrode,
the second shielding material having a second longitudinal cavity
extending between the cathode and the electrode wherein the
second longitudinal cavity is in fluid communication with the first

longitudinal cavity to receive the air plasma; and,

a secondary high voltage circuit having at least one other capacitor and in

27.

communication the voltage source, the secondary high voltage
circuit in further communication with the cathode and the electrode
to apply a second high voltage pulse across the gap between the
cathode and the electrode wherein the second high voltage pulse
heats and accelerates the air plasma as it traverses the secondary
ignition region and the electrode to form the self-contained air

plasma at the atmospheric pressure.

The apparatus of claim 26, wherein the second longitudinal cavity is

generally cylindrical and has a greater diameter than the first longitudinal cavity

such that the self-contained air plasma forms a toroidal structure upon traversing

the electrode.

28.

The apparatus of claim 26, wherein the self-contained air plasma

has an electron density of at least 10'°/cm? or higher.

29.

A method for generating a self-contained air plasma at an

atmospheric pressure comprising:

generating the air plasma in a first ignition region;

directing a velocity of expansion of the air plasma out of the first region;

and,
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imparting energy to the air plasma in a secondary ignition region, wherein
the imparted energy causes the air plasma to expand, accelerate

out of the second ignition region, and become self-contained.

30. A method for generating a self-contained air plasma at an
atmospheric pressure comprising:
generating the air plasma in a first ignition region;
restricting radial expansion of the air plasma; and,
imparting energy to the air plasma in a secondary ignition region, wherein
the imparted energy causes the air plasma to expand, accelerate

out of the second ignition region, and become self-contained.
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