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COHERENT BEAM COMBINATION (CBC)
SYSTEMS AND METHODS

FIELD AND BACKGROUND OF THE
INVENTION

The present invention relates to Coherent Beam Combi-
nation (CBC) systems and methods, and particularly, to
systems and methods for measuring and/or correcting phase
offsets between multiple beams of a CBC system.

It is known to employ CBC systems in which a plurality
of coherent laser beams are combined in order to achieve
power scaling of a laser source. Typical implementations
employ an array of fiber lasers, each seeded by a common
“seeder” oscillator, which generate beams which are
directed so as to combine at or before reaching a target.

In order to achieve effective coherent combination, the
phase of the different beams reaching the target must be very
accurately synchronized so as to minimize phase differences
between the beams. Particularly for free-space laser systems,
and in particular, where the beams need to traverse signifi-
cant atmospheric turbulence, rapid variations in the diffrac-
tive properties of the atmosphere renders the correction of
phase offsets for the different beams challenging. The dif-
ficulty in achieving phase offset correction becomes greatly
compounded as the number of beams to be combined
increases.

SUMMARY OF THE INVENTION

The present invention is a coherent beam combination
system and method.

According to the teachings of an embodiment of the
present invention there is provided, a method of determining
phase offsets of multiple beams of a coherent beam combi-
nation (CBC) device impinging on a target, the beams
having associated adjustable phase modulators, the method
comprising the steps of: (a) monitoring an intensity param-
eter that varies as a function of an intensity of the radiation
impinging on the target; (b) for each of the beams, actuating
the corresponding phase modulator to modulate a current
phase of the transmitted beam between at least three phase
states; (c) identifying variations in the intensity parameter
resulting from the modulation of the current phase of each
transmitted beam relative to the sum of all the other beams;
and (d) calculating based on the variations a phase offset of
the current phase of each beam relative to a representative
phase of the sum of all the other beams.

According to a further feature of an embodiment of the
present invention, the phase modulator of each beam is
actuated to perform a phase correction derived from the
calculated phase offset.

According to a further feature of an embodiment of the
present invention, the modulating, identifying, calculating
and correction are performed repeatedly at least 100 times
per second.

According to a further feature of an embodiment of the
present invention, the current phase of each transmitted
beam is modulated at a modulation frequency, and wherein
the identifying comprises identifying variations in the
reflected intensity occurring at more than one harmonic of
the modulation frequency.

According to a further feature of an embodiment of the
present invention, the current phases of a plurality of the
transmitted beams are varied simultaneously, the current
phase of each of the transmitted beams being modulated at
a distinct modulation frequency.
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According to a further feature of an embodiment of the
present invention, the current phase of each transmitted
beam is modulated in a substantially continuous manner
over a range of modulation frequencies encompassing the at
least three phase states.

According to a further feature of an embodiment of the
present invention, the current phase of each transmitted
beam is modulated in a stepped manner between the at least
three phase states.

According to a further feature of an embodiment of the
present invention, the plurality of beams comprises at least
10 beams.

According to a further feature of an embodiment of the
present invention, the intensity parameter is derived from at
least one sensor sensitive to the beams located at the target.

According to a further feature of an embodiment of the
present invention, the intensity parameter is derived from a
sensor deployed to sense radiation that is reflected from the
target.

According to a further feature of an embodiment of the
present invention, the detector is located remotely from the
target, and wherein the detector is associate with an optical
arrangement defining an effective field of view for the
detector approximating to an area of the target no greater
than a diffraction-limited spot size of the CBC device beams
on the target.

According to a further feature of an embodiment of the
present invention, the detector is located remotely from the
target, and wherein the detector shares at least one optical
component with an imaging system for generating images of
the target.

According to a further feature of an embodiment of the
present invention, the imaging system comprises a wave-
front detector, a deformable mirror and an adaptive optics
controller associated with the wavefront detector and opera-
tive to control the deformable mirror so as to reduce optical
distortions in the reflected radiation.

According to a further feature of an embodiment of the
present invention, the method further comprises the steps of:
(a) deflecting a small proportion of the multiple beams of the
CBC device towards a reference photodetector and moni-
toring a reference intensity parameter detected by the ref-
erence photodetector; (b) identifying variations in the ref-
erence intensity parameter resulting from the modulation of
the current phase of each transmitted beam relative to the
sum of all the other beams; and (c) calculating based on the
variations in the reference intensity parameter a device-side
phase offset of the current phase of each beam relative to a
representative phase of the sum of all the other beams.

There is also provided according to the teachings of an
embodiment of the present invention, a coherent beam
combination (CBC) system comprising: (a) an array of beam
sources configured to generate a plurality of coherent beams
for directing towards a target; (b) a plurality of adjustable
phase modulators associated with the beam sources so as to
allow adjustment of relative phase offsets of the beams; (c)
a detector deployed for monitoring an intensity parameter
that varies as a function of an intensity of the radiation
impinging on an area of the target; and (d) a controller
comprising logic circuitry, the controller being associated
with the detector to receive the intensity parameter and with
the adjustable phase modulators to control a phase adjust-
ment of the beams, the controller being configured to: (i)
actuate each of the phase modulators to modulate a current
phase of a corresponding one of the beams between at least
three phase states; (ii) identify variations in the intensity
parameter resulting from the modulation of the current phase
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of each transmitted beam relative to the sum of all the other
beams; and (iii) calculate based on the variations a phase
offset of the current phase of each beam relative to a
representative phase of the sum of all the other beams.

According to a further feature of an embodiment of the
present invention, the controller is further configured to
actuate each of the phase modulators to perform a phase
correction derived from the calculated phase offset.

According to a further feature of an embodiment of the
present invention, the controller is further configured to
actuate the phase modulators, identify the variations and
calculate the phase offsets repeatedly at least 100 times per
second.

According to a further feature of an embodiment of the
present invention, the controller is further configured to
modulate the current phase of each transmitted beam at a
modulation frequency, and to identify variations in the
reflected intensity occurring at more than one harmonic of
the modulation frequency.

According to a further feature of an embodiment of the
present invention, the controller is further configured to vary
the current phases of a plurality of the transmitted beams
simultaneously, the current phase of each of the transmitted
beams being modulated at a distinct modulation frequency.

According to a further feature of an embodiment of the
present invention, the controller is further configured to
modulate the current phase of each transmitted beam in a
substantially continuous manner over a range of modulation
frequencies encompassing the at least three phase states.

According to a further feature of an embodiment of the
present invention, the controller is further configured to
modulate the current phase of each transmitted beam in a
stepped manner between the at least three phase states.

According to a further feature of an embodiment of the
present invention, the array of beam sources comprises at
least 10 beam sources.

According to a further feature of an embodiment of the
present invention, the detector is deployed at the target.

According to a further feature of an embodiment of the
present invention, the detector is deployed to sense radiation
that is reflected from the target.

According to a further feature of an embodiment of the
present invention, there is also provided an optical arrange-
ment associated with the detector and configured to define
an effective field of view for the detector approximating to
an area of the target no greater than a diffraction-limited spot
size of the coherent beams on the target.

According to a further feature of an embodiment of the
present invention, the detector shares at least one optical
component with an imaging system for generating images of
the target.

According to a further feature of an embodiment of the
present invention, the imaging system comprises a wave-
front detector, a deformable mirror and an adaptive optics
controller associated with the wavefront detector and opera-
tive to control the deformable mirror so as to reduce optical
distortions in the reflected radiation.

According to a further feature of an embodiment of the
present invention, the system further comprises: (a) a ref-
erence photodetector associated with the controller; and (b)
a beam splitter deployed to deflect a small proportion of the
multiple beams of the CBC device towards the reference
photodetector, and wherein the controller is further config-
ured to: (i) monitor a reference intensity parameter detected
by the reference photodetector; (ii) identify variations in the
reference intensity parameter resulting from the modulation
of the current phase of each transmitted beam relative to the
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sum of all the other beams; and (iii) calculate based on the
variations in the reference intensity parameter a device-side
phase offset of the current phase of each beam relative to a
representative phase of the sum of all the other beams.
There is also provided according to the teachings of an
embodiment of the present invention, a coherent beam
combination (CBC) system comprising: (a) an array of beam
sources configured to generate a plurality of coherent beams
for directing towards a target; (b) a plurality of adjustable
phase modulators associated with the beam sources so as to
allow adjustment of relative phase offsets of the beams; (c)
a detector deployed for monitoring an intensity parameter
that varies as a function of an intensity of the radiation
impinging on an area of the target; and (d) a controller
comprising logic circuitry, the controller being associated
with the detector to receive the intensity parameter and with
the adjustable phase modulators to control a phase adjust-
ment of the beams, the controller being configured to actuate
the adjustable phase modulators so as to maximize the
intensity parameter, wherein the detector is associated a
telescope arrangement for collecting radiation reflected from
the target and directing the reflected radiation to the detector,
the telescope arrangement comprising a wavefront detector,
a deformable mirror and an adaptive optics controller, the
adaptive optics controller being associated with the wave-
front detector and operative to control the deformable mirror
s0 as to reduce optical distortions in the reflected radiation.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1 is a schematic representation of a coherent beam
combination system, constructed and operative according to
the teachings of an implementation of a first aspect of the
present invention, for measuring and/or correcting beam
phase offsets based on radiation reflected from a target;

FIG. 2 is a schematic representation of a coherent beam
combination system, constructed and operative according to
the teachings of a variant implementation of a first aspect of
the present invention, for measuring and/or correcting beam
phase offsets based on radiation reflected from a target and
from the transmitted beams;

FIG. 3 is a schematic representation of a coherent beam
combination system, constructed and operative according to
the teachings of a further variant implementation of a first
aspect of the present invention, for measuring and/or cor-
recting beam phase offsets based on radiation sensed at a
target and in the transmitted beams;

FIG. 4 is a schematic representation of a coherent beam
combination system, constructed and operative according to
the teachings of a further variant implementation of a first
aspect of the present invention, for measuring and/or cor-
recting beam phase offsets based on radiation from the
transmitted beams;

FIGS. 5A and 5B are schematic illustrations of the size of
laser spots falling on a small target and on a large target,
respectively;

FIG. 6 illustrates schematically a telescope arrangement
including adaptive optics to correct wavefront distortions;
and

FIG. 7 is a schematic representation of a coherent beam
combination system, constructed and operative according to
the teachings of an implementation of a second aspect of the
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present invention, integrating a telescope arrangement with
adaptive optics into a coherent beam combination system.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention is a coherent beam combination
system and method.

The principles and operation of systems and methods
according to the present invention may be better understood
with reference to the drawings and the accompanying
description.

Referring now to the drawings, FIGS. 1-4 illustrate vari-
ous implementations of a coherent beam combination (CBC)
system, generally designated 10, constructed and operative
according to certain non-limiting embodiments of the pres-
ent invention. In general terms, in these embodiments, the
CBC system 10 includes an array of beam sources 12a, 125
and 12¢ configured to generate a plurality of coherent beams
for directing towards a target T. A plurality of adjustable
phase modulators 14a, 14b and 14c¢ are associated with
respective beam sources 12a, 126 and 12¢ so as to allow
adjustment of relative phase offsets of the beams. Although
only three beam sources and phase modulators are illustrated
here for simplicity of presentation, the invention is most
preferably implemented with an array containing anywhere
between two and a few hundred beams, and is most typically
implemented with at least 10 beam sources, and in some
particularly preferred cases, in the range of 15-40 beam
sources. The phase modulators are typically provided one-
per-source, although it will be appreciated that one of the
sources may be implemented as a fixed reference phase
without adjustment, and the rest of the beams and phase
offsets may be measured and/or adjusted relative to that
reference phase. A detector 16 is deployed for monitoring an
intensity parameter that varies as a function of an intensity
of the radiation impinging on an area of the target T. A
controller 18, including logic circuitry, is associated with
detector 16 to receive the intensity parameter and with the
adjustable phase modulators 14a, 145 and 14c¢ to control a
phase adjustment of the beams.

It has been found that a stochastic approach to correction
of phase offsets between multiple beams of a CBC system
(i.e., adjustment of the phase offsets incrementally in order
to try to find a maximum overall intensity) often converges
too slowly to be useful, particularly for large numbers of
beams and/or under working conditions in which perturba-
tions of the phase offset occur rapidly. Instead, according to
one particularly preferred aspect of the present invention, the
CBC system of the present invention performs a determin-
istic (i.e., quantitative) measurement of a phase offset of
each beam relative to a representative phase of the sum of all
the other beams. This is achieved by using interferometric
techniques based on beam intensity impinging on the target,
referred to herein as Target In-the-Loop Interferometry
(TILI), as will now be detailed.

The aforementioned intensity parameter, varying as a
function of the radiation intensity impinging on the target, is
monitored while each phase modulator is actuated to modu-
late a current phase of the corresponding transmitted beam
between at least three phase states, typically an initial
“unmodified” phase state and two modified-phase states.
The controller identifies variations in the reflected intensity
parameter resulting from the modulation of the current phase
of each transmitted beam relative to the sum of all the other
beams, and calculates, based on those variations, a phase
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6

offset of the current phase of each beam relative to a
representative phase of the sum of all the other beams.

The calculation of the phase offset for a given beam is
performed using a formula based on interferometric analy-
sis. Various analytical techniques fall within the scope of the
present invention, with the details of the analysis depending
on the particular form of phase modulation introduced to the
transmitted beam, and the shape and reflectivity of the target.
A number of different approaches may be implemented
based on interferometric techniques that are well known in
of themselves, typically used for analysis of two-beam
combinations, as example of which is given below. Accord-
ing to one aspect of the present invention, it has been found
that such techniques can be effectively applied to multi-
beam scenarios, where each beam’s phase offset is measured
relative to an average or “representative” phase of the sum
of the remaining beams.

In certain preferred implementations, the current phase of
each transmitted beam is modulated at a modulation fre-
quency, and variations are identified in the reflected intensity
occurring at more than one harmonic of the modulation
frequency. This may be the modulation frequency itself and
the second harmonic (twice the modulation frequency),
and/or may include one or more higher harmonics. In certain
particularly preferred implementations, the current phase of
each transmitted beam is modulated in a substantially con-
tinnous manner over a range of modulation frequencies
encompassing the aforementioned at least three phase states.
Thus, for example, the current phase of a beam may be
varied according to a sinusoidal modulation. Other continu-
ous functions, such as a saw-tooth variation, may also be
used. In other implementations, discrete steps equivalent to
a step function variation of the phase state may be used.

According to one preferred but non-limiting example, the
controller varies the phase of each beam in a sinusoidal
manner about a cwrrent central phase state (to be deter-
mined) by a phase variation modulation amplitude ®,, at
frequency . If the amplitude of intensity variation occur-
ring at the target at frequencies corresponding to the first two
harmonics (frequencies ® and 2) are denoted [, and I,
the phase offset @, of the central phase state of the beam
modulated at frequency co relative to the average phase is
given by:

o, =t L)l ]

J1 (@) 2w

where J; and J, are Bessel functions. A derivation of this
formula (in a different context, presented as an expression
for the Kerr rotation in a modified Sagnac interferometer,
where the Kerr rotation is half of the phase offset) is
presented as Equation 1 in “Modified Sagnac Interferometer
For High-Sensitivity Magneto-Optic Measurements At
Cryogenic Temperatures”, Xia, Jing et al., Appl. Phys. Lett.
89, 062508 (2006).

Since the modulation applied to each beam according to
this implementation is associated with a particular modula-
tion frequency, it is possible to modulate simultaneously the
phase offset of a plurality of beams with different modula-
tion frequencies (while avoiding overlap of harmonics), and
to recover the corresponding intensity variation measure-
ments by Fourier analysis of the measured intensity varia-
tions in the frequency domain. The different modulation
frequencies are preferably chosen to lie within a range such
that the highest frequency is less than twice the lower
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frequency, thereby avoiding overlap of the harmonics. This
allows simultaneous analysis of a plurality of beams, which
may be a subgroups of the total number of beams or, in
certain preferred cases, all of the beams. In one non-limiting
example, a range of modulation frequencies between 10
MHz and 20 MHz have been found suitable, although
frequencies anywhere in the MHz to GHz range could be
used. Lower modulation frequencies could also be used, but
the increased measurement time would reduce the rate at
which measurements can be taken using the present inven-
tion. The above technique allows very rapid determination
of the phase offset of multiple beams.

In other implementations, particularly where the phase
offset of each beam is modulated stepwise between its
current base value and two discrete modulated values, the
modulation of the different beams may be performed
sequentially in order to isolate the effect of each modulation.
In this case, since there is no need to transform to the
frequency domain, the measurement period for each modu-
lation state can be very brief, typically with switching rates
in the range of MHz, allowing many channels to be analyzed
in rapid succession. In the case of switching, each channel
is preferably switched separately, thereby allowing direct
sampling of the influence of the phase difference on the
overall sensed intensity. This allows the use of interfero-
metric techniques to derive the phase offset of each channel
from the average of all the other beam superimposed.

In a case where one of the channels is not provided with
a phase modulator, effective modulation or switching of the
phase of that channel can be achieved by modulating all of
the other channels simultaneously.

According to whichever approach is employed, the steps
referred to so far result in determination of a quantitative
value of the phase offset of each beam relative to the average
phase of the summation beam. In certain cases, particularly
where the system is used as a diagnostic tool or a research
tool, or as a measurement tool in support of some other
device, this phase offset determination may in itself be the
desired outcome/output of the system. In many applications,
however, the measured phase offset values are then used by
the controller to perform a phase correction derived from the
calculated phase offset, thereby cancelling out phase differ-
ences between the different beams impinging on the desired
region of the target, and enhancing the coherent beam
combination energy delivery to the target.

This process of modulating the phase of the beams,
identifying corresponding variations in the measured inten-
sity parameter, calculating the phase offset of the beam and
correction of that phase offset are preferably repeated in
rapid cycles, thereby correcting in real-time for dynamic
variations in the operating conditions, which may result
from fluctuations in the beam generating hardware or from
fluctuating atmospheric conditions caused by atmospheric
turbulence. In various practical implementations, rapid rep-
etition of these cycles performed repeatedly at least 100
times per second has been found highly effective for cor-
recting the effects of moderate to high atmospheric turbu-
lence.

Turning now to the structural details of various imple-
mentations of the present invention in more detail, it will be
understood that various details of the implementation will
vary considerably according to the intended application of
the device. The variety of applications may extend from a
low-energy research tool for measuring high-speed varia-
tions in optical properties of turbulent media through various
communications applications (medium energy) up to high-
energy directed-energy weapon systems. In each case, the
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array of beam sources 12a, 126 and 12¢ is most preferably
an array of fiber lasers, seeded by a common seeder oscil-
lator 20. For high energy applications, each fiber laser is
preferably rated for a power output of at least 1 kW. The
principles of the invention may be used for devices operat-
ing with various different wavelengths, but is typically
implemented in the near-infrared range. Seeder oscillators
and fiber lasers suitable for operating in these ranges are well
known in the art, and are readily commercially available.

Phase modulators 14a, 145 and 14¢ may be any type of
phase modulator with suitable response times and low
attenuation. The phase modulator is positioned after splitting
the seeder, but preferably before the fiber laser in order to
operate with a relatively low-power signal. Suitable phase
modulators are available commercially. One suitable non-
limiting example is a 10 GHz titanium indiffused Z-Cut
LiNbO; phase modulator identified by model no. LN53S-FC
commercially available from Thorlabs, NJ (USA).

An optics arrangement 22 directs the beams towards the
target or, for a large target, towards a particular region of the
target. The term “target” is used here broadly to refer to the
object against which the beams are to impinge, which may
be a receiver (detector) for communications applications or
a target in the military sense for weapon applications. Optics
arrangement 22 is shown here only schematically, but typi-
cally includes a separate collimator for each beam, and
common large-aperture focusing optics for directing the
beams collectively towards the target. Alternatively, separate
focusing optics can be provided for each beam.

The logic circuitry of controller 18 may be implemented
as suitably configured hardware using digital and/or analog
processing, including but not limited to, one or more appli-
cation-specific integrated circuit (ASIC), one or more field-
programmable gate array (FPGA), as a general purpose
computing system configured by software operating under a
suitable operating system, or by any hardware/software/
firmware combination configured to perform the functions
described herein at a suitable rate. The controller typically
also includes a data storage device and suitable input and
output interfaces for controlling the phase modulators and
receiving inputs from the detector(s), all as will be clear to
one having ordinary skill in the art. The data processing
requirements of the system, even for high rates of measure-
ment, are not unusual, and can be handled by standard
processing equipment. Specialized hardware adaptation may
be required due to the relatively large number of outputs
(phase modulators for each beam) which must be adjusted
rapidly in parallel, which exceeds the interface capabilities
of most off-the-shelf hardware, but such adaptation is readily
performed by a person having ordinary skill in the art using
standard components.

The structure and deployment of photodetector 16
depends on the details of the application. In cases such as
illustrated in FIGS. 1 and 2, where the CBC target is a
remote object which does form part of the system design,
photodetector 16 is deployed to sense radiation that is
reflected from the target T. In order to ensure that the
photodetector measures the correct radiation, an optical
arrangement, typically in the form of a telescope, is
deployed to define a field of view corresponding to the
region from which the reflected radiation will arrive. The
optical arrangement is represented schematically in FIGS. 1
and 2 by a lens 24, but is typically an assembly of lenses,
which may be refractive or reflective, or any combination
thereof, to form an appropriate telescope, as is known in the
art. A narrow passband filter 26 may advantageously be
deployed in the optical path to selectively pass the reflected
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laser illumination to the sensor while excluding ambient
background radiation, thereby enhancing the signal-to-noise
ratio at the photodetector. Optionally, an imaging system, for
example used for aiming the CBC system, may be integrated
so as to share all or part of optical arrangement 24. The
imaging system receives radiation that is not limited by the
narrow passband filter, but is preferably implemented with a
sensor that is also sensitive to the laser wavelength in order
to allow verification and correction of the CBC system
aiming. The imaging system is not illustrated here, but a
non-limiting example of a photodetector configuration inte-
grated with an imaging system will be described below with
reference to FIGS. 6 and 7.

FIG. 1 illustrates a basic implementation for use with a
remote “‘non-cooperative” target, i.e., where the target is not
required to carry any sensor or to play any active role in
operation of the system. In this case, the CBC system
generates and transmits multiple beams from fiber lasers
12a-12¢ via optics arrangement 22 along an optical path
passing through an optically non-uniform and/or transiently
varying medium M, such as the atmosphere, towards a target
T. Modulation of the phase of each beam is generated under
control of controller 18, preferably according to one of the
schemes described above, and introduced into the transmit-
ted beams by the adjustable phase modulators. A part of the
radiation impinging on target T is reflected towards optical
arrangement 24 and delivered to photodetector 16, which
generates a signal (intensity parameter) indicative of an
intensity of the radiation impinging on an area of target T.
This area may be the entire target, in the case of a small
target, or may be a selected target region of a larger target,
as discussed further below. Controller 18 receives the inten-
sity parameter and processes the variations in reflected
intensity, according to the appropriate algorithm, to derive
quantitative measurements of the phase offset of each beam
reaching the target, and then controls adjustable phase
modulators 14a, 145 and 14c¢ to shift the current phase of
each beam to bring all the beams into coherent combination.
The process is repeated rapidly, thereby repeatedly fine-
tuning the phase combination, and adapting to transient
changes in the atmospheric conditions or other sources of
phase variation which arise.

In the case of long ranges to a target, the time-of-flight of
the modulated beams to the target and of the reflected
radiation back to the sensor may become a limiting factor in
the rate at which the measurements and adjustments can be
repeated, but still allows very rapid repetition for ranges of
relevance. For example, at 3 km, the time-of-flight for travel
to and fro is roughly 20 microseconds. This leaves ample
scope for repetition rates in excess of 100 Hz, and even up
to kHz rates. If needed, sequences of phase modulation can
be repeated at intervals shorter than the time-of-flight.
Encoding of the transmitted signal, such as by introduction
of a brief distinct sequence of off/on pulses, can be used to
avoid any ambiguity as to which variations in the reflected
intensity signal correspond to which modulations of the
transmitted beams.

Turning now to FIG. 2, this illustrates a CBC system 10
generally similar to that of FIG. 1, with equivalent elements
labeled similarly. FIG. 2 illustrates an additional optional
feature according to which a small proportion of the inten-
sity from the transmitted beams is diverted by a beam splitter
28 and combined via optics 30 onto a reference photode-
tector 32. Reference photodetector 32 thus generates a signal
corresponding to a reference intensity parameter which is
influenced by “device-side” phase differences between the
beams, i.e., the phase differences originating within the
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hardware of the CBC system, but without the phase-altering
influences of the medium M. This signal is provided to
controller 18, which identifies variations in the reference
intensity parameter resulting from the modulation of the
current phase of each transmitted beam relative to the sum
of all the other beams. These variations are then used to
calculate a device-side phase offset of the current phase of
each beam relative to a representative phase of the sum of all
the other beams.

The ability to measure the device-side phase differences
may be useful in a range of contexts. Firstly, it can be used
to provide a basic level of phase correction for situations in
which the target-in-the-loop phase correction may momen-
tarily be unavailable. Additionally, by comparing the calcu-
lated phase differences for each beam between the device-
side measurements and the target-reflected measurements, it
is possible to ascertain analytic information about the cur-
rent state of the medium M, which may be relevant to the
manner in which the CBC system or other equipment is to
be operated.

FIG. 3 illustrates a CBC system 10 which is very similar
to the system of FIG. 2, but is implemented with a “coop-
erative target”, i.e., where the “target” is part of the system,
and can be provided with a target-mounted photodetector 16,
connected by any suitable wired or wireless communications
channel to provide its measured intensity parameter to
controller 18. This configuration may be particularly useful
as a scientific research tool for measuring rapidly varying
optical properties of a transmission medium.

FIG. 4 illustrates a further variant of a CBC system 10
essentially similar to that of FIGS. 2 and 3, but where the
reference photodetector 32 is used for phase correction,
without any feedback from the target. This configuration
lacks the ability to compensate for variations due to chang-
ing optical properties of the medium M, but can maintain
accurately phase-tuned beams at the transmission output of
the CBC system, which may be sufficient for certain appli-
cations.

Turning now to FIGS. 5A and 5B, each individual output
beam has a relatively small aperture, such that diffractive
beam spread results in a relatively large illuminated region
in the target plane, denoted by a dashed circle 34. The
coherent beam combination of system 10, when properly
phase-tuned, turns the entire array beams into a relatively
large effective aperture, allowing concentration of a large
proportion of the combined beam energy into a much
smaller spot, designated 36. In order to provide an intensity
parameter which can be used as a basis for the phase offset
measurements and corrections, it is important that the signal
detected by photodetector 16 corresponds to the intensity of
radiation falling within the target spot 36. For small targets
(FIG. 5A), where the reflective part of the target is no larger
than target spot 36, the detected intensity is necessarily from
within a spot no larger than target spot 36. In this case, it is
preferable to use a single, relatively-large pixel detector,
since it eliminates or reduces the requirements for image
stabilization and increases the collection power of the detec-
tor. For applications with larger targets (FIG. 5B), it is
important to collect selectively reflected radiation from
within target spot 36, and not from the entire region poten-
tially illuminated by the individual beams, in order to avoid
peripherally distributed illumination contributing to the
measured signals. This can be done by use of a telescope
arrangement aligned with the CBC system and coordinated
with deployment of a relatively-small the photodetector so
that the photodetector only “sees” the small target spot
region 36, corresponding to the region into which the laser
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spot is to be contracted. This can be achieved using a range
of standard “telescope” optical arrangements.

Turning now to a second aspect of the present invention,
this relates to an implementation of a targeting telescope,
particularly suited to use with a CBC system, which employs
adaptive optics to correct for distortions introduced by
atmospheric turbulence. It should be noted that the two
aspects of the present invention presented herein are of
independent utility, such that the targeting telescope arrange-
ment, while particularly suited to use with a CBC system, is
not limited to use with the particular phase-offset measure-
ment and correction techniques described thus far. Similarly,
the above phase-offset measurement and correction tech-
niques may be implemented using a conventional targeting
telescope or other targeting arrangements, without requiring
the adaptive optics implementation described below. Nev-
ertheless, it should be noted that there is believed to be
particular synergy to an implementation which employs both
aspects of the invention together.

Referring now to FIG. 6, there is shown schematically an
adaptive optics arrangement for correcting distortions in an
image received via a telescope. Light from a telescope
arrangement (not shown) is reflected from an adaptive
optical element, such as a deformable mirror 40, which
typically has a reflective surface which can be selectively
deformed by a plurality of actuators. Deformable mirror 40
can be implemented using any suitable deformable mirror
technology including, but not limited to, MEMS actuated
mirrors, electrostatically actuated mirror membranes, piezo-
electric actuated mirrors and magnetic-actuated mirrors. The
reflected light is divided by a beam splitter 42 from which
part of the light passes to a wavefront sensor 44, such as a
Shack-Hartmann wavefront sensor, which measures distor-
tion of the wavefront. A control system 46 analyzes the
wavefront distortions reaching the wavefront sensor 44 and
dynamically adjusts deformable mirror 40 so as to reduce
the wavefront distortions. The rest of the light emerging
from beam splitter 42 is directed towards an imaging system
48 and/or other sensors, according to the application. All of
the above components, and the processing required to pro-
vide wavefront correction, are per se well known, and can
readily be implemented by a person of ordinary skill in the
art.

FIG. 7 illustrates a preferred implementation of such an
adaptive optics arrangement in the context of a CBC system.
A telescope, represented schematically by a lens 54, receives
light from a target T that has passed through a medium M
which introduces optical distortions. The light from the
telescope is directed from deformable mirror 40 through a
beamsplitter 42 to wavefront sensor 44, the output of which
is processed by adaptive optics control system 46 to provide
closed-loop feedback to adjust deformable mirror 40, all as
already described. The other channel from beamsplitter 42
here passes to a second beamsplitter 50 which directs part of
the light to an imaging sensor, camera 48, and part to
photodetector 16, which senses the intensity of the CBC
laser spot on the target for processing by CBC controller 18
which operates the CBC system 10. The various CBC-
related components may be otherwise conventional compo-
nents, but are most preferably implemented according to the
teachings of the first aspect of the invention as described
above with reference to FIGS. 1 and 2. An overall control
system 52 receives the images from camera 48 to control the
operation of the system, such as target selection, correction
of aiming etc.

It should be noted that CBC and adaptive optics based on
wavefront sensing are typically regarded as competing
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approaches for compensating for optical disruptions due to
atmospheric conditions. The combination of CBC and wave-
front sensing as provided by this aspect of the present
invention is believed to provide particular synergism
through which each technology is employed in roles par-
ticularly suited to its characteristics. Specifically, for targets
which are large compared to the diffraction-limited spot size
of the CBC system, and are “non-cooperative” as defined
herein, the system function can be subdivided into two parts:
optimization of the laser transmission from the system to the
target; and image correction from the target back to the
system. In wavefront sensing, in principle, both problems
are solved simultaneously. In practice, however, there are no
actuators (deformable mirrors) that are both suitable for use
with high power lasers and sufficiently fast. The technique
wavefront-sensing technology is therefore limited to low
power or low speed applications. CBC on the other hand can
be implemented with extremely fast actuators, and is appli-
cable for high powers. However, CBC is unable to solve the
image correction problem. The system architecture proposed
according to this aspect of the present invention combines
CBC technology for correcting the laser transmission with
adaptive optics based on wavefront sensing for the target
imaging/feedback side of the control loop, thereby achieving
enhanced system performance that combines high power
and rapid correction.

The subdivision of the control systems into separate
elements 18, 46 and 52 is shown here according to a
functional subdivision. It should be noted however that these
functions may be performed by processing systems or other
logic circuitry hardware which can be subdivided in any
desired manner, with one or more function being performed
by a single processing system, or by a single function being
performed by separate distributed processing systems. In
some cases, certain processing and control functions may be
performed remotely.

To the extent that the appended claims have been drafted
without multiple dependencies, this has been done only to
accommodate formal 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 other
embodiments are possible within the scope of the present
invention as defined in the appended claims.

What is claimed is:

1. A method of determining phase offsets of multiple
transmitted beams of a coherent beam combination (CBC)
device impinging on a target, each of the transmitted beams
being transmitted by an associated beam source having a
corresponding adjustable phase modulator, the method com-
prising:

(a) for each of said transmitted beams, actuating the

corresponding adjustable phase modulator to modulate
a current phase of the transmitted beam between at least
three phase states;

(b) while each adjustable phase modulator is actuated,
monitoring an intensity parameter that varies as a
function of an intensity of radiation of the transmitted
beam impinging on the target;

(c) identifying variations in the intensity parameter result-
ing from the modulation of the current phase of each
transmitted beam relative to the sum of all the other
transmitted beams; and
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(d) calculating based on said variations a phase offset of
the current phase of each transmitted beam relative to
a representative phase of the sum of all the other
transmitted beams.

2. The method of claim 1, further comprising actuating the
corresponding adjustable phase modulator of each transmit-
ted beam to perform a phase correction derived from the
calculated phase offset.

3. The method of claim 1, wherein the current phase of
each transmitted beam is modulated at a modulation fre-
quency, and wherein said identifying comprises identifying
variations in the reflected intensity occurring at more than
one harmonic of said modulation frequency.

4. The method of claim 1, wherein the current phases of
a plurality of the transmitted beams are varied simultane-
ously, the current phase of each of said transmitted beams
being modulated at a distinct modulation frequency.

5. The method of claim 1, wherein the current phase of
each transmitted beam is modulated in a manner selected
from the group consisting of: a continuous manner over a
range of modulation frequencies encompassing said at least
three phase states, and a stepped manner between said at
least three phase states.

6. The method of claim 1, wherein the intensity parameter
is derived from at least one sensor, sensitive to the trans-
mitted beams, located at the target.

7. The method of claim 1, wherein the intensity parameter
is derived from a detector deployed to sense radiation that is
reflected from the target.

8. The method of claim 7, wherein the detector is located
remotely from the target, and wherein the detector is asso-
ciate with an optical arrangement defining an effective field
of view for the detector approximating to an area of the
target no greater than a diffraction-limited spot size of the
CBC device beams on the target.

9. A coherent beam combination (CBC) system compris-
ing:

(a) an array of beam sources configured to generate a
plurality of coherent beams and transmit the plurality of
coherent beams towards a target;

(b) a plurality of adjustable phase modulators associated
with said array of beam sources so as to allow adjust-
ment of relative phase offsets of said transmitted coher-
ent beams;

(c) a detector deployed for monitoring an intensity param-
eter that varies as a function of an intensity of radiation
of said transmitted coherent beams impinging on an
area of the target; and

(d) a controller comprising logic circuitry, said controller
being associated with said detector to receive said
intensity parameter and with said adjustable phase
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modulators to control a phase adjustment of said trans-

mitted coherent beams, said controller being configured

to:

(1) actuate each of said adjustable phase modulators to
modulate a current phase of a corresponding one of
said transmitted coherent beams between at least
three phase states;

(ii) identify variations in the intensity parameter result-
ing from the modulation of the current phase of each
transmitted coherent beam relative to the sum of all
the other transmitted coherent beams; and

(iii) calculate based on said variations a phase offset of
the current phase of each transmitted coherent beam
relative to a representative phase of the sum of all the
other transmitted coherent beams.

10. The system of claim 9, wherein said controller is
further configured to actuate each of said adjustable phase
modulators to perform a phase correction derived from the
calculated phase offset.

11. The system of claim 9, wherein said controller is
further configured to modulate the current phase of each
transmitted beam at a modulation frequency, and to identify
variations in the reflected intensity occurring at more than
one harmonic of said modulation frequency.

12. The system of claim 9, wherein said controller is
further configured to vary the current phases of a plurality of
the transmitted coherent beams simultaneously, the current
phase of each of said transmitted coherent beams being
modulated at a distinct modulation frequency.

13. The system of claim 9, wherein said controller is
further configured to modulate the current phase of each
transmitted coherent beam in a manner selected from the
group consisting of: a continuous manner over a range of
modulation frequencies encompassing said at least three
phase states, and a stepped manner between said at least
three phase states.

14. The system of claim 9, wherein said detector is
deployed at the target.

15. The system of claim 9, wherein said detector is
deployed to sense radiation that is reflected from the target.

16. The system of claim 15, further comprising an optical
arrangement associated with the detector and configured to
define an effective field of view for the detector approxi-
mating to an area of the target no greater than a diffraction-
limited spot size of the coherent beams on the target.

17. The method of claim 1, wherein the representative is
an average phase of the sum of all the other transmitted
beams.

18. The system of claim 9, wherein the representative is
an average phase of the sum of all the other transmitted
beams.



