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Energy focusing system for active denial apparatus

Abstract

An active denial apparatus for use in non-lethal weaponry includes at least one focusing element
configured to focus millimeter-wave energy along an axis of propagation. The at least one focusing
element includes an astigmatic or dual axis focusing system configured to direct a focused beam
that allows the active denial apparatus to accurately immobilize targets at both close and long range
within acceptable limits of intensity.
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1. An active denial apparatus comprising:
a high-power millimeter wave source; and

at least one beam-processing element for directing millimeter-wave energy along an axis of propagation, the at least one beam-processing element comprising an astigmatic
focusing system configured to direct a focused beam having a focusing profile in a plane defined by a x-axis and a z-axis that includes an axis of propagation, and a
substantially different focusing profile in a plane defined by a y-axis and the z-axis also including the axis of propagation that is perpendicular to the x-plane.

2. The active denial apparatus of claim 1, wherein the astigmatic focusing system is configured to direct the focused beam with an effective cross-sectional area that is
substantially constant over a wide range in the direction of propagation.

3. The active denial apparatus of claim 1, wherein the focusing profile diverges in the plane defined by the x-axis and the z-axis and converges in the plane defined by the y-axis
and the z-axis.

4. The active denial apparatus of claim 1, wherein the at least one beam processing element includes a shaped reflector.
5. The active denial apparatus of claim 1, wherein the at least one beam processing element includes a shaped transmissive lens.

6. The active denial apparatus of claim 1, wherein the at least one beam-processing element further comprises a main reflector and a sub- reflector, the sub-reflector configured
to match a size and a divergence of millimeter waves emanating from the high-power millimeter wave source to the main reflector to achieve desired focusing profiles in the
plane defined by the x-axis and the z-axis and the plane defined by the y-axis and the z-axis, the main reflector configured to provide final focusing of the focused beam.

7. The active denial apparatus of claim 1, wherein the at least one beam-processing element includes a flat-panel array antenna.
8. The active denial apparatus of claim 1, wherein the at least one beam-processing element includes a phased array system.

9. The active denial apparatus of claim 1, wherein the high-power millimeter-wave source includes a solid-state source.

10. The active denial apparatus of claim 1, wherein the high-power millimeter-wave source includes a vacuum tube-based source.

11. The active denial apparatus of claim 9, wherein the high-power millimeter-wave source includes a grid amplifier.
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12. The active denial apparatus of claim 9, wherein the high-power millimeter-wave source includes a grid oscillator.
13. An active denial apparatus comprising:
a high-power millimeter wave source; and

at least one beam-processing element for directing millimeter wave energy along an axis of propagation, the at least one beam-processing element including a variable focusing
system configured to be cycled through at least two focusing configurations.

14. The active denial apparatus of claim 13, wherein one or more of the at least two focusing configurations delivers a beam with an effective cross sectional area that is
substantially constant over a wide range in an axis of propagation.

15. The active denial apparatus of claim 13, wherein a beam delivered by the variable focusing system diverges in the plane defined by the x-axis and the z-axis and converges in
the plane defined by the y-axis and the z-axis.

16. The active denial apparatus of claim 13, wherein the at least two focusing configurations alternate the millimeter wave energy between a plurality of fixed focus settings
having either different effective apertures, different effective focal lengths in the plane defined by the y-axis and the z- axis, the plane defined by the y-axis and the z-axis, or both,
or both different effective apertures and effective focal lengths.

17. The active denial apparatus of claim 13, wherein the at least two focusing configurations are each configured to deliver an effective power density within a desired range of
power densities over different ranges of distance in an axis of propagation.

18. A method of focusing energy in an active denial apparatus comprising:
generating millimeter-wave energy from a high-power millimeter-wave source; and

directing the millimeter-wave energy along an axis of propagation, wherein at least one beam processing element for directing the millimeter- wave energy includes an
astigmatic focusing system configured to direct a focused beam with a focusing profile in a plane defined by a x-axis and a z- axis, which contains an axis of propagation, the z-
axis, and a substantially different focusing profile in a plane defined by a y-axis and the z-axis, which contains the axis of propagation, the z-axis, and is perpendicular to the
plane defined by the x-axis and the z-axis.

19. The method of claim 18, further comprising matching a size and a divergence of millimeter waves emanating from the high-power millimeter-wave source to a main reflector
to achieve desired beam profiles in the plane defined by the x-axis and the z-axis and the plane defined by the y-axis and the z-axis, the main reflector configured to provide final
focusing of the focused beam.

20. The method of claim 18, wherein the directing the millimeter- wave energy along the axis of propagation further comprises configuring a sub-reflector to match the size and
the divergence of millimeter waves emanating from the high-power millimeter-wave source to the main reflector.

21. The method of claim 18, wherein the directing the millimeter- wave energy along the axis of propagation further comprises configuring the astigmatic focusing system so
that the focusing profile diverges in the plane defined by the x-axis and the z-axis and converges in the plane defined by the y-axis and the z-axis.

22. The method of claim 18, wherein the at least one beam processing element for directing the millimeter-wave energy includes a shaped reflector.

23. The method of claim 18, wherein the at least one beam processing element for directing the millimeter-wave energy includes a shaped transmissive lens.
24. The method of claim 18, wherein the at least one beam processing element for directing the millimeter-wave energy includes a flat- panel array antenna.
25. The method of claim 18, wherein the at least one beam processing element for directing the millimeter-wave energy includes a phased array system.

26. The method of claim 18, wherein the high-power millimeter- wave source includes a solid-state source.

27. The method of claim 26, wherein the high-power millimeter- wave source includes a grid amplifier.

28. The method of claim 26, wherein the high-power millimeter- wave source includes a grid oscillator.

29. The method of claim 18, wherein the high-power millimeter- wave source includes a vacuum tube-based source.

30. The method of claim 18, further comprising alternating the millimeter-wave energy between a plurality of fixed focus settings having either different effective apertures,
different effective focal lengths in the plane defined by the x-axis and the z-axis, the plane defined by the y-axis and the z-axis, or both, or both different effective apertures and
effective focal lengths.

31. An active denial apparatus comprising:

a high power millimeter-wave source and at least one beam processing element combined in an array having at least one elements that directly generates millimeter-wave
energy with a desired set of beam profiles in a plane defined by an x-axis and a z-axis and a plane defined by a y-axis and the z-axis.

Description

ENERGY FOCUSING SYSTEM FOR ACTIVE DENIAL APPARATUS
TECHNICAL FIELD

The present invention generally relates to active denial systems for non-lethal weapons. Specifically, the present invention relates to the use of directed electromagnetic
power to generate sufficiently unpleasant sensations in targeted subjects to affect behavior or incapacitate the subject without causing significant physical harm.

BACKGROUND ART

Existing active denial systems involve the use of millimeter-waves, directed onto the subject using a focusing system such as a focusing reflector, lens, flat-panel array
antenna, or phased-array system. The properties of these existing focusing systems can be described in terms of a traditional rectangular Cartesian coordinate system,
with x, y, and z axes. Where the direction of propagation of a beam is centered along the z-axis, traditional focusing systems cause the beam to converge or diverge
approximately equally in both x and y directions. If the beam is converging as it leaves the aperture of the device, it will come to a focus - a plane of minimum extent in x
and y - at some particular location along the z-axis. As the beam propagates beyond this point, the beam will diverge.

Generally, over the distances over which these devices are effective, atmospheric absorption of millimeter waves is small, so the average power density in the beam at
any location along the z-direction is given by the total power emitted by the device divided by the effective area of the beam (since the beam intensity will not simply drop
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to zero at some distance in x or y away from the z-axis, the "boundary" of the beam is usually defined, for example, as the contour at which the intensity of the beam falls

to 1/e2 of its peak intensity along the z-axis). In the case in which the beam is converging as it leaves the device aperture, the beam will have a plane of maximum
intensity (at the plane of minimum beam area) with decreasing intensity at locations in the z-direction that are either further away from or nearer to the device than the
plane of maximum intensity.

One issue with the variation of intensity with distance along the beam is that there is a range of intensity or power density that is useful in the active denial application.
There is a minimum power density below which the subject is not adequately deterred, and a maximum power.density above which the beam can cause damage to
tissue. Generally, it is preferable that no portion of the beam have an intensity exceeding the damage threshold. The beam will always have a maximum distance beyond
which the intensity falls below the effectiveness threshold, but in some configurations in which the beam is converging along both the x and y axes as it leaves the
aperture of the apparatus that generates and emits the beam, there will also be a minimum distance from the apparatus within which the beam intensity falls below the
effectiveness threshold. Therefore, one must consider the beam intensity with regard to distance from the device for uses such as crowd control or close-range
situations.

The distance over which a traditionally focused electromagnetic beam can remain effectively collimated (i.e., not significantly converging nor diverging) is related to the
wavelength and the effective diameter of the beam. FIG. 1(a-d) show beam diameters and power densities as a function of distance of propagation away from the device
for several prior art devices having "circular" focusing elements (i.e., that generate beams that depend only upon distance along the z-axis and radial distance away from
the z-axis, but not upon angle around planes parallel to the x-y plane). FIGS. 1 (a) and (b) show the evolution of beam diameter and power density for devices having 1
meter diameter apertures, one focused so as to create a maximum beam intensity at a distance of 100 meters from the device and the other configured to be collimated
at the plane of the aperture. For simplicity of comparison, each beam intensity curve is shown normalized to a peak power density of 1W/cm?. The associated total

power requirements to transmit the beams shown are 3.9kW (per W/cm?) for the collimated beam, and 675W (per W/cm?) for the focused beam. Using a focused beam
allows a greater than five-fold reduction in required peak power, but with these focal conditions the focused device will likely be ineffective for distances substantially less
than 50 meters. The device could be dynamically refocused to a shorter distance to address a closer subject (or a subject moving toward the device), but this adds to
system complexity. FIGS. 1 (c) and (d) show similar plots to those of (a) and (b), but for devices having a 0.3 meter diameter aperture. The focused device is configured
to place the maximum intensity plane at a distance of 10 meters from the device. Again the curves are normalized to a maximum peak intensity of TW/cmZ. The

associated total power requirements to transmit the beams shown are 360W (per W/cm?) for the collimated beam, and 75W (per W/cm?) for the focused beam. Here, the
collimated beam requires slightly less than 5 times as much power, but again, the focused beam is likely to fall below effective power densities at distances of less than
5 meters unless dynamic focusing is used. The collimated systems have greater "depth of field" (defined here as the range of distance over which the beam maintains a
usable power density) than the focused systems, but the collimated systems require much more total output power to reach effective power densities at any distance.

This disclosure describes approaches to improve the effective depth of field as defined above, while reducing the total output power required to achieve effective power
densities over a broader range of distances. These approaches can be combined or used separately.

DISCLOSURE OF INVENTION

The present invention uses a millimeter-wave source in conjunction with astigmatic focusing (i.e., beam-processing elements having different effective apertures or
different focal lengths in the x and y directions as described above, or both) to produce an active denial system with greater depth of field (as defined above) for a given
peak output power than such a system using conventional focusing. The astigmatic or "dual-axis focusing" focusing system allows the generation of a beam that is, for
example, diverging in the x-direction, while initially converging in the y-direction. Such a beam can maintain an effective area that remains more nearly constant over a
much greater distance along the axis of propagation (the z-axis as described above) than a beam generated with conventional focusing that initially converges the beam
in both x and y directions. This means that the power density in the beam will remain more nearly constant over a much greater distance along the axis of propagation.
This "depth of focus" approach represents a significant and very important improvement over existing active denial systems. FIG. 2 illustrates the profile of such a beam
as a function of distance along the direction of propagation. Note that the x- direction and y-direction need not explicitly denote vertical and horizontal directions, merely
two mutually orthogonal directions each orthogonal to the axis of propagation (the z-axis).

Additionally, by incorporating the ability to alternate the focusing properties between two fixed focus settings having different effective apertures and focal lengths (or
sequence through more than two such settings), the device can generate peak power densities suitable to generate the active denial effect at different ranges alternately
(or sequentially), thereby reducing the peak output power required to generate the effect at each of the distances. Provided the reduced duty cycle coverage of each of
the distance ranges provides adequate effect in the situation in which the device is used, this technique further reduces the total peak output power requirement.

It should be understood that the focusing system may comprise a wide range of beam-forming techniques, including, but not limited to, shaped reflective surfaces,
transmissive lenses, and arrays of individual radiators, collectively phased to produce a desired wavefront shape.

The present invention therefore includes an active denial apparatus comprising a high-power millimeter wave source and at least one beam- processing element for
directing millimeter-wave energy along an axis of propagation, the at least one beam-processing element comprising an astigmatic focusing system configured to direct
a focused beam having a focusing profile in a plane defined by a x-axis and a z-axis that includes an axis of propagation, and a substantially different focusing profile in a
plane defined by a y-axis and the z-axis also including the axis of propagation that is perpendicular to the x-plane.

The present invention also includes an active denial apparatus comprising a high-power millimeter wave source and at least one beam- processing element for directing
millimeter wave energy along an axis of propagation, the at least one beam-processing element including a variable focusing system configured to be cycled through at
least two focusing configurations.

The present invention further includes a method of focusing energy in an active denial apparatus comprising generating millimeter-wave energy from a high-power
millimeter-wave source and directing the millimeter-wave energy along an axis of propagation, wherein at least one beam processing element for directing the millimeter-
wave energy includes an astigmatic focusing system configured to direct a focused beam with a focusing profile in a plane defined by a x-axis and a z-axis, which
contains an axis of propagation, the z-axis, and a substantially different focusing profile in a plane defined by a y-axis and the z-axis, which contains the axis of
propagation, the z-axis, and is perpendicular to the plane defined by the x- axis and the z-axis.

The present invention further includes an active denial apparatus comprising a high power millimeter-wave source and at least one beam processing element combined
in an array having at least one elements that directly generates millimeter-wave energy with a desired set of beam profiles in a plane defined by an x-axis and a z-axis and
a plane defined by a y-axis and the z-axis. The foregoing and other aspects of the present invention will be apparent from the following detailed description of the
embodiments, which makes reference to the several figures of the drawings as listed below.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 (a) is a graphical representation of beam diameter as a function of propagation distance for a 1 diameter meter aperture both collimated at the aperture and
focused for minimum beam diameter at 100 meters;

FIG. 1 (b) is a graphical representation of power density as a function of propagation distance for a 3.9kW total power for the collimated beam and for 675W for the
focused beam;

FIG. 1(c) is a graphical representation of beam diameter as a function of propagation distance for a 0.3 meter diameter both collimated at the aperture and focused for
minimum beam diameter at a distance of 10 meters from the aperture;
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FIG. 1(d) is a graphical representation of power density as a function of propagation distance for the 0.3 meter aperture for 360W total output power for the collimated
beam and 75W total output power for the focused beam;

FIG. 2 is a pictorial and graphical representation of beam profile and power density versus propagation distance for an astigmatic focusing system according to the
present invention;

FIG. 3 is a graphical representation of power density versus distance for far-range and near-range settings of a two-setting astigmatic focusing system with 300W total
output power;

FIG. 4 is a cross-sectional side view of a reflector configuration of an astigmatic focusing system in which focusing elements are uncurved in the direction perpendicular
to the page, and ~ 0.1 meter in extent in that direction;

FIG. 5 is a conceptual drawing of a handheld unit employing an astigmatic focusing system according to one embodiment of the present invention;
FIG. 6 is an exploded view of a handheld unit employing an astigmatic focusing system according to one embodiment of the present invention; and
FIG. 7 is a multi-dimensional view of an astigmatic focusing system according to another embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE INVENTION

In the following description of the present invention reference is made to the accompanying drawings which form a part thereof, and in which is shown, by way of
illustration, exemplary embodiments illustrating the principles of the present invention and how it may be practiced. It is to be understood that other embodiments may
be utilized to practice the present invention and structural and functional changes may be made thereto without departing from the scope of the present invention.

The present invention comprises, according to one embodiment, an active denial apparatus 100 that includes a millimeter-wave source 110 and at least one beam-
processing element which comprises an astigmatic or dual-axis focusing system 200. Together, the millimeter wave source 110 and the astigmatic focusing system 200
comprise a means for directing millimeter-wave energy to a desired target. In one embodiment of the present invention, the at least one beam processing element of the
astigmatic or dual-axis focusing system 200 uses a main reflector 210 to provide the final focusing, and a sub-reflector 220 to match the size and divergence of the
waves emanating from the millimeter-wave source 110 to the main reflector 210 so as to achieve the desired convergence and divergence of the wave in the x and y
directions. Application of the astigmatic focusing system 200 to an active denial apparatus 100 in this type of configuration results in a broadening of the depth of focus
and therefore an increase in a usable range of the device.

FIG. 4 shows a side-view cross-section of the focusing elements and the millimeter-wave source 110 in the active denial apparatus 100. FIG. 4 shows the configuration of
main reflector 210 and sub-reflector 220 according to one embodiment of the present invention. Main reflector 210 and sub-reflector 220 may be configured in a variety
of different ways to produce different focal lengths. Additionally, although depicted in FIGS. 4-6 as reflectors, it should be noted that these focusing elements may include
lenses, flat panel antennas, phased arrays, mirrors, and any other reflective components that allow waves emanating from the millimeter-wave source 110 to achieve the
desired convergence and divergence of the wave in the x and y directions.

The millimeter-wave source 110 may be compact, and could be realized using solid-state grid amplifier and/or grid oscillator technology to obtain a high power beam. A
useful beam profile can be obtained with the natural divergence of a beam that is collimated in the horizontal direction with a 0.1 meter aperture (i.e., 0.1 meter extent in
the x-direction), and converged to a minimum extent in the y-direction at a distance of ~11 meters using an aperture that extends 0.35 meters in the y-direction.

FIG. 5 shows the active denial apparatus 100 as a handheld unit according to another embodiment of the present invention. It should be noted that the astigmatic or dual-
axis focusing system 200 described herein can be scaled to any sized system. The two main components of the active denial apparatus 100 according to FIG. 5 are the
high-power millimeter-wave source 110 and the at least one beam processing element comprising the astigmatic focusing system 200. In this embodiment, the high-
power millimeter wave source 110 comprises a solid-state grid oscillator 130, with an associated heat sink 140 and a cooling fan 150. It is understood that the high-
power millimeter-wave source 110 may comprise other types of solid- state or vacuum-tube-based sources. Millimeter-wave energy is radiated from the high-power
millimeter-wave source 110 to the beam-processing element of the astigmatic focusing system 200. The beam processing element comprises a main reflector 210 and a
sub-reflector 220, which in the embodiment of FIG. 5 are shaped reflective surfaces. These reflectors 210 and 220 make up the astigmatic or dual-axis focusing system
200 that directs a focused beam with a focusing profile 230 which contains the axis of propagation, the z-axis, in both the xz and yz planes. Reflectors 210 and

220 are shaped in such a way such that the focusing profile 230 of the beam in the xz plane is substantially different from the focusing profile 230 of the beam in the yz
plane. In the embodiment shown in FIG. 5, the reflectors 210 and 220 curve very little along one direction, while their curvature in the other direction is much more
pronounced. This reflector configuration is the same as that depicted in FIG. 4, and will give rise to a beam with a near constant cross section over a wide depth of field,
as shown in FIG. 3. FIG. 6 is an exploded view of an active denial apparatus 100 employing an astigmatic focusing system 200 according to the present invention. The
exploded view of FIG. 6 clearly depicts the multi-reflector configuration discussed above and the solid-state oscillator 130, associated heat sink 140, and cooling fan 150.

FIG. 3 shows a plot of power density versus distance for a two-setting device having a near-range setting and a far-range setting. Each setting uses dual-axis focusing
with different aperture sizes and effective focal lengths in both x and y directions. By rapidly alternating between these two settings, the device can produce a nearly

constant TW/cm? intensity at 50% duty cycle over a distance from zero to forty meters for every 300W of total output power. The ability to alternate the focusing
properties between two fixed focus settings having different effective apertures and focal lengths (or sequence through more than two such settings) generates peak
power densities suitable to achieve the active denial effect at different ranges alternately (or sequentially) and results in a reduction of the peak output power required to
generate the effect at each of the distances.

The astigmatic focusing system 200 can be configured to broaden the depth of focus in a variety of ways. For example, the components of the at least one beam
processing element can be selected to direct a focused beam with an effective cross-sectional area that is substantially constant over a wide range in the direction of
propagation. In another example, the at least one beam processing element may be configured so that the focusing profile 230 diverges in the plane defined by the x-axis
and the z-axis (the xz- plane) and converges in the plane defined by the y-axis and the z-axis (the yz-plane.) In yet another example, the at least one beam processing
element may be configured so that the focusing profile 230 converges in both the xz and yz plane. The astigmatic focusing system 200 may also be thought of as a
variable focusing system configured to include the focusing configurations discussed herein and to be cycled through one or more of those focusing configurations.

One skilled in the art will recognize that beam processing realized by shaped reflectors can equally be realized using shaped transmissive lenses.

Alternative embodiments in which the beam processing is realized by a combination of transmissive lenses and shaped reflectors, or realized using only transmissive
lenses are also included within the present invention.

Beam-forming functions can also be performed by array radiators (flat-panel array antennas fed by a single or multiple high-power sources or arrays of active elements
such as phased arrays), grid amplifiers, and grid oscillators. The phasing of the emission from the array can be such that the array radiates a curved wavefront, with the
curvature not constrained to be the same magnitude or sign in the xz-plane and yz-plane. FIG. 7 shows an astigmatic focusing system 200 according to one embodiment
of the present invention, in which a radiating array 240 can perform all or a portion of the beam processing function, depending on the intended range of the active denial
apparatus 100 and the size of the aperture 250. Thus, the at least one beam processing element may be partially or fully combined with the high power millimeter-wave
source 100. Consequently the present invention according to this embodiment contemplates a phased array millimeter-wave source 110, configured in aperture
dimensions in the x-direction and y- direction and in effective focal point in the xz-plane and the yz-plane such that a desired beam profiles in the xz-plane and yz-plane
are directly generated by the source without need for additional beam processing elements. The radiating array 240 of this embodiment of the present invention may be
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in the form of antenna array elements, and the phased array millimeter wave source 110 may also include a multi-feed flat panel antenna 260, a phasing network 270, and
w-band injection locked sources 280.

The present invention also contemplates a system having two distinct focusing configurations, with two different sets of xz-plane and yz-plane beam profiles. These
beam profiles could be optimized to deliver a desired power density range, high enough to be effective and low enough to avoid damage, over two distinct ranges along
the axis of propagation (e.g., a range near the aperture of the system and an adjacent range further away). If the system's focal configuration were alternated between the
two configurations, the system would alternately be delivering an effective power density to each of the two ranges. Provided the dwell time of the beam in each range
and the duty cycle are sufficient to produce the desired effect, such a system can effectively cover both ranges along the axis of propagation. Such a system can use a
lower peak power than a system that is required to deliver an effective level of power density over both ranges of distance simultaneously, which is a significant
advantage. An active denial apparatus that can rapidly alternate between two focal configurations may be most simply realized with a system having a focal
configuration that is modulated electronically, such as a phased array. Depending on the range requirements of the application, this may be realized using either a
variable- focus array with no additional beam processing elements, or using a variable-focus array feeding additional shaped reflectors or lenses

Itis to be understood that a system could be configured to cycle through more than two focusing configurations, to further reduce the peak power requirements for the
high power millimeter-wave source.

It is to be further understood that other embodiments may be utilized and structural and functional changes may be made without departing from the scope of the
present invention. The foregoing descriptions of embodiments of the invention have been presented for the purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise forms disclosed. Accordingly, many modifications and variations are possible in light of the above teachings. For
example, the present invention is scalable beyond a handheld device to a system of any size, and can be configured for mobile weapons systems. Additionally, the
millimeter-wave source may comprise other types of energy sources such as other solid-state or vacuum tube-based sources. It is therefore intended that the scope of
the invention be limited not by this detailed description.
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