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(57) Abstract: The present invention relates to directed en-
ergy weapons and, in particular, it concerns directed energy
weapons based on fiber lasers for use against a target, the
weapon comprising: (a) apluraity of laser units, each of the
laser units comprising: (i) a fiber laser generating an output
beam from a fiber, the output beam conveying power of at
least 1 kW, (ii) an objective lens arrangement for focusing
the output beam into a focused beam directed towards the
target, and (iii) atine adjustment mechanism for adjusting a
direction of the focused beam; (b) for each of the laser units,
a beam deflector arrangement deployed to deflect a portion
of the focused beam as a deflected beam in a direction in
predefined relation to a direction of the focused beam; (c) an
angle sensing unit deployed for receiving the deflected
beams and generating an output indicative of a current direc-
tion of the deflected beam for each of the laser units; and (d)
a controller associated with the angle sensing unit and the
fine adjustment mechanisms, the controller being configured
to actuate the fine adjustment mechanisms based on the out-
put from the angle sensing unit to maintain adesired relative
alignment between the directions of the focused beams.
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DIRECTED ENERGY WEAPON
FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to directed energy weapons and, in particular, it
concerns directed energy weapons based on fiber lasers.

It has been proposed to use high energy laser (HEL) radiation focused on a target
as weapon, both in offensive and defensive roles. Various types of lasers suitable for
generating high energy beams are problematic for practical implementations of aweapon
dueto their reliance on dangerous chemicals or requirements for bulky hardware.

Fiber lasers, i.e., lasers in which the active gain occurs within an optical fiber, are
compact and avoid use of dangerous chemicals. Although output powers of more than 1
kW are available, output from a single fiber laser using current technology does not
provide sufficient output power for implementation of an optimal directed energy
weapon.

Various attempts have been made to combine multiple fiber lasers in a directed
energy weapon so as to provide a desired total power output. Examples include:
U S 7970040 and WO 201 2/062399.

SUMMARY OF THE INVENTION

The present invention is a directed energy weapon based on fiber lasers.

According to the teachings of an embodiment of the present invention there is
provided, a directed energy weapon for use against a target, the weapon comprising: (a) a
plurality of laser units, each of the laser units comprising: (i) afiber laser generating an
output beam from a fiber, the output beam conveying power of at least 1 kW, (ii) an
objective lens arrangement for focusing the output beam into a focused beam directed
towards the target, and (iii) a fine adjustment mechanism for adjusting a direction of the
focused beam; (b) for each of the laser units, a beam deflector arrangement deployed to
deflect a portion of the focused beam as a deflected beam in a direction in predefined
relation to a direction of the focused beam; (c) an angle sensing unit deployed for
receiving the deflected beams and generating an output indicative of a current direction
of the deflected beam for each of the laser units; and (d) a controller associated with the

SUBSTITUTE SHEET (RULE 26)
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angle sensing usiit and the fine adjustment mechanisms, the controller being configured to
actuate the fine adjustment mechanisms based on the output frost the angle sensing unit
b maintain adesired relative aignment between the directions of the focused beams.

According to a further feature of as embodiment of the present invention, the
beam deflector arrangement deflects no more than 1 percent of the energy of the focused
beam.

According to a further feature of an embodiment of the present invention, the
beam deflector arrangement includes at least one pentaprism for each of the laser ‘units.

According to a further feature of an embodiment of the present invention, the
plurality of laser units is implemented as a two dimensional array of the laser units
including a plurality of rows of the laser units, and wherein the beam deflector
arrangement includes at least one pentaprism for each of the laser units deployed to
generate a set of once-deflected beams in generally paralel relation from the laser units
in each of the rows, the set of once-deflected beams being spaced apart by less than a
diameter of the objective lens arrangement, the beam deflector arrangement further
comprising an additional pentaprism for each of the rows deployed to deflect the set of
once-deflected beams to form an array of deflected beams from a plurality of the rows.

According to a further feature of an embodiment of the present invention, the f ne
adjustment mechanism comprises at least one actuator deployed for displacing a fiber tip
of the fiber laser.

According to a further feature of an embodiment of the present invention, the fine
adjustment mechanism comprises at least one actuator deployed for varying an angular
position of amirror.

According to a further feature of an embodiment of the present invention, there is
also provided a focus adjustment mechanism including at least one actuator deployed for
displacing a fiber tip of the fiber laser so asto vary a length of an optical path from the
fiber tip to the objective lens arrangement.

According to afurther feature of an embodiment of the present invention, there is
also provided a set of shutters or modulators associated with the controller and deployed
to control a quantity of light from each of the laser units to the angle sensing unit,

wherein the controller is configured to operate the set of shutters or modulators to
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modulate the deflected beams so as to facilitate angle sensing for each individual one of

the laser units.

According to a further feature of an embodiment of the present invention, the
plurality of laser units is implemented as a two dimensiona array of at least ten of the
laser units.

According to a further feature of an embodiment of the present invention, there is
also provided a tracking sensor deployed for tracking the target and evaluating alignment
of the focused beams with the target, wherein the controller is further configured to
actuate the fine adjustment mechanisms based on an output from the tracking sensor.

According to a farther feature of an embodiment of the present invention, the
tracking sensor isimplemented as a directed energy weapon subsystem comprising; (a) a
fiber laser generating an output beam from a fiber, the output beam conveying power of
a least 1 kW, (b) an optical arrangement for focusing the output beam into a focused
beam directed towards the target; (c) a fme adjustment mechanism associated with the
optical arrangement and deployed to adjust a direction of the focused beam; and (d) a
sensing arrangement deployed for: (i) sensing a part of the output beam reflected from an
element of the opiical arrangement so as to beindicative of adirection of propagation of
the focused beam; and (ii) focal-plane sensing of radiation arriving at the optical
arrangement from the target so asto allow tracking of the target.

There is aso provided according to the teachings of an embodiment of the present
invention, a directed energy weapon for use against a target, the weapon comprising: (a) a
fiber laser generating an output beam: from a fiber, the output beam conveying power of
a least 1 kW; (b) an optical arrangement for focusing the output beam into a focused
beam directed towards the target; (c)a fme adjustment mechanism associated with the
optical arrangement and deployed to. adjust a direction of the focused beam; and (d) a
sensing arrangement deployed for: (i) sensing a part of the output beam reflected from an
element of the optical arrangement so as to be indicative of a direction of propagation of
the focused beam; and (ii) focal-plane sensing of radiation arriving at the optical
arrangement from the target so as to alow tracking of the target.

According to a further feature of an embodiment of the present invention, the
sensing arrangement comprises: (@) a first sensing system deployed for focal -plane

~
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sensing of the part of the output bean: reflected from the element of the optical
arrangement so as to be indicative of a direction of propagation of the focused beam; and
(b) a second sensing system deployed for focal-plane sensing of radiation arriving at the
optical arrangement from the target so asto allow tracking of the target.

According to a further feature of an embodiment. of the present invention, the
output beam includes a first wavelength component conveying power of at least 1 kW
and a second wavelength component conveying a power at least two orders of magnitude
smaller than the first wavelength component, arid wherein at least one component of the
optical arrangement is transparent to the first wavelength and is an at least partial
reflector for the second wavelength, a reflected portion of the second wavelength
component providing the part of the output beam sensed by the sensing arrangement.

According to a further feature of an embodiment of the present invention, the
output beam has a given wavelength conveying at least a mgority of the power, and
wherein the part of the output beam reflected from the element shares the given
wavelength.

According to a further feature of an embodiment of tire present invention, the
optical arrangement includes a corner reflector deployed for reflecting a part of the
focused beam back through the optical arrangement.

According to a. further feature of an embodiment of the present invention, the
element of the optical arrangement reilectmg part of the output beam is a surface of an
objective lens of the optical arrangement.

According to afurther feature of an embodiment of the preserit invention, the fine
adjustment mechanism comprises at least one actuator deployed for displacing a fiber tip
of the fiber laser.

According to a further feature of arx embodiment of the present invention, the fine
adjustment mechanism comprises at least one actuator deployed for varying an angular

position of amirror.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the
accompanying drawings, wherein;

FIG. | is an isometric view of a directed energy weapon, constructed and
operative according to an embodiment of the present invention, showing a two
dimensional array of laser unitsin agimbaled housing;

FIG. 2 isafront view of the directed energy weapon of FIG. 1;

FIG. 3A is a schematic isometric view of a beam deflector arrangement forming
part of an inter-beam alignment system for use in the directed energy weapon of FIG. i;

FIG. 3B is an enlarged view of aregion of FIG. 3A designated Ill, illustrating
alignment beam deflecting elements associated with individual laser units;

FIG. 3C is an enlarged schematic isometric view illustrating a secondary beam
deflecting element for bringing deflected alignment beams from a row of laser units into
closely spaced paralel relation;

FIG. 4 is a schematic front view illustrating the operation of the secondary beam
deflecting element:

FIG. 5is aschematic side view illustrating the operation of a plurality of staggered
secondary beam deflecting elements to bring alignment beams from a plurality of rows
into closely spaced parallel relation;

FIG. 6 is a schematic top view illustrating a further deflection of a two-
dimensional closely spaced array of parale .alignment beams from the two-dimensional
array of laser units into an angle sensing unit;

FIG. 7 is a schematic diagram illustrating the interrelation of each laser unit from
the directed energy weapon of FIG. 1 with components of a control system for fine
adjustment of beam alignment;

FIG. 8 is a schematic diagram of a fine alignment tracker for use as part of the
directed energy weapon of FIG. 1according to a first implementation;

FIG. 9 is a schematic diagram of an integrated laser unit and fine alignment
tracker according to a further aspect of the present invention, also for use as part of the

directed energy weapon of FIG. 1according to an alternative implementation;
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FIGS. {oa-i{ic are schematic illustrations of the optical paths followed in FIG. 9
by the high-energy laser radiation, an angular sensing radiation channel, and a target
tracking channel, respectively ; and

FIGS. 11A and 11 B are schematic diagrams of an aternative implementation of an
integrated laser unit and fine alignment tracker according to an embodiment of the
present invention, illustrating the optical paths followed by the high-energy laser
radiation with a reflected alignment beam, and atracking channel, respectively.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention isadirected energy weapon based on fiber lasers.

The principles and operation of directed energy weapons according to the present
invention iriay be better understood with reference to the drawings and the accompanying
description.

By way of introduction, the present invention has a number of distinct aspects,
each of which is believed © be worthy of patent protection in its own right, and which
are believed to be of particular significance when employed together in synergy.
Specifically, afirst aspect of the present invention relates to a system ang corresponding
method for ensuring correct relative inter-beam alignment (I1BA) bétween multiple beams
from separate fiber laser units, each witli its own objective optics. This inter-beam
alignment facilitates reliable tracking of multiple fiber laser ‘units on a common target
while using a shared fine alignment tracker. A second aspect of the present invention
relates to a compact autonomous tracking collimator (CATC) which integrates a fiber
laser unit with a fine tracking sensor and beam alignment verification in a compact
combined wunit employing a single optica aperture. A particularly preferred
implementation of the present invention optionally combining both of the above aspects
will be presented herein with reference to FIGS. 1 and 2. Preferred features and
implementations of the IBA aspect of the invention will then be detailed with reference to
FIGS. 3A-7. A dedicated fine alignment tracker that could be used with an array of laser
units according to the first aspect of the invention is illustrated schematically in FIG. 8.



Lh

1o

| 397
L1

34

WO 2016/024265 PCT/IL2015/050682

Then, with reference to FIGS, 9-1 i1, various implementations of the CATC aspect of the
invention will be described.

Referring now to the drawings, Figures 1 and 2 illustrate a directed energy
weapon, generally designated 1}, constructed and operative according to an embodiment
of the present invention, employing aplurality of fiber laser units 12 arranged in an array
within ‘a housing 14 which is mounted on a gimba mount 16 providing elevation-over-
azimuth coarse direction control Also integrated into housing ¥4 are a coarse tracking
imaging sensor 1%, such as a FLIR, a fine tracking sensor 20, which may optionally be
integrated as part of & CATC unit 68 according to the second aspect of the present
invention, and an angular sensing unit 34, the function of which will be described below.

Each laser unit 12 has a fiber laser 24, typically mounted remotely from housing
14, for example in the base of gimbal mount 16, generating an output beay from a fiber
26 (FIG. 7) which conveys an output power of at least . kW, and more preferably at least
about 10 kW. An objective lens arrangement 28 is configured for focusing the output
bea1 into a focused beam directed towards a target. It should be noted that the term
"focused beam” as used here includes the possibility of aparallel collimated beam, which
is effectively focused at "infinity" for distant targets. Each laser unit 2 aso includes a
fine adjustment mechanism for adjusting a direction of the focused beam. In the
implementation illustrated schematically in FIG. 7, the fine adjustment mechanism is
implemented  as a fiber tip displacement mechanism 30, providing fine adjustment of the
tip of fiber 26 in at least the two dimensions perpeiidicular to the optic axis of laser unit
12. Other implementations of a fine adjustment mechanism, such as using a fast steering
mirror, can aso be used.

it is a particular feature of certain embodiments of the present invention that
directed energy weapon 18 includes an arrangement for inter-beam alignment to facilitate
correct relative alignment of the beams from laser units 12. To this end, each laser unit 12
has a beam deflector (or "beam sampler") arrangement deployed to deflect a portion of
the focused beam as a deflected beam in a direction in predefined relation to a direction
of the focused beam. in the example illustrated in FIGS. 3A-7, the beam deflector
arrangement includes a pentaprism 32 associated with each objective lens arrangement

28, either attached thereto or spaces in front of the objective lens arrangement, which
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generates a once-deflected beam perpendicular to the focused beam emerging from the
objective lens.

An angle sensing unit (ASU) 34 is deployed for receiving the deflected beams,
optionally after one or more further deflection {(as will be exemplified below), and
generates an output indicative of a current direction of the deflected beam for each of the
laser units. This indication is then processed by a controller 36 to determine a required
alignment correction for the corresponding laser units. Controller 36 generates outputs to
actuate the fine adjustment mechanism for each laser unit to maintain a desired relative
alignment between the directions of the focused beams.

At this stage, it will already be clear mat the inter-beam alignment aspect of the
present invention provides highly advantageous solution for achieving high power
density on a target using multiple fiber lasers. Specifically, the use of a plurality of
separate laser units with their own optical apertures avoids the complexity and
scalability-limitations of systems that attempt to combine multiple fiber laser outputs into
a combined beam from a single optical aperture. At the same time, by providing reliable
inter-beam alignment between the outputs of multiple laser units, it becomes possible to
employ acommon fine-tracking system for maintaining precise alignment of the group of
beams on a target, thereby rendering the system highly compact and cost effective. These
and other advantages of this aspect of the present invention will become clearer from the
following description.

It will be helpful to define certain terminology as used herein in the description
and claims. Firstly, the term "directed energy weapon” as used herein refers to any
weapon, for defensive and/or offensive applications, in which electromagnetic radiation
is directed towards atarget to deliver sufficient power asto cause damage to the target. in
guantitative terms, the delivered power is typically in excess of 50 kW, and more
preferably at least 100 kW. The present invention relates particularly to directed energy
weapons employing optical wavelengths of electromagnetic radiation, defined herein as
encompassing short-wave infrared (SWIR), near infrared (MR), visible and ultraviolet
wavelengths. The invention is typically implemented in the SWIR or NIR ranges of the

spectrum, where suitable high power lasers are currently commercialy available.
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The term "fiber laser” is used to refer to any laser in which the stimulated
emission effect occurs within an optical fiber. For directed energy weapon applications,
high power lasers should be used. A range of high energy fiber lasers with output powers
i excess of 1 kW, and in some cases from 10 kW upwards, are commercialy available.

The term "objective lens' is used herein to refer to the outermost optical
component from which an outgoing beam is issued (not including a beam deflector), or
the first optical component encountered by incoming radiation for imaging or sensing
functions. The objective lens typically aso defines an optical aperture of the
corresponding optical arrangement.

Where reference is made to a "controller”, "processor" or "processing system"
performing various different functions, the intention is typically to refer to a processing
system including. one or more processors configured, by hardware, software or any
combination thereof  and by addition of.any required interfaces or the like, to perform the
recited functions. Asiswell known, multiple functions performed by a processing system
may be performed by a single processing system, or may be distributed between multiple
processing systems which may be physically separate and even remote from one another.
All such arrangements fall within the intended scope of the terms "controller”,
"processor” and "processing system”, whether used in the singular or in the plurai.
Furthermore, as will be clear to a person ordinarily skilled in the art, various common
functions attributed herein to sensors and/or -controllers are in fact performed by
extensive multi-stage processing. One such example is a "target tracking" function
performed on output of an image sensor, which typically involves multiple processes
such as image pre-processing, feature identification -and/or classification, and application
of various frame-to-frame tracking algorithms. Such processes and the corresponding
required processing hardware/software are all well blown in the art, and will not be
described herein in detail.

Turning now to the features of directed energy weapon 10 in more detaill as
mentioned above, each laser unit 12 is fed by a-fiber laser 25 which delivers- an output
beam from a fiber 26. The output from fiber 26 typically emerges via a suitable fiber
terminator or "end cap”, which achieves some initial spreading of the beam. The fiber

laser feeds into the optical arrangement of the laser unit, which includes objective lens
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arrangement 28 and optionally other optical components. The optical arrangement
achieves broadening of the beam and collimation to form a final beam which is referred
to as a "focused beam™ directed towards a target. it will be noted that typical ranges for
use of the directed energy weapon of the present invention are typically from hundreds of
meters up to several kilometers, such that the focused beam has a very small
convergence, and for longer ranges. is effectively a coilimated paralel beam.

Each laser unit 12 has its own fine adjustment -mechanism for adjusting adirection
of the focused beam. The option illustrated in FIG. 7 employs a fiber tip displacement
mechanism 30, which can conveniently be implemented using & piezo-electric actuator
deployed . b displace the fiber tip (or fiber terminator) in two dimensions perpendicular to
the optical axis of the laser unit. Since coarse alignment is controlled by gimbal mount
16, the range of fine adjustment required .is typicaly small, and linear displacements of
less fhan a millimeter., or at most & few millimeters, in each direction are typicaly
sufficient,

It should be noted that the fiber tip displacement mechanism is only one of a
number of possible fine adjustment mechanisms which may be used to implement laser
units 12. As a further non-limiting example, a fine -adjustment mechanism may be
implemented with a beam reflected from a fast steering mirror (FSM) which provides
fine angular adjustment of the beam direction. Fast steering mirrors, typically employing
at least ong actuator such. asa piezo electric actuator for varying an angular position of a
mirror, are well known in the art and are readily commercially available. The term "fast
steering mirror" is used herein to refer to the entire assembly of a mirror with a set of
actuators, detai Is of which wili not be illustrated or described.

According © various particularly preferred implementations, the laser units 12
also include a focal length adjustment mechanism, typicaly implemented by employing
at least one actuator deployed for displacing the tip of fiber 26 in a direction paralel toan
optical axis of the laser unit so asto vary a length of an optical path from the fiber tip to
the objective lens arrangement. This motion is used to -vary art. effective focal distance of
the system to correspond to the estimated distance to the current target. in the case of a
fiber displacement adjustment mechanism, the © cal adjustment may optionally be

integrated with the alignment adjustment. Alternatively, in view of the fact that required
10
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response times for the focal length adjustment: are relatively slow, simpler or lower cost
adjustment actuators may be used. One non-limiting example is use of a linear stage
operated by a stepper motor.

Turning now to the beam deflector arrangement, while the underlying principles of
this aspect of the present invention may be implemented using a wide range of beam
deflector arrangements, certain particulariy preferred implementations take advantage of
the properties of a pentaprism which achieves precise deflection of the sampled beam
through 90 degrees while being insensitive to, and independent of, the alignment of the
pentaprism. The design of pentaprisms and their properties are wel} known in the art of
optics, and a range of pentaprisms suitable for use in the present invention are
commercialy available.

As illustrated from various different views in FIGS. 3A-6, each laser unit 2 is
provided with a small pentaprism 32 deployed for deflecting a small proportion of the
outgoing focused beam through 90°. The pentaprism preferably deflects no more than 1
percent of the energy of the focused beam, and typically much less. The deflected
intensity is determined primarily by the dimensions of the pentaprism, which is
preferably small compared to the optical aperture.

In order to facilitate the use of a single angle sensing unit 34 for measuring the
alignment of multiple laser unit beam directions, the present invention preferably deploys
staggered arrays of pentaprisms to deflect beams from a row of laser ‘units into a. set of
once-deflected beams in generally parale relation. This is best illustrated in FIGS. 3B
and 4. The example of atwo-dimensional array illustrated here thus generates, for each
row, a sei of horizontal once-deflected beams which are in a closely spaced vertical row.
This set of beams is preferably spaced apart by less than a diameter of the objective lens
arrangement of the laser units, and typically arranged in a close-packed bundle of rays
with inter-beam: spacing of less than 1cm.

A preferred beam deflection arrangement as illustrated includes an additional
pentaprism 38 for each of the rows deployed to deflect the set of once-deflected beams to
form an array of deflected beams from a plurality of the rows,

The specific exemplary arrangement of additional pentaprisms 38 as presented

here is best understood from the view of FIG, 5 shows staggering of successive rows of
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laser units so that each additional pentaprism 38 deflects its group of beams from its
corresponding row upwards in a plane paralel to those of the other rows. The overal
result is to generate a two-dimensional array of parallel beams in closely spaced relation
corresponding to. the two dimensional array of laser units, but all aligned within a cross-
section sufficiently small to be delivered to a single angle sensing unit. Although the
angle sensing unit 34 could be aligned in a vertical direction to directly receive the set of
beams, the preferred implementation illustrated here includes a single large pentaprism
48 deployed to perform a third deflection, directing al of the beams into angle sensing
unit 34 that lies in the plane of the other optical apertures.

Angle sensing unit 34 may be implemented as a conventiona. sensing unit for
determining direction of incidence o laser beams of the appropriate wavelength. The
lateral offsets between the incoming beams are typically not significant, since the device
detects the incident angle of the beam but is insensitive to lateral offsets. Specifically, the
incoming beams are typically focused onto an array of sensors and the position of the
beam falling on the focal plane indicates the direction of incidence.

in order to employ a single angle sensing usit for measuring alignment of multiple
beams, an arrangement must be made to enable the ASU to either distinguish between the
different beams or to receive the beams during different time dlots. A simplest
implementation employs a shutter 42 (FIG, 7) associated with each laser unit 12 and
deployed to selectively block or allow transmission of the beam deflected from the
corresponding pentaprism 32. According to this approach, controller 36 preferably
actuates shutters 42 so as to sequentially open one shutter at a time and to retrieve from
A SU 34 the angle measurement for the beam from the corresponding laser unit 12. Other
options include, but are not limited to, adding a distinctive frequency or time-varying
signal as a modulation to the deflected beam, and employing selective detection
techniques to dlow the ASU to lock onto a given beam even in the presence of other
incident beams. Such modulation may be introduced by shutters 42 operating as
modul ators.

The output of ASU 34 for each laser unit 12 is typically an angular offset from a
default "correct" direction for that laser unit. it should be noted that the "correct"
directions are not necessarily exactly paralel since the focused beams are intended to

12
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combine at the target onto a small region of the target. Furthermore, slight misalignments
of elements in the beam deflecting arrangement may lead to the "correct” beam
alignment being dlightly away from the expected beam alignment measurement. All such
factors are preferably taken into consideration during an initial calibration process
performed after manufacture, and optionaly repeated periodicaly, which defines the
ASU output direction for each laser unit which corresponds to the corresponding laser
unit's "correct” default beam direction. The real time ASU outputs are then indicative of
any unintended deviation from the default direction, as well as measuring any currently
applied fine steering correction.

Referring to FIG, 7, this shows schematically closure of the control loop for
maintaining correct alignment and fine steering of the focused beam from each laser unit.
The iine-of-sight (LOS) deviation measured by the ASU 34 is provided to controller 36
which generates a beam steering correction command which is delivered to the fine
adjustment mechanism (e.g., fiber displacement mechanism 30) to achieve the correction.
In calculating the beam steering correction, controller 36 also employs input from a fine
tracking sensor (details of which will be discussed further below) which indicates any
fine tracking correction which is required to the overall beam direction of the directed
energy weapor: to optimize its position on the target. As mentioned above, since inter-
beam aignment is maintained between the different beams, the entire weapon can
operate under the control of a single shared fine tracking sensor.

Aswill now be clear, tire approach of this aspect of the present invention allows
compact juxtaposition of arelatively large number of laser units in a one-dimensional or
more preferably two-dimensional array. In many typical implementations, the
combination of ai least ten laser units 12 into a single weapon using inter-beam alignment
is envi saged.

Turning briefly to FIG. 8, this illustrates a simple implementation of fine tracking
sensor 2§, which may be employed to provide fine tracking information for correcting the
LOS of directed energy weapon 10. Tracking sensor 20 employs a shared optic
aperture/objective 52 to collect radiation from the target, which includes both radiation
for imaging of the target and areflection of the laser output reflected from the surface of
the target. A dichroic mirror 54 separates the wavelength(s) of the laser(s) directed
13
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towards the target from the wavelengths used for imaging the target, directing the former
onto a laser spot tracking .camera 56 or other sensor suitable for tracking a laser spot; and
the latter onto a target tracking camera 58. The target tracking may be performed at a
wide range of wavelengths and using a wide range of imaging techniques including, but
not limited to, NIR imaging, SWIR imaging, visible light imaging and thermal infrared
imaging, with a preference for NIR or SWIR imaging. The outputs from cameras 56 and
58 are then processed by a processing system 6§ (which may optionally be integrated
with controller 36 mentioned above) to derive the laser spot position and the target
position within the field of view. The "laser spot" referred to here is the sum total or
average spot reflected by the target from all of the outgoing radiation. These positions are
then correlated to derive apointing error, for use in afine tracking correction as described
above.

Operation of directed energy weapon 10 will now be clearly understood. Gimbal
mount 16 operating under control of controller 36 based on input from coarse tracking
image sensor 18 aligns housing 14 facing towards a designated target, typicaly
maintaining this alignment to a sufficient accuracy to alow fine alignment correction
within the range of adjustment of the fine adjustment mechanism, and typically to an
accuracy of significantly better than one degree. The fiber lasers are actuated to generate
a set of focused beams al converging on the target. During operation of the fiber lasers,
the beam exiting each laser unit 12 is sampled via the beam deflection arrangement which
directs the beam to ASUJ 42, and any line-of-sight correction required in order to maintain
inter-beam alignment with the other laser units is implemented by fine adjustment
mechanism of each laser unit. In parallel with this process, fine tracking sensor 20
assesses the precision of the combined beam alignment with the target, and provides fine
alignment correction inputs to controller 36 which are implemented together with the
inter-beam alignment correction.

Turning now to the remaining FIGS. 9-11B, there ;s illustrated a further aspect of
the present invention relating to a self-contained directed energy weapon, generally
designated 60, for use against a target, which combines directed energy output, target

tracking arrd beam alignment verification via a common optical aperture.
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in general terms, directed energy weapon 60 includes a fiber laser 62 generating
an output beam from a fiber 64 that conveys a power of at least 1 kW, and more
preferably at least 16 kW. An. optica arrangement 66 focuses the output beam into a
focused beam directed towards the target. Weapon 60 aso includes a fine adjustment
mechanism, here exemplified by a fast steering mirror 68, associated with optical
arrangement 66 and deployed to adjust a direction of the focused beam.

Directed energy weapon 60 further includes a sensing arrangement deployed for:

a) sensing a part of the output beam reflected from an element of optical

arrangement 66 so as to be indicative of a direction of propagation of the
focused beam; and

b) focal-plane sensing of incoming radiation arriving via optical arrangement 66

from the target so asto allow tracking of the target.

These two sensing functions are typically performed, respectively, by a first
sensing system 70 deployed for focal-plane sensing of the part of the output beam
reflected from the aforementioned element of optical arrangement 66, and a second
sensing system 72 deployed for focal-plane sensing of incoming radiation arriving via the
optical arrangement from the target, it should be noted however that, in certain
aternative configurations (not shown), sensing of both the target image and the reflected
outgoing beam may be possible using a single focal-plane sensor. In such cases, sensing
of the laser beam reflection may be differentiated from the target image by introducing a
time-varying amplitude modulation to the corresponding component of the outgoing
beam, thereby allowing selective detection of the image component derived from the
laser according to the time variation profile. in this case, a focal plane array sensor which
can discriminate time varying signals should be used. An example of a suitable FPA
sensor iscommercialy available from Shilat Optronics Ltd. (Rehovot |srael).

A first preferred but non-limiting exemplary implementation of the above
principles of operation is illustrated in FIGS. 9 and 1A -1CC. FIG. 9 shows a combined
view of the various different optical paths, while FIGS. {QA-1COC are views of the same
device but showing separately the optical paths for different wavelengths, and showing

only those components which are relevant to each optical path, as will now be detailed.
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In this case, the output from optical fiber 64 includes a first wavelength
component, designated (1) in FIG. 9 and illustrated in FIG. TOA, which is the high-
energy laser (HEL) component, conveying power of a least 1 kW. This is combined
within the same fiber 64 with a second wavelength component, designated (2), that
conveys a power at least two orders of magnitude smaller than the first wavelength
component. The two components are at distinct wavelengths, typically originating from
separate fiber lasers, and are coupled into a single fiber by conventional fiber coupling
arrangements. Alternatively;, in certain cases, the HEL itself may be configured by use of
dichroic mirrors to simultaneously generate guide beam of a different wavelength within
a single fiber. In order to selectively generate the reflected beam for alignment purposes
from the second wavelength component, at least one component of the optical
arrangement is configured by suitable use of layered .coatings to be transparent (i.e.,
transmitting at least 98%, and preferably over 99%, of the incident radiation intensity) to
the first wavelength while being an at least partia reflector (i.e., reflecting at least 5%,
and preferably at least 0%, of the incident radiation intensity) to the second wavelength.
This, with a suitable choice of wavelength filters on the sensors, ensures a sufficient
intensity of the reflected portion of the second wavelength component providing the part
of the output beam sensed by the sensing arrangement. In one particularly preferred but
non-limiting implementation of the present invention as illustrated, the coatings to
achieve at least partia reflection of the second wavelength are applied to arear surface of
the objective lens, with the surface being shaped to focus the reflected component (2)
towards first sensing system 70.

According to this implementation, fine alignment correction of the HEL beam (1)
is achieved by adjusting an angle of fast steering mirror 68, which is configured to he
highly reflective to the first wavelength so as to direct substantially all of the HEL beam
outwards towards the target. The HEL optical pathisillustrated separately in FIG. 1{A,
In this implementation, fast steering mirror 68 is preferably also configured to have
significant reflectivity (at least %) and significant transmission (at least 10%) for the
second wavelength, thereby allowing a proportion of second wavelength component (2)
to follow apath from fiber 64 through = reflection at fast steering mirror 68, reflection at

the rear surface of an objective lens of optical arrangement 66, transmission through fast
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steering mirror 68 and transmission through a dichroic beam ‘splitter 74 to reach sensor
79. The second wavelength optical path is illustrated separately in. FIG, 10B. Most
preferably, fast steering mirror 68 has a transmittanee in the range of 50% (+/- 20%)
transmission of the second wavelength, thereby ensuring that the signal following the
above optical path arrives with sufficient intensity to facilitate measurement at sensor 70,
despite the proportions of the beam lost at each reflection/transmission. The design of the
fast steering mirror is chosen such that the positioning of the actuators does not obstruct a
transmitted beam in the direction towards sensor 70.

In addition to the paths followed by the first and second wavelength components
(1) and (2), directed energy weapon. 60 additionally serves as an imaging device for
incoming radiation (3) arriving via optical arrangement 66 from the target for the purpose
of tracking the target. The range of wavelengths employed for target tracking preferably
excludes the first and second wavelengths, and may be any suitable range of wavelengths
with a corresponding choice of sensor 72, including but not limited to, visible light, MIR
or SW1R wavelengths of one or more range, for example, for image sensing viaa CCD or
CMOS image sensor. in the implementation illustrated here, dichroic mirror 74 is
configured to reflect a majority of the radiation at the wavelengths used for imaging,
while a mgjority of radiation of the second wavelength passes through, athough a
reversed layout could clearly be implemented. Optionally, additional optical components
such as alens 76 complete the target tracking imaging optical arrangement for forming an
image at sensor 72. The overall optical path of the target tracking channel is illustrated in
FIG. 20C.

Directed energy weapon 6§ has been described here implemented with a fast
steering mirror 68 as the fine adjustment mechanism for adjusting the direction of the
HEL beam. It should be appreciated however that an aternative fine adjustment
mechanism employing one or more actuators for displacing the tip of fiber 64 in at least
two dimensions (as illustrated above in FIG. 7} may also be used here.

At this point, the operation of directed energy weapon 60 will be understood.
Since the first and second wavelength components emerge from the same fiber 64 and are
reflected at the same fas steering mirror 68, the second wavelength component

necessarily follows exactly the same direction as the outgoing HEL channel, such that the
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resulting position of the sensed dot on sensor 70 is areliable indication of the HEL beam
direction. In paralel, the same objective optics is used in deriving a target image at
sensor 72. By performing an initial production calibration for the device (optionaly
repeated intermittently), a known mapping of the sensed beam direction to pixels of the
tracking sensor can be determined, thereby allowing subsequent verification of the
aignment of the beam with a tracked target. Fast steering mirror 68 is then operated
undex closed loop control by a line-of-sight controller 78 to maintain the outgoing beam
direction aligned with the tracked target.

Given the highly compact design of directed energy weapon 6§ in using a
common aperture for both HEL. transmission and target tracking, a number of such
directed energy weapons may be combined, for example by mounting in a common
gimbaled housing, to form a directed energy weapon of substantially any desired power
output. Alternatively, as in the preferred embodiment of FIGS. 1 and 2, fine tracking
sensor 20 may be implemented as directed energy weapon &# so as to simultaneously
provide the required fine tracking functionality and to contribute to the transmitted HEL
output. In this case, the output beam of directed energy weapon 60 is preferably sampled
by a pentaprism of the inter-beam alignment system in order to ensure correct alignment
between the outgoing beams of the two subsystems.

Turning finaly to FIGS. tiA and 1iB, there is shown an dternative
implementation of a directed energy weapon according to the second aspect of the
invention, generally designated 80. Directed energy weapon 80 is generaly similar to
directed energy weapon 60, and equivalent elements are similarly labeled. in this case,
instead of adding a second distinct wavelength to the beam from fiber 64, a small
proportion of the primary HEL beam is reflected in order to provide a sample for
detecting outgoing beam alignment.

In the preferred implementation illustrated here, a small portion of the outgoing
focused beam beyond the objective optics of optical arrangement 66 is reflected by a
small corner reflector 82. Comer reflectors, formed by three mutualy perpendicular
mirrors meeting at a corner, are well knows in optics, and have the property of reflecting
incident radiation back along a path paralld to its incident path. The reflected portion of

the beam, which is less than 1% of the focused beam intensity (and more typically a
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small proportion of a percent), passes back through optical arrangement 6& and impinges

on fast steering mirror 68. Although FSM 68 is configured to reflect as high a proportion
of the HEL beam as possible, a small proportion, typically inthe region of 0.2%, 'leaks"

through the mirror. in this implementation, that small leakage beam derived from the
small reflected beam is still sufficient to allow sensing of the beam direction using sensor
70. The HEL beam paths are illustrated in FIG. 1 1A. As an dternative implementation of
tius concept, instead of a comer reflector, the objective lens system can be designed such
that the very small proportion of the HEL beam refleeted off the rear surface (or some
other surface) of the objective lens is directed towards sensor 7§ in a manner analogous
to the geometry of the FIG, 9 beam alignment optical path.

FIG. 11B shows the target tracking channel which is fully equivalent to that of
directed energy weapon 6@ as described above with reference to FIG. 10C. Other details,
such as the control system, as well as the overall function of the device, are also
equivalent to that described above with reference to directed energy weapon 60, and for
conciseness of presentation, are not described again here.

To the extent that the appended clams have been drafted without multiple
dependencies, this has been done only to accommodate forma requirements in
jurisdictions which do not allow such multiple dependencies. it should be noted that all
possible combinations of features which would be implied by rendering the claims
multiply dependent are explicitly envisaged and should be considered part of the
invention.

it will be appreciated that the above descriptions are intended only to serve as
examples, and that many oilier embodiments are possible within the scope of the present

invention asdefined in the appended claims.
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WHAT ISCLAIMED IS:

(@

(b)

(©)

(d)

2.

A directed energy weapon for use against atarget, the weapon comprising:

aplurality of laser units, each of said laser units comprising:

(i) a fiber laser generating an output beam from a fiber, said output
beam conveying power of at least 1 kW,

(i)  an objective lens arrangement for focusing said output beam into a
focused beam directed towards the target, and

@iii) a fine adjustment .mechanism for adjusting a direction of said
focused beam,

for each of said laser units, 2 beam deflector arrangement deployed to

deflect a portion of said focused bean: as a deflected beam in adirection in

predefined relati on to a direction of said focused beam;

an angle sensing unit deployed for receiving said deflected beams and

generating an output indicative of acurrent direction of said deflected beam

for each of said laser units; and

acontroller associated with said angle sensing unit aid said fine adjustment

mechanisms, said controller being configured to actuate said fine

adjustment mechanisms based on said output from said angle sensing unit

to maintain a desired relative aligmnent between said directions of said

focused beams.

The weapon of claim 1, wherein said beam deflector arrangement deflects

no more than 1percent of the energy of said focused beam.

3.

The weapon of claim i, wherein said beam deflector arrangement includes

at. least one pentaprism for each of said laser units.
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4, The weapon of claim 1, wherein said plurality of laser units is implemented
as a two dimensional array of said laser units including a plurality of rows of said laser
units, and wherein said beam deflector arrangement includes at least one pentaprism for
each of said laser units deployed to generate a set of once-deflected beams in generally
parallel relation from said laser units in each of said rows, said set of .once-deflected
beams being spaced apart by less than adiameter of said objective lens arrangement, said
beam deflector arrangement further .comprising an additional pentaprism for each of said
rows deployed to deflect said set of once-deflected beams to form an array of deflected

beams from aplurality of said rows.

5. The weapon of claim 1, wherein said fize adjustment mechanism comprises

at least one actuator deployed for displacing a fiber tip of said fiber laser.

6. The weapon of claim 1, wherein said fine adj ustment mechanism comprises

at least one actuator deployed for varying an angular position of a mirror.

7, The weapon of claim 1, further comprising a focus adjustment mechanism
including at least one actuator deployed for displacing a fiber tip of said fiber laser so as

to vary alength of an optical path from said fiber tip to said objective lens arrangement,

8. The weapon of clam 1, further comprising a set of shutters or modulators
associated with said controller and deployed to control a quantity of light from each of
said laser units to said angle sensing unit, wherein said controller is configured to operate
said set of shutters or modulators to rnodulate the deflected beams so as b facilitate angle

sensing for each individual one of said laser units.

9. The weapon of claim !, wherein said plurality of laser unitsisimplemented

asatwo dimensiona array of at least ten of said laser units,

10. The weapon of claim 1, further comprising a tracking sensor deployed for

tracking the target and evaluating alignment of said focused beams with the target,
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wherein said controller is furtlier configured to actuate said f ne adjustment mechanisms

based on an output from said tracking sensor.

11.

The weapon system of clam 14, wherein said tracking sensor is

implemented as adirected energy weapon subsystem comprising;

(@

(b)

(©)

(@

{b)

(©)

(d)

a fiber laser generating an output beam from a fiber, sad output beam

conveying power of at least 1kW,

an optical arrangement for focusing said output beam into a focused beam

directed towards the target;

a fine adjustment mechanism associated with said optical arrangement and

deployed to adjust adirection of said focused beam; and

asensing arrangement deployed for:

0] sensing a part of saig output beam reflected from an element of said
optical arrangement so as to be indicative of a direction of
propagation of said focused beam; and

(i)  focal-plane sensing of radiation arriving at sad optical arrangement

from the target so asta allow tracking of the target,

A directed-energy weapon for use against atarget, the weapon comprising:
a fiber laser generating an output beam irom a fiber, said output beam
conveying power of at least { kW,

an optical arrangement for focusing said output beam into a focused beam

directed towards the target;

afine adjustment mechanism associated with said optical arrangement and

deployed to adjust a direction of said focused beam; and

asensing arrangement deployed for:

0] sensing a part of said output beam reflected from ar: element of said
optica arrangement so as to be indicative of a direction of
propagation of said focused beam; and

(i)  focal-plane sensing of radiation arriving a said optical arrangement

from the target so asto allow tracking of the target.
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13.  The weapon of claim {2, wherein said sensing arrangement comprises:

(@ afirst sensing system deployed for focal-plane sensing of said part of said
output beam reflected from said element of said optical arrangement so as
to be indicative of adirection of propagation of said focused beam; and

{b) a second sensing system deployed for focal-plane sensing of radiation
arriving a said optical arrangement from the target so asto alow tracking

of the target.

14. The weapon of clam 12, wherein said output beam includes a first
wavelength component conveying power of at least | KW and a second wavelength
component conveying a power at least two orders of magnitude smaller than said first
wavelength component, ‘and wherein at least one component of said optical arrangement
is transparent to said first wavelength and is an at least partial reflector for said second
wavelength, areflected portion of said second wavelength component providing said part

of said output beam sensed by said sensing arrangement.

15.  The weapon of claim {2, wherein said -output beam has a given wavelength
‘conveying a least a mgjority of said power, and wherein said part of said output beam

reflected from said element shares said given wavelength.

16. C The weapon of clam 15, wherein said optical arrangement includes a
corner reflector deployed for reflecting a pari of said focused beam back through said

optical arrangement

17.  The weapon of clam 15, wherein said element of said optical arrangement
reflecting part of said output beam is a surface of an objective iens of said optical

arrangement.

18. The weapon of clam 12, wherein sad fine adjustment mechanism

comprises at least one actuator deployed for displacing a fiber tip of said fiber laser.

o
L2
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19. The weapon of clam 12, wherein said fine adjustment meciianism

comprises at least one actuator deployed for varying an. angular position of a

mirror.
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