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HIGH PEAK POWER OPTICAL AMPLIFIER

FEDERALLY SPONSORED RESEARCH
This invention was made with government support under Grant No FA8721-05-C-
0002 awarded by the United States Air Force. The U.S. government has certain rights in

this invention.

BACKGROUND

Field of Invention

The present invention relates generally to the field of lasers and, more particularly,

to methods and apparatus for optical laser amplification.

Discussion of Related Art

Optical amplifiers are used in laser systems for many different applications
including, for example, materials processing, laser pumping and numerous medical
procedures. lLasers having very high output power levels are desired for several of these
applications, as well as for other applications, such as, for example, laser fusion and high
harmonic generation, military weapons, industrial cutting and welding, and free-space laser
communication applications. Currently, portable lasers having power output levels of up to
10 kW at output wavelengths of interest are available. Should an application require a
greater power output level or higher brightness, some form of beam combining is
conventionally performed. Conventional beam combining systems include Wavelength

Beam Combining (WBC) and Coherent Beam Combining (CBC) systems.

SUMMARY OF INVENTION

Aspects and embodiments are directed to a method and apparatus for providing a
high peak power optical beam based on interleaving pulse trains of different wavelengths
and spatially and temporally overlapping the different wavelengths to produce an amplified
output beam with very high peak power.

According to one embodiment, an optical amplifier system comprises a plurality of
seed laser sources each configured to generate an optical beam having a unique wavelength
to provide a plurality of wavelengths, first delay optics configured to uniquely delay each

wavelength of the plurality of wavelengths to provide a waveform comprising a time series
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of the plurality of wavelengths, an amplifier configured to receive the waveform and to
amplify each wavelength of the plurality of wavelengths to provide an amplified waveform
comprising a time series of a corresponding plurality of amplified wavelengths, and second
delay optics configured to temporally overlap the plurality of amplified wavelengths to
provide an output beam.

The optical amplifier system may further comprise dispersive optics optically
coupled between the amplifier and the second delay optics and configured to receive the
spatially spectrally disperse the amplified waveform. In one example, the dispersive optics
comprises at least one of a wavelength division de-multiplexer, a diffraction grating, a
beam splitter, and a mirror. In one example, the optical amplifier system further comprises
a transform lens optically coupled to the second delay optics and configured to receive the
plurality of amplified wavelengths that have been temporally overlapped by the second
delay optics and to spatially overlap the plurality of amplified wavelengths to form the
output beam, and a grating optically coupled to the transform lens and positioned a focal
length from the transform lens at a region of overlap of the plurality of amplified
wavelengths, the grating configured to transmit the output beam. In another example, the
optical amplifier system further comprises a non-linear crystal, a beam splitter configured
to deflect a portion of the output beam to the non-linear crystal, a photo-detector optically
coupled to the non-lienar crystal and configured to detect a beam from the non-linear
crystal, and a phase controller optically coupled to the photo-detector and to the
wavelength division de-multiplexer, the phase controller being configured to receive a
detected beam from the photo-detector and to adjust a phase of each wavelength in the
detected beam so as to sum electromagnetic fields of the plurality of amplified
wavelengths. In one example, the phase controller is a stochastic parallel gradient descent
phase controller. In another example, the dispersive optics comprises a first diffraction
grating optically coupled to the amplifier and configured to spatially spectrally disperse the
plurality of amplified wavelengths, and a second diffraction grating optically coupled to the
first diffraction grating and configured to redirect the plurality of amplified wavelengths
into parallel beams. The second delay optics may comprise, for example, a two-mirror
beam shaper configured to receive the parallel beams and to uniquely delay each
wavelength of the plurality of amplified wavelengths to temporally overlap the plurality of

amplified wavelengths to provide the output beam.
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In another example, the dispersive optics and the second delay optics together
comprise a polarization beam splitter optically coupled to the amplifier, a quarter wave
plate optically coupled to the polarization beam splitter, and a series of volume Bragg
gratings optically coupled to the quarter wave plate and configured to uniquely delay each
wavelength of the plurality of amplified wavelengths to temporally overlap the plurality of
amplified wavelengths to provide an output beam. The polarization beam splitter and
quarter wave plate may be replaced with a Faraday circulator. In another example, the
optical amplifier system further comprises a wavelength division multiplexer configured to
spatially overlap the plurality of wavelengths to form a first beam. The optical amplifier
system may further comprise an amplitude modulator configured to receive the first beam
and to amplitude modulate the first beam to form a modulated beam. The optical amplifier
system may further comprise a wavelength division demultiplexer configured to receive the
modulated beam and to spatially spectrally disperse the modulated beam into a plurality of
modulated wavelengths, wherein the first delay optics are optically coupled to the
wavelength division demultiplexer and configured to receive and uniquely delay each
wavelength of the plurality of modulated wavelengths. In one example, the first and/or
second delay optics comprises an array of optical fibers having different lengths.

According to another embodiment, a method of producing a high peak power
output optical beam comprises acts of uniquely delaying each wavelength of a plurality of
wavelengths to temporally interleave the plurality of wavelengths to form a waveform
comprising a time series of the plurality of wavelengths, amplifying each wavelength of the
plurality of wavelengths to provide an amplified waveform comprising a time series of a
corresponding plurality of amplified wavelengths, and uniquely delaying each amplified
wavelength to temporally overlap the plurality of amplified wavelengths to provide the
output optical beam.

In one example, the method further comprises spatially spectrally dispersing the
plurality of amplified wavelengths prior to temporally overlapping the plurality of
amplified wavelengths, and spatially overlapping the plurality of amplified wavelengths,
after temporally overlapping the plurality of amplified wavelengths, to form the output
optical beam. In another example, the method further comprises phasing the plurality of
amplified wavelengths. In another example, the method further comprises spatially
overlapping the plurality of wavelengths to form an input optical beam, amplitude

modulating the input optical beam to provide a modulated beam, and spatially spectrally
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dispersing the modulated beam to provide the plurality of wavelengths. In another example
in which the plurality of wavelengths corresponds to a plurality of pulses, the method may
further comprise stretching each pulse of the plurality of pulses to provide a plurality of
stretched pulses, amplifying the plurality of stretched pulses to provide a plurality of
amplified stretched pulses, and recompressing the plurality of amplified stretched pulses to
provide the plurality of amplified wavelengths. Stretching each pulse may comprise, for
example, dividing each pulse of the plurality of pulses into a plurality of smaller amplitude
pulses.

Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Any embodiment disclosed herein may be
combined with any other embodiment in any manner consistent with at least one of the

k-1

objects, aims, and needs disclosed herein, and references to “an embodiment,” ‘“some

kN1 k- AN13 k- AN13

embodiments,” “an alternate embodiment,” “various embodiments,” “one embodiment” or
the like are not necessarily mutually exclusive and are intended to indicate that a particular
feature, structure, or characteristic described in connection with the embodiment may be
included in at least one embodiment. The appearances of such terms herein are not
necessarily all referring to the same embodiment. The accompanying drawings are
included to provide illustration and a further understanding of the various aspects and
embodiments, and are incorporated in and constitute a part of this specification. The
drawings, together with the remainder of the specification, serve to explain principles and

operations of the described and claimed aspects and embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one embodiment are discussed below with reference to
the accompanying figures, which are not intended to be drawn to scale. Where technical
features in the figures, detailed description or any claim are followed by references signs,
the reference signs have been included for the sole purpose of increasing the intelligibility
of the figures, detailed description, and claims. Accordingly, neither the reference signs
nor their absence are intended to have any limiting effect on the scope of any claim
elements. In the figures, each identical or nearly identical component that is illustrated in
various figures is represented by a like numeral. For purposes of clarity, not every

component may be labeled in every figure. The figures are provided for the purposes of
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illustration and explanation and are not intended as a definition of the limits of the
invention. In the figures:

FIG. 1 is a block diagram of one example of a high peak power optical amplifier
system according to aspects of the invention;

FIG. 2 is a flow diagram illustrating one example of a method of generating a high
power optical beam according to aspects of the invention;

FIG. 3 is a block diagram of another example of a high peak power optical
amplifier system according to aspects of the invention;

FFIG. 4A is a diagram of one example of an input waveform to the system of FIG. 3;

FIG. 4B is a diagram of one example of an amplified waveform output from the
amplifier of FIG. 3 and corresponding to the input waveform of FIG. 4A;

FIG. 4C is a diagram of one example of a sampled output waveform from the
system of FIG. 3 corresponding to the amplified waveform of FIG. 4B;

FIG. 5 is a flow diagram illustrating one example of a method of time multiplexing
pulse trains of different wavelengths;

FIG. 6 is a flow diagram illustrating one example of a method of coherent addition
of different wavelengths to optimize peak power;

FIG. 7 is a block diagram of another example of a high peak power optical
amplifier system according to aspects of the invention;

FIG. 8 is a block diagram of another example of a high peak power optical
amplifier system according to aspects of the invention;

FIG. 9 is a block diagram of another example of a high peak power optical
amplifier system according to aspects of the invention;

FIG. 10A is a diagram of one example of an input waveform to the system of FIG.
9;

FIG. 10B is a diagram of one example of an input waveform to the first pulse
divider in the system of FIG. 9 corresponding to the input waveform of FIG. 10A;

FIG. 10C is a diagram of one example of a waveform provided from the pulse
divider to the amplifier of FIG. 9 and corresponding to the input waveform of FIG. 10B;

FIG. 10D is a diagram of one example of an amplified waveform provided to the
second pulse divider in the system of FIG. 9 and corresponding to the waveform of FIG.

10C;
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FIG. 10E is a diagram of one example of a recompressed waveform corresponding
to the amplified waveform of FIG. 10D;

FIG. 10F is a diagram of one example of an output waveform from the system of
FIG. 9 and corresponding to the waveform of FIG. 10E; and

FIG. 11 is a flow diagram of one example of a method of generating a high peak

power output beam according to aspects of the invention.

DETAILED DESCRIPTION

There is significant interest in building pulsed laser systems capable of generating
very high peak power, for example 1 MegaWatt (MW) or higher. As discussed above,
there are many examples of applications that can benefit greatly from very high peak power
laser amplifiers. Another example is a laser-generated extreme ultraviolet (EUV) light
source at a wavelength of approximately 13.5 nanometers (nm), which can be used for
several applications, including lithography, high precision lidar, and materials processing.
The source requirements for such a laser-generated EUV light source presently include, for
example, an average power output of approximately 10 kW to 20 kW, and nanosecond-
class pulse width with a pulse repetition rate of at least 7 kilohertz (kHz). There are very
few conventional lasers that can meet these requirements, and those that can meet the
requirements tend to be very large, inefficient, and expensive.

Aspects and embodiments are directed to a pulsed laser system in which very high
peak power can be generated from a single laser amplifier. Systems according to various
embodiments are based on interleaving pulse trains of different wavelengths and spatially
and temporally overlapping the different wavelengths to produce an amplified output beam
with very high peak power, as discussed in detail below.

It is to be appreciated that embodiments of the methods and apparatuses discussed
herein are not limited in application to the details of construction and the arrangement of
components set forth in the following description or illustrated in the accompanying
drawings. The methods and apparatuses are capable of implementation in other
embodiments and of being practiced or of being carried out in various ways. Examples of
specific implementations are provided herein for illustrative purposes only and are not
intended to be limiting. In particular, acts, elements and features discussed in connection
with any one or more embodiments are not intended to be excluded from a similar role in

any other embodiments. TFurthermore, although the following discussion may refer
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primarily to fiber lasers as an example, the aspects and embodiments discussed herein are
applicable to any type of laser that is wavelength-selectable, including, but not limited to,
semiconductor lasers, diode lasers and fiber lasers.

Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. Any references to embodiments or elements or acts
of the systems and methods herein referred to in the singular may also embrace
embodiments including a plurality of these elements, and any references in plural to any
embodiment or element or act herein may also embrace embodiments including only a
single element. References in the singular or plural form are not intended to limit the

presently disclosed systems or methods, their components, acts, or elements. The use

k11 EE AT

herein of “including,” “comprising,” “having,” “containing,” “involving,” and variations
thereof is meant to encompass the items listed thereafter and equivalents thereof as well as
additional items. References to “or” may be construed as inclusive so that any terms
described using “or” may indicate any of a single, more than one, and all of the described
terms. Any references to front and back, left and right, top and bottom, upper and lower,
and vertical and horizontal are intended for convenience of description, not to limit the
present systems and methods or their components to any one positional or spatial
orientation.

Referring to FIG. 1, there is illustrated a block diagram of one embodiment of a
system architecture for generating a very high peak power optical amplifier. The system
operates by delaying and interleaving pulse trains of different wavelengths to form a nearly
continuous-wave power waveform beam, amplifying the beam, and then spatially and
temporally overlapping the delayed wavelengths to form an amplified output beam. In one
example, the output beam is formed by spatially spectrally dispersing the amplified beam,
delaying each spectral component of the amplified beam to temporally overlap the spectral
components, and spatially recombining the spectral components into a single output beam.
In this manner, an output optical beam with very high peak power can be generated, as
discussed in more detail below. FIG. 2 illustrates a flow diagram of an example of a
method of generating the high power optical beam using the system of FIG. 1. The
operation of the system of FIG. 1, and other system embodiments, is discussed below with
continuing reference to FIG. 2. The system may operate using waveforms that include
repeating multi-wavelength pulses, and therefore the method may be repeated for each

multi-wavelength pulse.
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According to one embodiment, the system 100 includes an array 110 of pulsed seed
laser sources, each seed laser source generating an optical beam with a unique wavelength,
Ai, where i is an integer from 1 to n, with n being the number of seed laser sources in the
array 110. The type of seed laser sources, and specific properties or characteristics of the
seed laser sources, may depend on the application of the system 100 and/or user
specifications. In step 210 (FIG. 2), all the wavelengths A, - A, are time-multiplexed into a
single power waveform beam 120, as shown in FIG. 1. Ideally, this power waveform beam
120 is a nearly continuous-wave (CW) power waveform beam. That is, the spectral
components are arranged serially in time from A; - A, (thus forming a time series of
wavelengths, which maybe repeated), as shown in FIG. 1, with a small space between each
unique wavelength/spectral component. The waveform 120 is amplified by an amplifier
130 to generate an amplified output beam 140 (step 220 in FIG. 2). Because the spectral
components are spaced apart in time, each wavelength is amplified individually. In one
example, each wavelength A; of the input beam 120 can be amplified until it is limited by
non-linearities such as bulk damage (for example, thermal fracturing, melting, and thermal
lensing), stimulated Brilliouin scattering (SBS), stimulated Raman scattering (SRS), self
phase modulation, cross phase modulation, etc. In one example, the level of amplification
can be set based on foreknowledge of the amplification limit for the type of seed laser
sources and type of amplifier used in the system and based on a desired output power from
the system. The amplifier 130 may be any type of laser amplifier, including a fiber laser
amplifier.

Still referring to FIGS. 1 and 2, the output beam 140 from the amplifier 130 is then
spatially dispersed into its spectral components (step 230 in FIG. 2) using dispersive optics
150. The dispersive optics may include, for example, a wavelength division de-
multiplexer, gratings (such as diffraction gratings), beam splitters, mirrors, and/or other
dispersive optics, as discussed further below. FEach spectral component is then delayed
uniquely using delay optics 160 (step 240 in FIG. 2) to temporally overlap the spectral
components, as shown in FIG. 1 (170). The delayed and temporally overlapped spectral
components are then spatially overlapped (step 250 in FIG. 2) to form the output optical
beam 170.

Another embodiment of a high peak power laser system is illustrated in FIG. 3.
The embodiment illustrated in FIG. 3 uses a fiber amplifier for the amplifier 130; however,

as discussed above, any type of laser amplifier may be used. According to one
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embodiment, the seed array 110 comprises an array of CW low power master oscillators
310, each master oscillator producing an optical beam at a different wavelength A;. Thus,
an array 310 of n master oscillators produces input wavelengths A, - A,,, as shown in FIG. 3.
The array of master oscillators 310 may be replaced by a single (or more than one) mode-
locked master oscillator (not shown) that produces the spectral components with
wavelengths A; - A,. An example of the input waveform 315 from the array of master
oscillators 310 is illustrated in FIG. 4A. The master oscillators are termed “low power”
because their output power is relatively low compared to the output power from the system
as a whole. The high power output beam is achieved through amplification and the
interleaving and combining of the pulses with different wavelengths, as discussed herein,
and therefore the system can use relatively low power master oscillators 310.

As discussed above with reference to FIG. 2, step 210 includes interleaving pulse
trains of different wavelengths which allows each wavelength to be individually amplified
and therefore increases the power in the optical beam. This may be achieved in several
steps, as shown in FIG. 5, using embodiments of the system illustrated in FIG. 3.
According to one embodiment, the wavelengths from the array of master oscillators 310 are
spatially combined into a single beam using a wavelength division multiplexer 320 (step
510 in FIG. 5). The output of the wavelength division multiplexer 320 is amplitude
modulated (step 520 in FIG. 5) by an amplitude modulator 325. The amplitude modulator
325 divides the beam into discrete pulses in time, surrounded by “gaps” of no signal, for
purposes of time multiplexing. The amplitude modulator 325 produces a train of square
pulses with a desired pulse repetition rate. Thus, as a result of the amplitude modulation,
each wavelength A; is operating in pulsed mode, and thus the system 300 can be considered
a pulsed laser system. 'The output from the amplitude modulator 325 is split into the
separate wavelengths, i.e., into its spectral components (step 530 in FIG. 5) using a
wavelength division de-multiplexer 330.

The wavelength divisional de-multiplexer 330 is optically coupled to an array of
optical fibers 335. The fibers of the array may be active (i.e., are gain fibers or fiber
amplifiers) or passive; however, the fibers are generally passive in many applications. In
one example, each fiber in the array 335 has a unique length. The variable fiber lengths in
the array impart a variable delay to the spectral components output from the wavelength
divisional de-multiplexer 330 (step 540 in FIG. 5). By delaying each spectral component a

unique amount, the spectral components can be interleaved in time, thereby creating a
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waveform comprising a serial chain of spectral components 140, as illustrated in FIG. 1.
The output from the fiber array 335 is spatially multiplexed (step 550 in FIG. 5) using a
second wavelength division multiplexer 340 to produce the waveform beam 120 that is
used to seed the amplifier 130. As a result, the output from the amplifier 130 is ideally a
nearly continuous waveform chirped in wavelength. An example of the waveform 120 is
illustrated in FIG. 4B. As discussed above, because the spectral components are separate
in time, each spectral component can be individually amplified by the amplifier 130, and
then re-overlapped in time, as discussed further below, to generate a very high power
beam. If the spectral components were not separated in time, the amplifier 130 would need
to amplify a relatively large power beam all at once, thus limiting (due to non-linearities)
the overall amplification that can be achieved. By contrast, by uniquely delaying each
spectral component, the power of the input waveform to the amplifier 130 is spread over
the various wavelengths/spectral components, and each component can therefore be
amplified to a greater degree, and a very high peak power final output beam 170 can be
achieved.

Still referring to FIG. 3, as discussed above, the output beam 140 from the amplifier
130 is spatially spectrally dispersed and then recombined, spatially and temporally, to
produce the high peak power output beam 170. In one example, a second wavelength
division de-multiplexer 345 (corresponding to the dispersive optics 150) is used to spatially
disperse the output beam from the amplifier 130 into its spectral components (step 230 in
FIG. 2). The spectral components are then uniquely delayed, as discussed above, using a
second array of optical fibers with variable fiber length to create the variable delay between
different spectral components (step 240 in FIG. 2) and temporally recombine the spectral
components into a single beam. The delayed spectral components are spatially recombined
(step 250 in FIG. 2) using a transform lens 350 and grating 355. The transform lens 350
spatially overlaps the different spectral components, creating a region of overlap at the
grating 355, as shown in FIG. 3, and the output beam 170 is transmitted by the grating 355.
Spatial overlap of the spectral components can be ensured by placing the grating 355 one
focal length away from the transform lens 350. 'Thus, the peak power of each pulse
increases by the number of spectral components. In one example, the peak power scales by
the number of spectral components in the waveform 120. In another example, as discussed
below, the system can be configured to scale the peak power by the number of wavelengths

squared.
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According to one embodiment, to further increase the peak power, all the spectral
components of the beam can be phased. If the spectral components are not phased, when
the spectral components are recombined into a single beam, the power in each spectral
component is added; hence the peak power of the output beam scales according to the
number of spectral components. When the spectral components are phased, the electric
fields are added in addition to the power summation. As a result, the peak power of the
output beam scales with the number of spectral components squared. In addition, when the
spectral components are phased, the pulse length is shortened, further resulting in an
increase in the peak power. Phasing can be accomplished by sampling part of the output
beam 170 with a non-linear crystal 360 and a photo-detector 365, and an example of the
method illustrated in FIG. 3. A beam sampler or beam splitter 370 is used to deflect part of
the output beam 170 to the non-linear crystal 360 (step 610 in FIG. 6) which directs the
beam to the photo-detector 365 (step 620). In one example, the non-linear crystal is a
doubling crystal. An example of the waveform 380 provided to the photo-detector 365 is
illustrated in FIG. 4C. The output from the photo-detector 365 is fed to a phase controller
375. In one example, the phase controller 375 is a stochastic parallel gradient descent
(SPGD) phase controller. The phase controller adjusts the phases of each wavelength such
that the electromagnetic fields sum at given times (step 630 in FIG. 6). As a result, the
peak power of each pulse of the output beam 170 is N* higher as compared to the peak
power of each pulse when it is output from the amplifier 130, where N is the number of
spectral components in the waveform. In order for the system to operate correctly, the
array of CW master oscillators is configured to preserve beam coherence over a time span
exceeding NT, where T is the pulse interval.

Referring to FIG. 7, there is illustrated another embodiment of an optical amplifier
system that uses bulk optics (as opposed to fiber optics) to spatially and temporally overlap
the different wavelengths, or spectral components, to produce a high peak power output
beam. In one example system 700, illustrated in FIG. 7, diffraction gratings are used to
spatially and temporally overlap the spectral components, as discussed further below. As
discussed above, an array of master oscillators 310 produce an input waveform having a
plurality of different wavelengths A; - A,. An example of the input waveform 315 is
illustrated in FIG. 4A. In the example system illustrated in FIG. 7, an array of amplitude
modulators 710 is used to amplitude modulate each wavelength A; to operate the system

700 in pulsed mode. The amplitude modulated wavelengths are combined into the
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waveform 120 (an example of which is illustrated in FIG. 4B) using an nx1 combiner 720,
where n is the number of unique wavelengths in the input waveform 315.

According to one embodiment, in the system of FIG. 7, the dispersive optics 150
and delay optics 160 of FIG. 1 comprise two gratings, namely, a first diffraction grating
730 and a diffraction second grating 740, a two-mirror beam shaper 750, and a mirror 760.
The first diffraction grating 730 spatially disperses the incidence beam 140 from the
amplifier 130 into its spectral components (step 230 in FIG. 2). The second diffraction
grating 740 redirects all the spectral components into parallel beams 770. The beam-shaper
750 comprises two parallel mirrors 750a, 750b, which are disposed at an angle with respect
to the incoming parallel beams 770. The beam shaper 750 delays each spectral component
uniquely. The amount of delay depends on the separation between the mirrors 750a and
7500, the angle of incidence of the parallel beams 770, and the wavelength of each beam.
An example of a beam shaper 750 that may be used in the system 700 is described in an
article entitled ‘““I'wo-mirror beam-shaping technique for high-power diode bars,” W.A.
Clarkson and D.C. Hanna, Opt. Lett. 21, 375 (1996), which is hereby incorporated herein
by reference. Thus, each spectral component is uniquely delayed by the beam shaper 750
to temporally re-overlap the spectral components and is reflected off the last mirror 760 to
be returned to the gratings 740 and 730. The output beam 170 is taken slightly off angle
from the incidence beam 140 at the first grating 730 using another mirror 780.

Referring to FIG. 8, there is illustrated another embodiment of an optical amplifier
system 800. In this embodiment, the dispersive optics 150 and delay optics 160 comprise a
polarization beam splitter 810, a quarter wave plate 820, and a series of volume Bragg
gratings 830. In this example, the beam 140 from the amplifier 130 is transmitted through
the polarization beam splitter 810 and the phase is altered by the quarter wave plate 820.
Each wavelength is delayed uniquely by the series of volume Bragg gratings 830 to
temporally overlap the spectral components. For example, a first reflective volume Bragg
grating 830a may be resonant with A,, such that it reflects A, and transmits all other
wavelengths. Similarly, a second volume Bragg grating 830b may be resonant with A, 1,
such that it reflects A,; and transmits all remaining wavelengths. Thus, the series
progresses, with a larger delay added to each wavelength until the last volume Bragg
grating 830c reflects A;. It is to be appreciated that many different arrangements of the
series of volume Bragg gratings may be implemented and the invention is not limited to the

specific configuration discussed above and illustrated in FIG. 8. For example, the series
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may be reversed, with the largest delay added to A, and the smallest delay added to A;. As
will be recognized by those skilled in the art, given the benefit of this disclosure, a variety
of delay patterns may be achieved by appropriately arranging the elements of the volume
Bragg grating array 830. The reflected wavelengths are further delayed by the quarter
wave plate 820, such that they are no longer transmitted by the polarization beam splitter
810, but instead reflected at an angle to provide the output beam 170, as shown in FIG. 8.
Thus, the combination of the polarization beam splitter 810 and the quarter wave plate 820
cause the light beam to change direction. The polarization beam splitter 810 and quarter
wave plate 820 may be replaced with a Faraday circulator.

Another embodiment of a high power optical amplifier system is illustrated in FIG.
9. This implementation is similar to the embodiment illustrated in FIG. 8, but includes
pulse dividers at the input and output of the amplifier 130. This implementation is suitable
for very short pulses, for example, picosecond to femtosecond pulses. An example of an
input pulse 910 generated by the array of master oscillators 310 is illustrated in FIG. 10A.
As discussed above, the pulse comprises a plurality of wavelengths A; - A,. In one
example, the pulse has a frequency span W of approximately 1000 gigahertz (GHz). FIG.
10B illustrates an example of a waveform 920, corresponding to the input pulse 910, that is
provided to the input of the first pulse divider 930. In one example, the pulse has a
duration D equal to approximately 100 nanoseconds (ns). The pulse divider 930 divides
each pulse into many smaller amplitude pulses. In one example, the first pulse divider 930
comprises a number of birefringent crystals, and each pulse is divided into a number of
smaller pulses equal to 2%, where N is the number of birefringent crystals. Examples of
such pulse dividers using birefringent crystals are described in “Picosecond pulse stacking
in calcite,” H.E. Bates, R.R. Alfano, and N. Schiller, Appl. Opt. 18, 947 (1979) and
“Divided-pulse amplification of ultrashort pulses,” S. Zhou, F.W. Wise, and D.G.
Ouzounov, Opt. Lett. 32, 871 (2007), each of which is hereby incorporated herein by
reference.

In one embodiment, the first birefringent crystal is oriented at 45 degrees with
respect to the input beam 920. The first crystal will, with an appropriate crystal thickness,
generate two pulses with orthogonal polarization due to the index of refraction for the two
polarizations. These two pulses are further split by a second crystal, and so on. Thus, each
input pulse generates 2~ pulses, where N is the number of birefringent crystals. For

example, for a pulse divider 930 comprising 10 crystals, a 1 picosecond (ps) input pulse is
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stretched 1024 times to generate a 1 ns pulse at the output of the pulse divider 930. An
example of the stretched pulse waveform 940, corresponding to the input pulse 920 of FIG.
10B, is illustrated in FIG. 10C. Thus according to one embodiment, each pulse at a unique
wavelength is stretched by the first pulse divider 930 and then amplified by amplifier 130.
An example of the amplified waveform 950 is illustrated in FIG. 10D. The amplified
waveform 950 is provided to the second pulse divider 960, where each wavelength is
recompressed, and the resulting waveform 970 is processed through the optical components
as discussed above with reference to FIG. 8 to provide the output beam 170. An example
of the waveform 970, corresponding to the waveform 950 shown in FIG. 10D, is illustrated
in FIG. 10E. An example of the output waveform 170 corresponding to the waveform 970
illustrated in FIG. 10E is waveform 980 illustrated in FIG. 10F.

Referring to FIG. 11, there is illustrated a flow diagram of one example of a method
of generating an high peak power output beam 170 using an embodiment of the system
illustrated in FIG. 9. As discussed above, in step 210, pulse trains of different wavelengths
are interleaved. In one example, as discussed above with reference to FIGS. 3 and 5, step
210 includes spatially combining the wavelengths into a single beam using a wavelength
division multiplexer 320 (step 510), amplitude modulating the output of the wavelength
division multiplexer (step 520), splitting the output from the amplitude modulator 325 into
its spectral components (step 530) using a wavelength division de-multiplexer 330,
uniquely delaying the spectral components using an array of optical fibers 335 with
variable fiber length (step 540), and spatially multiplexing (step 550) the output from the
fiber array 335 using a second wavelength division multiplexer 340 to produce the
waveform beam 920. In step 1110, the pulses of the waveform 920 are stretched using the
first pulse divider 930, as discussed above. The stretched pulses are then amplified with
amplifier 130 (step 1120), and recompressed using the second pulse divider 960 (step
1130). In one example, each wavelength of the waveform 970 is uniquely delayed by the
series of volume Bragg gratings 830 (step 1140) to temporally recombine the wavelengths,
and the output beam 980 is taken at an angle off the polarization beam splitter 810.

Having thus described several aspects of at least one embodiment, it is to be
appreciated various alterations, modifications, and improvements will readily occur to
those skilled in the art. Such alterations, modifications, and improvements are intended to
be part of this disclosure and are intended to be within the scope of the invention.

Accordingly, the foregoing description and drawings are by way of example only, and the
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scope of the invention should be determined from proper construction of the appended
claims, and their equivalents.

What is claimed is:
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CLAIMS

1. An optical amplifier system comprising:

a plurality of seed laser sources each configured to generate an optical beam having
a unique wavelength to provide a plurality of wavelengths;

first delay optics configured to uniquely delay each wavelength of the plurality of
wavelengths to provide a waveform comprising a time series of the plurality of
wavelengths;

an amplifier configured to receive the waveform and to amplify each wavelength of
the plurality of wavelengths to provide an amplified waveform comprising a time series of
a corresponding plurality of amplified wavelengths; and

second delay optics configured to temporally overlap the plurality of amplified

wavelengths to provide an output beam.

2. The optical amplifier system as claimed in claim 1, further comprising dispersive
optics optically coupled between the amplifier and the second delay optics and configured

to receive and spatially spectrally disperse the amplified waveform.

3. The optical amplifier system as claimed in claim 2, wherein the dispersive optics
comprise at least one of a wavelength division de-multiplexer, a diffraction grating, a beam

splitter, and a mirror.

4. The optical amplifier system as claimed in claim 2, further comprising:

a transform lens optically coupled to the second delay optics and configured to
receive the plurality of amplified wavelengths that have been temporally overlapped by the
second delay optics and to spatially overlap the plurality of amplified wavelengths to form
the output beam; and

a grating optically coupled to the transform lens and positioned a focal length from
the transform lens at a region of overlap of the plurality of amplified wavelengths, the

grating configured to transmit the output beam.
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5. The optical amplifier system as claimed in claim 4, further comprising:

a non-linear crystal;

a beam splitter configured to deflect a portion of the output beam to the non-linear
crystal;

a photo-detector optically coupled to the non-linear crystal and configured to detect
a beam from the non-linear crystal; and

a phase controller optically coupled to the photo-detector and to the wavelength
division de-multiplexer, the phase controller being configured to receive a detected beam
from the photo-detector and to adjust a phase of each wavelength in the detected beam so

as to sum electromagnetic fields of the plurality of amplified wavelengths.

6. The optical amplifier system as claimed in claim 5, wherein the phase controller is a

stochastic parallel gradient descent phase controller.

7. The optical amplifier system as claimed in claim 2, wherein the dispersive optics
comprises

a first diffraction grating optically coupled to the amplifier and configured to
spatially spectrally disperse the plurality of amplified wavelengths; and

a second diffraction grating optically coupled to the first diffraction grating and

configured to redirect the plurality of amplified wavelengths into parallel beams.

8. The optical amplifier system as claimed in claim 7, wherein the second delay optics
comprises:

a two-mirror beam shaper configured to receive the parallel beams and to uniquely
delay each wavelength of the plurality of amplified wavelengths to temporally overlap the

plurality of amplified wavelengths to provide the output beam.

9. The optical amplifier system as claimed in claim 2, wherein the dispersive optics
and the second delay optics together comprise:
a polarization beam splitter optically coupled to the amplifier;

a quarter wave plate optically coupled to the polarization beam splitter; and



10

15

20

25

30

WO 2012/044374 PCT/US2011/037563

18

a series of volume Bragg gratings optically coupled to the quarter wave plate and
configured to uniquely delay each wavelength of the plurality of amplified wavelengths to

temporally overlap the plurality of amplified wavelengths to provide an output beam.

10. The optical amplifier system as claimed in claim 1, further comprising a
wavelength division multiplexer configured to spatially overlap the plurality of

wavelengths to form a first beam.

11. The optical amplifier system as claimed in claim 10, further comprising an
amplitude modulator configured to receive the first beam and to amplitude modulate the

first beam to form a modulated beam.

12. The optical amplifier system as claimed in claim 11, further comprising a
wavelength division demultiplexer configured to receive the modulated beam and to
spatially spectrally disperse the modulated beam into a plurality of modulated wavelengths;

wherein the first delay optics are optically coupled to the wavelength division
demultiplexer and configured to receive and uniquely delay each wavelength of the

plurality of modulated wavelengths.

13. The optical amplifier system as claimed in claim 1, wherein the first delay optics

comprises an array of optical fibers having different lengths.

14. The optical amplifier system as claimed in claim 1, wherein the second delay optics

comprises an array of optical fibers having different lengths.

15. A method of producing a high peak power output optical beam, the method
comprising:

uniquely delaying each wavelength of a plurality of wavelengths to temporally
interleave the plurality of wavelengths to form a waveform comprising a time series of the
plurality of wavelengths;

amplifying each wavelength of the plurality of wavelengths to provide an amplified
waveform comprising a time series of a corresponding plurality of amplified wavelengths;

and
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uniquely delaying each amplified wavelength to temporally overlap the plurality of

amplified wavelengths to provide the output optical beam.

16. The method as claimed in claim 15, further comprising:

spatially spectrally dispersing the plurality of amplified wavelengths prior to
temporally overlapping the plurality of amplified wavelengths; and

spatially overlapping the plurality of amplified wavelengths, after temporally

overlapping the plurality of amplified wavelengths, to form the output optical beam.

17. The method as claimed in claim 16, further comprising phasing the plurality of

amplified wavelengths.

18. The method as claimed in claim 16, further comprising:
spatially overlapping the plurality of wavelengths to form an input optical beam;
amplitude modulating the input optical beam to provide a modulated beam; and
spatially spectrally dispersing the modulated beam to provide the plurality of

wavelengths.

19. The method as claimed in claim 15, wherein the plurality of wavelengths
corresponds to a plurality of pulses, and further comprising:

stretching each pulse of the plurality of pulses to provide a plurality of stretched
pulses;

amplifying the plurality of stretched pulses to provide a plurality of amplified
stretched pulses; and

recompressing the plurality of amplified stretched pulses to provide the plurality of

amplified wavelengths.

20). The method as claimed in claim 19, wherein stretching each pulses comprises

dividing each pulse of the plurality of pulses into a plurality of smaller amplitude pulses.
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