w0 2021/067969 A1 | NI 00000 KA 0O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
08 April 2021 (08.04.2021)

(10) International Publication Number

WO 2021/067969 Al

WIPO I PCT

(51) International Patent Classification:
GO2F 1/39 (2006.01) GO2F 1/355 (2006.01)

(21) International Application Number:
PCT/US2020/054317

(22) International Filing Date:
05 October 2020 (05.10.2020)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/911,149 04 October 2019 (04.10.2019)  US
(71) Applicant: CORNELL UNIVERSITY [US/US]; 395

Pine Tree Road, Suite 310, Ithaca, New York 14850 (US).

(72) Inventors: MOSES, Jeffrey, 410 N Cayuga St, Itha-
ca, New York 14850 (US). FLEMENS, Noah; 395 Pine
Tree Road, Suite 310, Ithaca, New York 14850 (US).

(74)

@81)

84

SWENSON, Nicolas; 395 Pine Tree Road, Suite 310, Itha-
ca, New York 14850 (US).

Agent: Al, Bing et al.; PO Box 1247, San Diego, Washing-
ton 98111-1247 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

(54) Title: BACK-CONVERSION SUPPRESSED OPTICAL PARAMETRIC AMPLIFICATION

=
=

120

110

!

SHA
Device

/
/

Qutputs

The second
harmonic of the
A1 idler emerges

tuning, temperature tuning,
micro-structuring, and other
phase matching techniques

instead of the idler

150

FIG. 1

(57) Abstract: In one aspect, a device is disclosed that includes one or more input ports structured to receive a pumping light at a
pumping wavelength and a signal light at a signal wavelength, and one or more output ports structured to output light including an
amplified signal light at the signal wavelength and a second harmonic idler light. The device includes a nonlinear optical material to
mix the pumping light and the signal light and to cause nonlinear conversion of the pumping light into the amplified signal light and
generate an idler light at an idler wavelength. The nonlinear optical material is further structured to convert the idler light into the second
harmonic idler light which eliminates the idler light at the one or more output ports and prevents back-conversion of the amplified

signal light and idler light to the pumping wavelength.

[Continued on next page]



WO 2021/067969 A | /1110|0000 00RO 0 O 0 00O

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2021/067969 PCT/US2020/054317

BACK-CONVERSION SUPPRESSED OPTICAL PARAMETRIC
AMPLIFICATION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This patent document claims priority to and benefits of U.S. Provisional Appl.
No. 62/911,149, entitled “BACK-CONVERSION SUPPRESSED OPTICAL PARAMETRIC
AMPLIFICATION,” filed on October 4, 2019. The entire content of the before-mentioned

patent application is incorporated by reference as part of the disclosure of this document.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under DMR-1719875
awarded by the National Science Foundation (NSF). The government has certain rights in

the invention.

TECHNICAL FIELD
[0003] The technology disclosed in this patent document relates to amplifying optical

signals based on nonlinear optical processes.

BACKGROUND
[0004] Optical parametric amplification involves using a nonlinear optical material to
mix pumping light and seed light in the nonlinear optical material under proper phase
matching. A nonlinear optical process inside the nonlinear optical material causes
conversion of the pumping light to the wavelength of the seed light and an idler light. The
idler light can undesirably mix with the seed or converted light to generate pumping light
again which may be referred to as back-conversion. New techniques are needed to reduce
back conversion and increase the efficiency of conversion from the pump wavelength to the
seed wavelength.
SUMMARY
[0005] The technology disclosed herein can be implemented to provide efficient optical

parametric amplifiers using nonlinear optical materials including nonlinear optical crystals.
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[0006] In one aspect, the disclosed technology can be implemented to construct a
device that includes one or more input ports structured to receive a pumping light at a
pumping wavelength and receive a signal light at a signal wavelength. The device further
includes one or more output ports structured to output light including an amplified signal light
at the signal wavelength and a second harmonic idler light with a frequency that is a second
harmonic frequency of an idler light. The device includes a nonlinear optical material
positioned relative to the one or more input ports and the one or more output ports to receive
and to mix the pumping light and the signal light. The nonlinear optical material is structured
to cause nonlinear conversion of the pumping light into the amplified signal light at the signal
wavelength and generate the idler light at an idler wavelength. The nonlinear optical material
is further structured to convert the idler light into the second harmonic idler light at the second
harmonic frequency of the idler light, wherein the generated second harmonic idler light
eliminates the idler light at the one or more output ports and prevents back-conversion of
the amplified signal light and idler light to the pumping wavelength.

[0007] In another aspect, the disclosed technology can be implemented to provide a
method of optical parametric amplification. The method includes receiving a pumping light
at a pumping wavelength and receiving a signal light at a signal wavelength. The method
further includes generating, by a nonlinear crystal, from the pumping light an amplified signal
light at the signal wavelength and an idler light at an idler wavelength. The method includes
converting, by the nonlinear crystal, the idler light into a second harmonic idler light at a
second harmonic frequency of the idler light, wherein the converting the idler light into the
second harmonic idler light eliminates the idler light at an output, and wherein the converting
the idler light into the second harmonic idler light prevents back conversion of the amplified
signal light and idler light to the pumping wavelength. The method further includes outputting
the amplified signal light and the second harmonic idler light.

[0008] In yet another aspect, the disclosed technology can be implemented to
provide a method of optical parametric amplification. The method includes providing a
nonlinear optical device structured to support (1) an optical parametric amplification
process and (2) at least another nonlinear wave-mixing process associated with the optical
parametric amplification process; and controlling mixing of different optical beams at

different optical frequencies in the nonlinear optical device to cause simultaneous phase
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matching for both (1) the optical parametric amplification process and (2) the at least
another nonlinear wave-mixing process.
[0009] Those and other aspects and various features of the disclosed technology are

described in greater details in the drawings, the description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] FIG. 1 shows an example of an apparatus;
[0011] FIG. 2A shows an example of a periodic quasi-phase matching (QPM) grating

for phase matching optical parametric amplification (OPA) or second harmonic generation

(SHG);
[0012] FIG. 2B shows an example of a composite rounded superlattice grating for both
OPA and SHG;

[0013] FIG. 3A shows an example of a periodic QPM grating for phase matching OPA,
[0014] FIG. 3B shows an example of a periodic QPM grating for phase matching SHG;

[0015] FIG. 3C shows an example of a windowed QPM grating for simultaneously
phase matching OPA and SHG;
[0016] FIG. 4A shows an example of conversion of the pump to the signal and sub-

sequent back-conversion/conversion cycles with period that depends on the intensity in
OPA;

[0017] FIG. 4B shows an example of optimized depletion of the pump in OPA, where
conversion occurs in the peak of the OPA pump well before the wings are depleted, making
it inefficient;

[0018] FIG. 4C shows an example of conversion dynamics in nearly phase-matched
SHG, which has wide saturation regions;

[0019] FIG. 4D shows an example of most of the fundamental intensity profile depleted
for an SHG process because of the wide saturation regions of nearly phase-matched SHG;
[0020] FIG. 4E shows an example of back conversion suppression optical parametric
amplification (BCS-OPA) which damps out back conversion cycles to enable simultaneous
conversion of different pump intensities;

[0021] FIG. 4F shows that as in SHG nearly the full pump intensity profile can be
depleted in BCS-OPA,;
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[0022] FIG. 5A shows an example photon energy exchange diagram for BCS-OPA
illustrated by simultaneous OPA and SHG of the idler,;

[0023] FIG. 5B shows an example of evolution dynamics of BCS-OPA, where the idler
is converted to its second harmonic during OPA gain saturation;

[0024] FIG. 5C shows an example schematic for a BCS-OPA device showing
conversion dynamics within the nonlinear medium.

[0025] FIG. 6 shows examples of birefringent phase matching curves, indicating an
operating point for a BCS-OPA device where the curves cross;

[0026] FIG. 7A shows an example of BCS-OPA propagation dynamics taken at x = 0
and time = 0, showing a long region of suppressed back-conversion;

[0027] FIG. 7B shows an example of spatiotemporal pump depletion dynamics
indicating the possibility of homogenous depletion at a length of 2.3 mm;

[0028] FIG. 7C shows an example of 60 dB amplification of a 2 ps full width half
maximum (FWHM) transform limited signal pulse and corresponding 2 ps idler SH;

[0029] FIG. 7D shows an example of an initial spatiotemporal pump intensity profile;
[0030] FIG. 7E shows an example of an optimized final spatiotemporal pump intensity
profile of a standard OPA just as back-conversion sets in, resulting in only 12% conversion;
[0031] FIG. 7F shows an example of final spatiotemporal pump profile of the BCS-
OPA, resulting in 80% conversion;

[0032] FIG. 8 shows an example of the Fourier transform of a rounded superlattice
quasi-phase-matching (QPM) structure revealing sharp Bragg peaks at the desired values
of Ak corresponding to the constituent processes of BCS-OPA;

[0033] FIG. 9A shows an example of BCS-OPA propagation dynamics in a QPM device
taken at x = 0 and time = 0, showing a long region of suppressed back-conversion;

[0034] FIG. 9B shows an example of spatiotemporal pump depletion dynamics in a
QPM device, indicating the possibility of homogenous depletion at a length of 6.8 mm;
[0035] FIG. 9C shows an example of 60 dB amplification of a 140 fs FWHM transform
limited signal pulse and corresponding 140 fs idler SH;

[0036] FIG. 9D shows an example of initial spatiotemporal pump intensity profile in a
QPM device;
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[0037] FIG. 9E shows an example of optimized final spatiotemporal pump intensity
profile of a standard OPA just as back-conversion sets in, resulting in a conversion of only
14%;

[0038] FIG. 9F shows an example of final spatiotemporal pump profile of the BCS-
OPA, resulting in 65% conversion;

[0039] FIG. 10 shows example steps for using tiling to create a crystal grating from
wavevector mismatches for alternately quasi-phase matching two or more processes;
[0040] FIG. 11A shows an example of normalized intensity as a function of propagation
length for various intensity parameters for the tiling method;

[0041] FIG. 11B shows an example of a grating spectrum for the tiling method,;

[0042] FIG. 12 shows an example of a visualization of the windowing QPM method;
[0043] FIG.13 shows examples of an intensity plot and grating spectrum for the
windowing method with a 50% duty cycle;

[0044] FIG. 14 shows examples of an intensity plot and grating spectrum for the
windowing method with a 23.42% duty cycle;

[0045] FIG. 15 shows examples of an intensity plot and grating spectrum for windowing
method with 23.42% duty cycle and domain flips less than 4 um eliminated,;

[0046] FIG. 16 shows examples of intensity and wavelength scans for windowing
method with 23.42% duty cycle and small domain flips eliminated;

[0047] FIG. 17 shows an example of a process for BCS-OPA; and

[0048] FIG. 18 shows another example of a process for BCS-OPA.

DETAILED DESCRIPTION

[0049] Disclosed in this patent document are techniques and devices for high-
efficiency optical parametric amplification (OPA) and for phase matching two or more
nonlinear processes simultaneously. For example, an OPA nonlinear process and a second
harmonic generation (SHG) nonlinear process are simultaneously achieved via OPA phase
matching and SHG phase matching in a quasi-phase matching (QPM) structure for phase-
matching of multiple wave mixing processes. Back-conversion in the OPA process is

suppressed through the simultaneous second harmonic generation (SHG) process.
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[0050] In some example embodiments, the OPA process involves relatively strong
pump and relatively weak signal waves that converge on a nonlinear medium specifically
engineered to allow simultaneous phase matching of the OPA process (in which the pump
wave is converted to the signal wave, thus amplifying it, while producing an idler wave) and
a secondary nonlinear wave mixing process of SHG by which the idler wave is converted to
its second harmonic, thus suppressing its coupling to the pump and signal and preventing
back conversion. At the output of the nonlinear medium, the amplified signal emerges along
with the frequency-converted SHG beam of the idler beam. When the OPA and SHG
nonlinear mixing processes are properly controlled, very little of the pump wave may emerge
because it has been mostly converted to the signal and frequency-converted SHG beam of
the idler beam. The amount of the residual pump wave can be used as a measure of the
high efficiency of the device.

[0051] In various implementations, the disclosed technology can be used to control the
phase matching conditions for two separate nonlinear wave mixing processes at the same
spatial location where a pump bream, a signal beam, an idler beam, and a second harmonic
beam at a frequency twice of the idler beam spatially overlap to simultaneously cause the
parametric application of the signal beam and the second harmonic generation from the idler
beam so that second harmonic generation is controlled to substantially deplete the energy
of the idler beam during optical parametric amplification in order to suppress back-
conversion of the amplified signal beam. Such simultaneous phase matching of multiple
nonlinear processes in a single nonlinear media (e.g., a crystal) can be achieved using
quasi-phase matching. As a specific example, a quasi-phase matched lithium niobate crystal
structure is designed and simulated, which results in an order of magnitude increase in the
efficiency of pump depletion for a nonlinear parametric amplifier. Such simultaneous phase
matching of multiple nonlinear processes in a single nonlinear media (e.g., a crystal) can be
achieved using birefringent phase matching. As a specific example, a birefringently phase
matched interaction of signal, idler, and pump for OPA and simultaneously a birefringently
phase matched interaction of idler and idler SH for SHG in cadmium silicon phosphide is
designed and simulated, which results in an order of magnitude increase in the efficiency of

pump depletion for a nonlinear parametric amplifier.
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[0052] Fifty years since the creation of the first optical parametric amplifier, the problem
of spatiotemporally asynchronous depletion of pump photons continues to be an obstacle in
achieving near unity conversion efficiency. This problem is due to the cyclic flow of energy
between waves in parametric wave mixing — known as conversion-back-conversion cycles
— and the cycle period's dependence on the pump intensity and phase mismatch. This
cyclical energy flow was demonstrated for imperfectly phase-matched second harmonic
generation (SHG) shortly after the first demonstration of optical harmonic generation, a
problem that had been anticipated in nonlinear optics from the early days of radio and
microwave nonlinear parametric frequency mixing. SHG, however, is a special case of three
wave mixing: eliminating phase mismatch largely suppresses back-conversion due to the
indistinguishable nature of the two lower frequency waves — which ensures that they have
equal photon number — and which allows relatively high conversion efficiency to be
achievable. In optical parametric amplification (OPA), however, the imbalance between
signal, pump, and idler photon number results in back-conversion even in a perfectly phase-
matched parametric amplifier. Inhomogeneous spatiotemporal intensity thus leads to
asynchronous conversion cycles across the pump's spatiotemporal extent and a different
optimal crystal length for each local spatiotemporal coordinate. Since only one crystal length
can be chosen, a large fraction of the incident energy must inevitably remain in the pump
pulse at the output of a conversion device, resulting in an amplified signal or idler wave
emerging with an energy roughly an order of magnitude lower than the initial pump, greatly
increasing the cost and limiting the power of OPA systems nearly everywhere they are used.
[0053] To mitigate the problem, pulse and beam shaping have been proposed. Flattop-
profile pump shaping in one or more transverse dimensions has been implemented
successfully in some systems. Cascaded extraction and idealized conformal profiles have
been proposed for maximizing energy conversion and amplification bandwidth. For most
applications, however, pump beam or pulse shaping imparts too significant a loss to be
useful. Alternatively, some recent R&D efforts have focused on forcing evolution dynamics
with suppressed back-conversion. Adiabatic frequency conversion has been demonstrated
in both OPA and sum- and difference-frequency generation applications with significant
boosts to conversion efficiency, bandwidth, or both. Suppression of back-conversion in OPA

via linear absorption of the idler wave, known as "quasi-parametric amplification," may be
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implemented by means of a quadratic nonlinear crystal with carefully chosen dopant material
and density. Theoretical works have predicted that spatially separating the idler via
noncollinear generation or lossy waveguide coupling to have a similar effect. In these works,
loss of the idler from the three-wave mixing interaction following conversion of the pump to
signal and idler prevents further wave mixing and thus back-conversion.

[0054] The disclosed technology is based on a novel use of nonlinear wave-mixing
dynamics between four optical fields that allows near unity depletion of the pump wave in
an optical parametric amplifier. To achieve "back-conversion suppressed OPA" (BCS-OPA),
a simultaneously phase-matched SHG process for the idler field is introduced to prevent
back-conversion of the signal. The resulting unusual dynamics for a parametric frequency
converter are equivalent to those of a damped oscillator, however, there is no loss, as all
energy resides at the exit of the material as the system is fully parametric. The result is the
suppression of back-conversion over nearly the full spatiotemporal extent of the pump wave
that requires neither a specialized material composition nor pulse pre-shaping, and appears
to be general and versatile for achieving ultra-efficient OPA. Presented is an analysis of the
convergence of the nonlinear system, which may be a Duffing oscillator with time-evolving
restoring force and nonlinear damping. For a phase-matched system, convergence is found
over the full range of system parameter and initial conditions used in practical parametric
amplifiers. To illustrate the possibility of achieving practical BCS-OPA devices, numerical
pulse propagation analyses is performed covering the full spatiotemporal extent of the
mixing waves in both bulk and quasi-phase-matched implementations relevant to modern
ultrafast laser systems. Birefringent phase matching in a cadmium silicon phosphide (CSP)
crystal is predicted to allow conversion of a 2— um, 2-ps laser to a 3 — um, 2-ps laser with
50% energy efficiency corresponding to a depletion of 80% of the pump photons. In order
to faciltate BCS-OPA in QPM materials, a novel and practical superlattice domain
structuring approach is described for the simultaneous phase-matching of multiple three-
wave mixing processes. Analyses demonstrate that a manufacturable lithium niobate (LNB)
QPM structure based on this approach can convert a 1 — um, picosecond laser pulse to sub-

150-fs 1.65um and 1.37 um pulses with over 65% of the pump photons depleted and over
40% of the energy converted to the 1.65um signal.
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[0055] Optical parametric amplification with simultaneously phase-matched second
harmonic generation of the unseeded wave acts as an optical parametric amplifier with
suppressed back-conversion, presenting a route towards uniform spatiotemporal depletion
of the pump wave and ultra-efficient amplification. Evolution of the pump wave under perfect
phase matching may take the form of a Duffing oscillator with a nonlinear damping term and
with damping coefficient set by the system parameters. This form in nonlinear optics leads
to convergence of the pump field to zero photon number — with all photons converted to the
signal and the idler's second harmonic — over the full range of initial conditions for a practical
parametric amplifier. An example of implementation using birefringent phase-matching in
cadmium silicon phosphide crystal is described, with pulse propagation simulations

indicating that a 2 — um pump laser can amplify a 150-fs 3 — um signal pulse with over 50%

energy conversion efficiency, where all pulse and beam profiles are Gaussian. To illustrate
further flexibility, a novel scheme for the simultaneous quasi-phase-matching of multiple
three-wave mixing processes is described. This superlattice grating structure works well for
the proposed concept, and we describe an example device in lithium niobate with a

manufacturable domain structure with pulse propagation simulations indicating that a 1 — um
pump laser can amplify a 150-fs 1.65 — um signal pulse with over 40% energy conversion

efficiency, where all pulse and beam profiles are Gaussian. The analysis suggests a widely
applicable approach for increasing the conversion efficiency of routine parametric amplifier
applications by several-fold.

[0056] The energy efficiency of an optical parametric amplifier (OPA) which uses a
laser of one frequency to amplify light of a second, lower frequency laser is inherently low.
The efficiency is typically limited to ~2-20%, depending on the application. This low efficiency
is a problem in the technology, which is used widely in laser applications for both industrial
and scientific purposes. This typical limitation increases the cost and limits the power of
OPA systems nearly everywhere they are used. The disclosed subject matter solves this
problem and will (1) significantly reduce the cost of OPA-based laser systems, and (2) allow
OPA to be used effectively in a much wider range of applications.

[0057] The low efficiency of typical systems is due to back-conversion that follows

amplification, which occurs at an inhomogeneous rate across the spatial beam profile and
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pulse (time) profile and for different frequencies. Due to this, the energy source (“pump”)
cannot be fully depleted by transfer of its energy to the waves to be amplified (“signal” and/or
“idler”).

[0058] The disclosed technology can be implemented to solve this problem by creating
a way to suppress back-conversion without loss, resulting in energy conversion efficiencies
of pump to signal of >50%. Additionally, this disclosed subject matter enables a new
capability, the efficient generation of an idler second harmonic in quadratic media at a
frequency higher than the pump, allowing OPA-based technology to not only efficiently
produce powerful laser pulses at lower frequencies than the pump, but also at higher
frequencies than the pump.

[0059] In this patent document, two types of quasi-phase matching (QPM) grating
structures are disclosed as examples to carry out high-efficiency OPA. The two types of
QPM grating structures disclosed herein are “rounded superlattice” (hereinafter, rounded
superlattice) gratings and “windowed” (hereinafter, windowed) gratings.

[0060] The windowed grating design solves the more general problem of how to
simultaneously phase match more than one parametric wave-mixing process. This design
may be used to implement general nonlinear wave-mixing schemes beyond OPA. For
example, it may also be used for applications in which one laser pulse is to be converted to
two or more pulses of different colors, where the input laser frequency is shifted to more
than one other frequency, or for applications in which multiple frequency shifting processes
are cascaded in a single device to produce an output wavelength that could not be
sufficiently generated by one wavelength shifting process alone. It may also be used for
applications in which a set of laser pulses with different frequencies must be converted to a
new set of laser pulses with shifted frequencies.

[0061] Applications of windowed QPM gratings include wavelength multiplexing for
telecommunications, red-green-blue generation for display technology, the shifting of a laser
wavelength to another wavelength very far away from the original for scientific or industrial
purposes, and the production of multiple entangled photons for quantum trits (qutrits) or
higher number-base quantum digits (qudits) for quantum computing or quantum information

processing (and others).
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[0062] Back-conversion limited efficiency of an OPA is solved using the disclosed
subject matter. The disclosed techniques and devices are suitable for wide adoption in the
field.

[0063] Some solutions rely on absorption of the idler through a secondary linear optical
process. The disclosed subject matter, in contrast, involves no absorption and no loss (a
primary advantage), and involves the use of a secondary nonlinear optical process, second
harmonic generation, to prevent the idler from recombining with the signal, thus averting
back-conversion. With respect to implementation, the related technology requires a
dedicated nonlinear medium with dopant added for idler absorption. This is a limiting factor,
as appropriate dopants for particular applications may not be realizable. In the disclosed
subject matter, no dopant is required. The disclosed subject matter requires, instead, a
dedicated nonlinear medium that can simultaneously phase match the OPA process and a
secondary nonlinear wave mixing process involving the idler wave. This can be achieved in
many ways, as listed below.

[0064] Some solutions rely on a waveguided geometry where the idler wave can be
partially removed from the OPA process through linear coupling, arresting back-conversion.
This limits the scope of the invention to waveguided devices. In contrast, the disclosed
subject matter does not rely on a waveguide (though it can take place within a waveguide)
and does not employ separation of the idler wave from the OPA. Rather, in the disclosed
subject matter, the idler remains co-propagating with the OPA, but is converted to another
frequency that is no longer coupled to the OPA process. The disclosed subject matter can
in principle take place in any nonlinear medium where simultaneous phase-matching of OPA
and second harmonic generation involving the idler can be achieved.

[0065] Some solutions rely on a dedicated medium with a tilted quasi-phase-matching
structure designed to spatially separate the idler beam from the pump and signal beams,
thus arresting back-conversion. In contrast, the disclosed subject matter does not rely on
spatial separation of the idler beam from the OPA process. In the disclosed subject matter,
the idler beam remains co-propagating with the OPA, but is converted to another frequency
that is no longer coupled to the OPA process. Moreover, this related technology requires
two tilted quasi-phase-matching structures with a bulk medium in between. The disclosed

subject matter does not require a tilted quasi-phase-matching structure (though it may
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employ a quasi-phase-matching structure of a different type for the quite different purpose
of simultaneously phase-matching the OPA process and second harmonic generation of the
idler) and is monolithic.

[0066] Some solutions do not suppress back-conversion in order to improve
conversion efficiency, making some fundamentally different in mechanism from that of the
disclosed subject matter. Instead, it makes the conversion-back-conversion cycles across
the spatiotemporal extent of the interacting waves more homogeneous. These solutions
require pre-shaping of the pump beam and/or pump pulse to a flattop shape or another
special shape to achieve improved efficiency, a disadvantage since pre-shaping is usually
lossy, ultimately reducing the overall efficiency of the OPA. The disclosed subject matter
does not require beam shaping or any other lossy component.

[0067] Some other solutions do not suppress back-conversion in order to improve
conversion efficiency. These solutions employ a first stage with high conversion efficiency
at the edges of the interacting beams and strong back-conversion at the centers, followed
by a second conversion stage with high conversion efficiency at the beam centers, resulting
in a high net conversion at the second stage output. In the disclosed subject matter, this
“cascaded extraction” method is not used. This related technology requires a specialized
coating at the output face of the second stage to reflect and separate the idler wave. In
contrast, in the disclosed subject matter, conversion takes place in a single stage and no
specialized coatings for separation of the idler wave are needed.

[0068] Some solutions partially suppress back-conversion through use of a slowly
chirped (longitudinally increasing or decreasing) quasi-phase-matching grating period,
frequencies are sequentially converted without back-conversion, but with a limited (not full)
efficiency. In this approach, the wave-mixing process begins poorly phase matched, and is
swept through a perfect phase matching condition until it is poorly phase matched again.
Conversion efficiencies have been achieved that are slightly higher than a standard OPA. In
contrast, the disclosed subject matter does not employ a swept phase-matching condition
but rather a constant one, and the disclosed subject matter does not employ a chirped-quasi-
phase-matching grating as a possible implementation. In the disclosed subject matter, the
back-conversion suppression occurs solely due to the simultaneous phase-matching of

second harmonic generation.
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[0069] The technique of tiling is different from both the disclosed rounded superlattice
grating implementation and the disclosed windowed grating. Tiling has the disadvantage
that only a single process is perfectly phase matched at a time while the other process is
severely phase mismatched, a characteristic that we find makes it harder to implement in
the disclosed high-efficiency OPA. In general, this makes tiling poorly suited for nonlinear
wave mixing dynamics that requires simultaneous phase matching of two or more parametric
wave mixing processes. In contrast, the disclosed rounded superlattice grating
implementation balances the phase matching of multiple processes. The windowed grating
approach results in a piece-wise phase-matching that switches back and forth between the
phase matching of each process. However, windowed method offers a straightforward
method for changing the relative heights of each QPM Bragg peak, which allows a new
degree of control of the relative amounts of each phase-matched parametric wave mixing
process that occurs in a device.

[0070] Multiple-channel technology can be used for phase matching but has
disadvantages including not allowing arbitrary choice of the effective grating periods of the
device as the periods must be commensurate. Both the disclosed rounded superlattice
implementation and windowed grating allow arbitrary choice of the effective periods. A
difference between the rounded superlattice grating implementation and multi-channel
technology is the use of a domain rounding procedure. This rounding procedure allows non-
commensurate effective grating periods to be encoded in a structure having only one domain
size. The result is a device that simultaneously allows arbitrary choice of effective grating
periods and an easily manufacturable grating structure.

[0071] Some solutions using optimization algorithms to find arbitrary structures with
QPM grating Bragg peaks in the correct locations are rendered impractical due to
manufacturing constraints on minimum domain size, resolution, and variability. In contrast,
the disclosed techniques and devices result in manufacturable structures.

[0072] FIG. 1 depicts an example of an OPA system 100, in accordance with some
example embodiments. An optical pump source 120 is incident to the second harmonic
amplifier (SHA) device 110 at an angle, 6 at 122. A weak signal 130 is incident to the SHA
device at an angle, a at 132, relative to the pump angle, 6. As described in this patent

document, the SHA device 110 material, angles o and 6 are selected to cause phase
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matching for two nonlinear processes, OPA and SHG of the idler. Exiting the SHA device
110 is an amplified signal 140 which is light at the same wavelength as the weak signal input
130 but with a higher power than the weak signal 130. Also exiting the SHA device 110 is
light at the second harmonic (at twice the frequency of the idler, half the wavelength of the
idler) of the idler generated in the SHA device 110.

[0073] As an illustrative example, a particular application may require a particular
amplified signal wavelength. A weak signal 130 at the signal wavelength is input into the
device 110. Based on the signal wavelength, the SHA device 110 crystal and pump
wavelength can be selected. The idler wavelength is then determined based on the energy
relationship shown in FIG. 5A. In order for the weak input signal to be amplified, the OPA
nonlinear phase matching conditions must be met. These conditions include relationships
between the crystal structure of device 110, the pump and signal wavelengths, and the
angles between the beams and device 110. In order for the idler light generated by the OPA
nonlinear process to be upconverted to the second harmonic of the idler light, the phase
matching conditions for SHG must also be met. An advantage of converting the idler beam
to the second harmonic of the idler beam is that this prevents back conversion from the idler
back to the pump, thereby increasing the efficiency of the amplification of the weak signal to
the amplified signal. In order for the both OPA and SHG to occur, the phase matching
conditions for OPA and SHG must be met simultaneously. In order to tune the device 110
to meet one or both of the OPA and SHG phase matching conditions, various phase
matching techniques are described below. As examples, angles o and 6 can be adjusted,
the temperature of the crystal can be controlled, birefringent phase matching, or quasi-phase
matching may be used to meet one or more of the phase matching conditions.

[0074] As a specific example, quasi-phase matching is an approximation to perfect
phase matching that will satisfy the OPA and SHG phase matching conditions. QPM can
be implemented as a grating. For example, FIG. 2A shows two poled gratings, one for phase
matching OPA and a second for phase matching SHG. FIG. 2B shows an interleaved poling
structure that interleaves the poling structures for OPA and SHG. The interleaved poling
structure of FIG. 2B can simultaneously meet the phase matching conditions for OPA and
SHG.
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[0075] The disclosed OPA involves relatively strong pump and relatively weak signal
waves that converge on a nonlinear medium specifically engineered to allow simultaneous
phase matching of the OPA process (in which the pump wave is converted to the signal
wave, thus amplifying it, while producing an idler wave) and a secondary nonlinear wave
mixing process by which the idler wave is converted to its second harmonic, thus
suppressing its coupling to the pump and signal. At the output of the nonlinear medium, the
amplified signal emerges along with the frequency-converted idler beam. Very little of the
pump wave emerges because it has been mostly converted to the signal and frequency-
converted idler, which is the measure of the high efficiency of the device.

[0076] The disclosed subject matter can be employed in any medium that can be
simultaneously phase-matched for OPA and second harmonic generation of the idler. The
idler is automatically converted by the second harmonic generation process to a wave of
another frequency during saturation of the amplification of the signal, thus arresting back-
conversion of the signal and idler waves to the pump wave. This occurs sequentially for all
portions of the beam, beginning with the portion (typically the center) that has the highest
gain coefficient and followed by portions with low gain. Since no back-conversion occurs,
the highest gain region remains converted while the lower gain regions catch up, until the
entire spatiotemporal extent of the wave is converted.

[0077] Media that can support multiple phase-matched nonlinear wave-mixing
processes include but are not limited to (i) bulk birefringent media with carefully chosen cut-
angle and interacting wave frequencies specifically chosen to allow simultaneous phase
matching, (ii) periodically poled quasi-phase-matching gratings with carefully chosen poling
period and interacting wave frequencies specifically chosen to allow simultaneous phase
matching, (iii) aperiodically poled quasi-phase-matching gratings with longitudinal grating
structure engineered to allow simultaneous phase matching (for example, by the two novel
approaches outlined as our two QPM structures), (iv) a waveguide of other form with
waveguide dispersion tailored by means of its structural design to allow simultaneous phase
matching, (v) any of the above methods where the dispersion of the medium is also tuned

by controlling its temperature.

Example Implementations
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[0078] Numerical simulations are performed for the simultaneous OPA and SHG
processes and predict very high conversion (up to ~80% of the pump converted to signal
and frequency-converted idler.) Two specific device implementation examples are
described, one using the rounded superlattice QPM grating approach to simultaneously
phase-match the OPA and SHG processes, and another using birefringent phase matching.
[0079] In both implementations, the nonlinear wave mixing causes each pump photon
to split into a set of lower frequency signal and idler photons by the quadratic nonlinear
susceptibility of the medium, and signal and idler fields grow coherently because the process
is phase matched. Simultaneously, two idler photons can combine to produce one new
photon of twice their frequency, and this idler second-harmonic (SH) can grow coherently
because the process is also phase matched (see, for example, FIG. 5A). The process initially
proceeds as conventional OPA where signal and idler photons are generated from the pump.
As the strength of the idler field grows, the SHG process displaces idler photons to their
second harmonic field, decoupling them from the OPA process. A general feature is that
these dynamics play out independent of the initial pump intensity, leading to an asymptotic
approach to full pump depletion, suppressing OPA back-conversion with all pump photons
converted to the signal and the idler SH (see, for example, FIG. 5B). This suppression of
back-conversion and its largely independent relationship to the pump intensity allows for
nearly full spatiotemporal conversion.

[0080] As shown in FIGs. 9B and 9F, at the output of the device (at 6.8 mm) there is
nearly full depletion of the pump along its full spatiotemporal extent. Simulations of this
device demonstrate 65-80% of the pump energy depleted, and 40-50% of the energy
converted to the signal. This is compared to the standard OPA implementation (without a
simultaneously phase-matched secondary wave-mixing process and thus without back-
conversion suppression, see, for example, FIG. 9E), which has only 14% pump depletion
and 9% energy conversion to the signal. The back-conversion suppressed OPA process
disclosed herein is thus ~5 times more energy efficient. In some example implementations,
for the case of birefringent phase matching, >50% of the energy of a pump pulse at 2-micron
wavelength is converted to the signal pulse at 3-micron wavelength (see, for example, FIG.
7F).
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[0081] FIGs. 2A and 2B show an example of a rounded superlattice grating design
described in this patent document. FIG. 2A shows an example of a periodic QPM grating
for phase matching OPA or SHG. FIG. 2B shows an example of a composite rounded
superlattice grating for phase matching both OPA and SHG.

[0082] FIG. 3A shows an example of a periodic QPM grating for phase matching OPA.
FIG. 3B shows an example of a periodic QPM grating for phase matching SHG as described
in this patent document. FIG. 3C shows an example of a windowed grating for phase

matching both OPA and SHG as described in this patent document.

Examples Variations in the Implementations

[0083] The following are some variations to the example implementations.

(a) Where the idler SH wave is the desired beam, rather than the signal. As there is high
conversion efficiency to both of these beams, the disclosed subject matter provides
a new way to efficiently generate light at the idler SH frequency. As the idler SH can
be at a frequency higher than the pump, this provides a novel way to produce efficient
frequency up-conversion in a quadratic nonlinear medium.

(b) As in the example implementation, but where the signal beam is converted to its SH
instead of the idler. SHG of the signal prevents back-conversion of the idler to the
pump, resulting in a high conversion efficiency to the idler wavelength and to the
signal SH wavelength.

(c) As in (b), but where the desired beam is the signal SH. As the signal SH can be at a
frequency higher than the pump, this provides a novel way to produce efficient
frequency up-conversion in a quadratic nonlinear medium.

(d) As in the example implementation and (a) through (c) above, but where the
conversion device is a bulk birefringent quadratic nonlinear medium (without a quasi-
phase-matching grating) and the conversion takes place due to a carefully chosen
cut-angle, and/or temperature, and interacting wave frequencies, angle between
pump and signal waves, and wave polarizations specifically chosen to allow
simultaneous phase matching given the dispersion of the medium.

(e) As in the example implementation and (a) through (c) above, but where the

conversion device is a periodically poled or other quasi-phase-matching grating and

-17-



WO 2021/067969 PCT/US2020/054317

the conversion takes place due to a carefully chosen grating structure, and with
interacting wave frequencies, angle between pump and signal waves, and wave
polarizations specifically chosen to allow simultaneous phase matching given the
dispersion of the medium. In some implementations, temperature is also chosen to
adjust phase matching.

(f) The use of any of the devices described above with a third simultaneously phase-
matched process in order to more efficiently generate the desired wave. For example,
in (c), the signal SH can be used to further amplify the idler through another OPA

process.

Applications
[0084] The disclosed technology can be used to perform optical amplification by OPA

wherever it is already used, now at a much higher efficiency. It can also provide a new route
to efficient optical frequency upconversion, with a much higher efficiency than traditional
upconversion techniques (e.g., sequential OPA and SHG or SFG). It will also increase the
range of applications where OPA can be useful and cost-effective.

[0085] This has the potential to benefit a myriad of applications, both scientific and
industrial, that use OPA to convert laser light to new frequencies. Some applications include
sources and amplifiers for telecommunications and optical information processing, medical
imaging, machining, scientific research, LIDAR, directed energy, and up-conversion
detection and up-conversion imaging.

[0086] It also has the potential to allow new applications of nonlinear wave-mixing for
information processing in a fiber telecommunications or integrated photonics platform (e.g.,
using waveguided lithium niobate). Such applications may include, for example, all-optical
switching, and frequency multiplexing and de-multiplexing.

[0087] The QPM grating devices may also be used for applications in which one laser
pulse is to be converted into many pulses of different colors, where the input laser frequency
is shifted to more than one other frequency, or for applications in which multiple frequency
shifting processes are cascaded in a single device to produce an output wavelength that
could not be sufficiently generated by one wavelength shifting process alone. Applications

of this device could include wavelength multiplexing for telecommunications, red-green-blue
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generation for display technology, the shifting of a laser wavelength to another wavelength
very far away from the original for scientific or industrial purposes, and the production of
multiple entangled photons for quantum trits (qutrits) or higher number-base quantum digits

for quantum computing or quantum information processing (and others).

Asynchronous Pump Depletion

[0088] The dynamics of perfectly phase-matched OPA do not exhibit back-conversion
suppression or high spatiotemporal pump depletion. The initial conditions of OPA require a
relatively high incident pump field, a relatively small incident signal field and zero initial idler
field. Under this configuration, energy flows from the pump field to the signal and idler fields
until fully depleted, but the simultaneous presence of both signal and idler fields forces
energy to flow back to the pump field through sum frequency of the signal and idler fields
until the idler is fully depleted — starting the process over again (FIG. 4A). FIG. 4A shows
an example of conversion of the pump to the signal and sub-sequent back-
conversion/conversion cycles with period that depends on the intensity in OPA. This
prevents efficient conversion across the spatial and temporal extents of the pump and signal
due to the sharp conversion peaks and variation of intensity across the spatial and temporal
extents of the pump and signal. The saturation region is short in this case because the large
signal and idler amplitudes drive strong back-conversion to the pump as soon as it is
depleted. Since the crystal length at which this short saturation region occurs is highly
dependent on the pump intensity, asynchronous depletion across the pump spatiotemporal
profile occurs (FIG. 4B), severely limiting the OPA conversion efficiency. The dashed line
in FIGs 4A, 4C, and 4E represent the conversion position for optimal pump depletion shown
in FIGs. 4B, 4D, and 4F.

Dynamics of Back-Conversion Suppressed OPA (BCS-OPA)

[0089] To achieve SHG-like back-conversion suppression and promote a unidirectional

flow of energy from the pump to the signal field in OPA, the coupled wave equations are

modified to allow the possibility of achieving dAJ. /dz=0 for every AJ. involved. In the

disclosed approach, the parametricity of the process is conserved, which suggests
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modifying the coupled wave equations by introducing additional parametric wave mixing.
One way to do this is to simultaneously deplete the idler of the OPA through a secondary
SHG process. Incorporating SHG of the idler field into the model results in coupled evolution

equations for the four waves involved in the two simultaneous nonlinear processes (FIG.

5A), given by:
w.d .
dA = ,'S_eﬁ’ApAi o' BkoraZ EQ. (1)
nec
w d ,
d A, =i—L"L 4 e ors? EQ. (2)
n.c
p
w.d . , .
dZA1 i eff ApAselAkOPAZ +1MA21A1 o' MsicZ EQ. (3)
nc nc
w,.d v
d_Ay, =i—2 g2 Mhsno? EQ. (4)
2n,.c

where AJ., @, and n, are the signal, pump, idler, and idler second harmonic electric field

amplitudes, angular frequencies, and indices of refraction respectively. The effective

nonlinear coefficient, d,, is assumed to be identical between the OPA and SHG processes.
The OPA phase mismatch is given by Ak, = k, -k, — k; and the SHG phase mismatch is

given by Akg,, =k, —2k,. When | Ak, [> 0, the system reduces to that of ordinary OPA,

and numerical integration of the equations results in the usual OPA conversion cycle

dynamics (FIG. 4A). When Ak, =0, nonlinear attenuation of the idler is induced through

coupling to its second harmonic (SH). FIG. 5B shows an example of evolution dynamics of
BCS-OPA, where the idler is converted to its second harmonic during OPA gain saturation,
preventing signal back-conversion and converting all pump energy to signal and idler second
harmonic. The quantum defect (dashed line) sets the upper limit on conversion efficiency.
FIGs. 5B and 5C illustrate the wave-mixing evolution dynamics for this process: since the
rate of idler SHG outpaces idler amplification only during saturation of the amplifier, signal
amplification persists until the onset of saturation, at which point damped oscillations of
energy between the four waves takes place, with an overall asymptotic approach to full

depletion of the pump. The BCS-OPA process requires creation of one signal photon for
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each annihilated pump photon, resulting in a maximum signal field intensity limited by the
initial pump intensity times the quantum defect, no different than ordinary OPA. For a long
propagation length, this maximum efficiency is obtained without back-conversion.

[0090] In the disclosed scheme, this dynamical behavior is independent to the local
intensity along the spatiotemporal extent of the pump wave. That is, the SHG naturally
possesses a slower growth rate than the exponential parametric gain experienced by the
idler prior to the onset of gain saturation — a general feature that it is independent of the
chosen pump intensity and thus occurs along each spatiotemporal coordinate (FIG. 4E).
The local pump intensity only affects the length at which near-full signal amplification occurs.
Thus, the suppression of back-conversion together with its largely independent relationship

to the pump intensity allows for nearly full spatiotemporal conversion (FIG. 4F).

BCS-OPA as a Damped Duffing Oscillator

[0091] The influence of system parameters and initial conditions on phase matched

BCS-OPA dynamics can be studied by non-dimensionalizing EQs. (1) to (4):

d.u, = l'upu;k EQ. (5)
dou, =iuu, EQ. (6)
d.u, =1'upu;k +idu,u; EQ. (7)
d oy, =z%uf EQ. (8)

ho o.od-F n.n.o.w,, 2n.c,c
where we have substituted ¢ = ps T 8’73 0z, 6= [-2°2 "2 and u; = /0 A,
2n,nnec N1y, ,0 ho I,

¢ is anondimensional propagation coordinate. & is found to behave as a damping constant

on OPA conversion-back-conversion cycles. The total initial photon flux is given by F; so

.|2 may be interpreted as the percentage of photons in the ;1 field relative to the total

[

number of initial photons which we will refer to as the photon balance of the jt field. It is

assumed that the system is initialized under typical OPA operating conditions with most of
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the photons in the pump field and the remaining photons in the signal field. In terms of

photon balance, the Manley-Rowe equations are given by:

1:|up|2 o, EQ. (9)
|uzo,o|2 = |up|2 + g + 2fuy)? EQ. (10)
g ol” = lugl? = [usl? — 2[uyy 2 EQ. (11)

where |up,0|2 and |uslo|zare the initial pump and signal photon balance, respectively.
[0092] The conversion dynamics of BCS-OPA can be understood by differentiating EQ.
(6) w.r.t. ¢, and combining with EQs. (5), (7), (9), and (10). Then all u; except those of the

pump and idler SH are eliminated:
2
diu, = — (1 + |upo| — 2|u2i|2) u, + 2u,’® — 8luyldyu, EQ. (12)
where it is assumed u, and u are initially real and positive, from which it follows that
u, = —uf and u,, = —i|u2i|. Equation (12) is the force equation of a damped Duffing oscillator.

The first term represents a linear restoring force that decreases with an increasing number
of second harmonic photons, the second term acts as a nonlinear softening of the restoring
force, and the third term results in damping that increases with an increasing number of

second harmonic photons.

Numerical Methods

[0093] The BCS-OPA conversion and pulse propagation dynamics were modelled
using a split-step Fourier numerical method. The model captures the dispersion and
temporal dynamics of the conversion process as well as 1D in the transverse spatial
dimension where collinearity and rotational circular symmetry about the propagation axis of
the pulses is assumed. For each system in which we simulated BCS-OPA, additional
simulations were run under identical initial conditions for conventional OPA by removing the
coupling between the idler and its second harmonic field.

[0094] In the simulations, the pump spatiotemporal profile is 1st-order Gaussian in both
temporal and spatial extent. The peak intensity is chosen to be below the damage threshold

of the medium in each nonlinear medium. The optimal conversion length was chosen in
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each case to coincide with the onset of back conversion at the peak of the pumps

spatiotemporal profile.

Birefringent Phase Matching in Cadmium Silicon Phosphide (CSP)

[0095] BCS-OPA was demonstrated by means of birefringent phase matching in a
device that is predicted to allow over 50% energy conversion efficiency in an amplifier at 3.0
pm signal wavelength, pumped at the Ho:YLF and Tm:fiber gain media wavelength of 2.05
Mm. Thus, for example, if one possesses a picosecond, 2.05 ym, 1-mJ laser and wants a
3.0-um laser instead, one could obtain >0.5 mJ rather than the 0.1-0.2 mJ obtained
conventionally in OPA.

[0096] High efficiency BCS-OPA requires simultaneous phase matching of OPA and
idler-SHG  processes. To achieve this, the joint phase-matching condition
Ak, = Akg, . =0 must be satisfied for the desired wavelengths for some orientation of the
nonlinear medium. This occurs in cadmium silicon phosphide (CSP) for Type-l OPA and

Type-l idler-SHG when pumping at 2.05um and amplifying 3.0um with the crystal

orientation given by @ =44.8" as seen in FIG. 6. FIG. 6 shows example birefringent phase

matching curves. At 610, Ak, is plotted for 2.05um pumped OPA vs. signal wavelength
for OPA pumped at 2.05um in CSP with a phase matching angle of §=44.8". At 620,
Ak, for the idler of the same OPA process is plotted vs. the corresponding signal
wavelength in CSP with a phase matching angle of §=44.8". Simultaneous phase
matching of both processes occurs near signal wavelengths of 3 um . An amplifier with these

characteristics will satisfy the requirements of BCS-OPA, producing an amplified signal at

3.0um with suppressed back-conversion and simultaneous conversion of the corresponding
idler at 6.5um to its second harmonic at 3.25um .

[0097] FIGs. 7A-7F shows example results for high-gain amplification of a 2-ps, 1-nJ,
1-mm radius, 3.0 — um signal wave in a 2.3-mm CSP crystal, pumped by a 5-mJ, 2.05-um
wavelength pump of the same duration and radius. FIG. 7A illustrates the evolution of
energy exchange between waves at the center of the pulse in time and space, which

displays the desired asymptotic approach to full pump depletion, during which back
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conversion is suppressed. Back-conversion remains suppressed for over a millimeter,
allowing depletion of the spatiotemporal wings of the pump to catch up before any significant
back-conversion occurs at the center (FIG. 7B). The suppression of signal back-conversion
across the full spatiotemporal coordinate space allows >80% pump depletion (FIG. 7F).
Only 12% pump depletion is predicted for conventional OPA (FIG. 7E). Accounting for the
quantum defect, in BCS-OPA, 55% energy conversion efficiency to the signal is predicted
with >10° gain in a single stage (see spectrum, FIG. 7C). The remaining 45% of the energy
is split between the idler at 6.5um (3%) the idler-SH at 3.2um (23%), and the unconverted
pump (19%). In contrast, in conventional OPA, the energy conversion efficiency to the signal
is maximized at 8%. We note that the crystal length is well shorter than the spatial walk-off
length, temporal walk-off length, and diffraction length for these conditions, which helps

enable successful conversion.

Quasi-Phase Matching in Lithium Niobate (LNB)

[0098] Designing a single QPM structure capable of simultaneously phase matching

two or more nonlinear optical processes is a complicated problem with a large solution
space. Especially important for QPM structures that perform BCS-OPA is the ability to
balance the phase mismatch of two nonlinear processes so that the dynamics of one
process does not overpower the other. A multi-phase matching QPM structure can be
obtained via numerical optimizing; however, manufacturing constraints on minimum domain
size, resolution, and variability often render such techniques impractical. One practical
method of designing multi-phase matching QPM structures uses an aperiodic tiling of the
single process QPM domains associated with each process involved. We find that such a
structure is inadequate for high performance BCS-OPA since only a single process is
perfectly phase matched at a time while the other process is severely phase mismatched.

[0099] Disclosed is an implementation using QPM structures that solves the above
issues for BCS-OPA. This technique involves a superlattice of domain reversals that
simultaneously account for the phase mismatch of each process. The design of this

superlattice QPM structure is simple. Consider the two processes involved in BCS-OPA
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that have phase mismatch Ak, and Ak,. From these we may calculate two periodic poling

frequencies, G, and G , that form the basis of the superlattice structure:

G 1 LAk
A ! EQ. (13)
G % _% Ak,
where (G, generates a poling period that serves to equalize the magnitude of the phase

mismatch for either process and (G generates a poling period that cancels this new phase

mismatch. The superlattice is constructed by first creating domain reversals with periodicity

+

2 2
A :G_ﬁ’ then by superimposing domain reversals with periodicity A_ = G_ﬂ Finally, each

+ —

domain wall of the max(A_,A_) periodic lattice is rounded to the nearest domain wall of the
min(A_,A_) periodic lattice. This final step ensures manufacturability by creating a QPM
structure that only has one domain size of width min(A,,A_)/2, where there are

occasionally repeated positive or negative domains. FIG. 8 shows the 1D spatial Fourier

transform of the superlattice QPM domain poling function with domain periods A, =32.9um
and A_=434.8um designed for BCS-OPA with a 1030-nm pump and 1670-nm signal in

Mg:LiINbO3. This amounts to an implementation using the “rounded superlattice” type of
QPM.

[0100] The rounded supper lattice QPM device described in this patent document can
be used to implement the simultaneous phase matching of any two nonlinear wave-mixing
processes.

[0101] Demonstrated is simultaneous phase matching of OPA and idler-SHG using the
novel QPM structure outlined above. We modeled a high gain amplification poled LNB stage
(60 dB gain) in an OPCPA configuration with a 4 ps, 5004/ , 30 GW/cm2 Gaussian pump

and a chirped 4.4 ps, 100 pJ, 40 nm FWHM seed at 1.65um. The Lithium Niobate crystal

can be designed to include spatially alternating domains or regions where two adjacent
domains have opposite crystal orientations or are inverted (poled) relative to one another.
The inverted portions of the crystal yield generated photons that are 180° out of phase with

the generated photon that would have been created at that point in the crystal if it had not
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been poled. By choosing the correct periodicity with which to flip the orientation of the
crystal, the newly generated photons will always (at least partially) interfere constructively
with previously generated photons, and as a result, the number of generated photons will
grow as the light propagates through the poled material, yielding a high conversion efficiency
of input to generated photons.

[0102] FIGs. 9A and 9B show clear back-conversion suppression characteristic of
BCS-OPA. Choosing the optimal length of 6.8 mm, homogenous depletion of the pump in
space and time is observed (FIG. 9F), resulting in 65% pump energy depletion with 40%
going to the signal with a 140 fs FWHM transform limited pulse duration and 15% going to

a 1.37um, 140 fs second harmonic of the idler (see spectrum, FIG. 9C). We compare this

to an OPA without back-conversion suppression using a standard quasi-phase-matching
(QPM) structure optimized for conventional OPA. FIG. 9E illustrates the efficiency limitation
of conventional OPA due to the local dependence of conversion-back-conversion cycle
period on the pump pulse's spatiotemporal profile. This results in inhomogeneous pump
depletion with total depletion maximized at merely 14% when back conversion sets in, with

only 8.7% of the energy going to the signal — a more than 4-fold decrease.

Quasi Phase Matching (QPM) by Tiling

[0103] Simultaneous phase matching of multiple processes has been shown using the

tiling method. The tiling method works by stacking QPM periods one after the other in a
particular order. The order is determined by constructing a tiling based on the wavevector
mismatches of each nonlinear process. FIG. 10 depicts an example graphic for crystal
design. See Alon Bahabad, Noa Voloch, Ady Arie, and Ron Lifshitz, "Experimental
confirmation of the general solution to the multiple-phase-matching problem," J. Opt. Soc.
Am. B 24, 1916-1921 (2007).

[0104] These steps may be followed to design a crystal grating for SHA. The results
are shown in FIG. 11A and 11B. Note that in FIG. 11B, the Bragg peaks in the Fourier
transform are more than an order of magnitude lower than in the case of a single QPM period
designed for OPA, shown in FIG. 13. The intensity plot shows the same form as the
theoretical plot; however, the weak peaks in the grating spectrum translate to an unfeasible

conversion length—the typcal manufacturing range for QPM crystals is around 2-3 cm.
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Shown in FIG. 11A at 1110 is an example pump intensity, at 1120 signal intensity, at 1130
idler intensity, and at 1140 idler second harmonic intensity. Beyond the impractical
conversion length, there are also undesirable fast conversion-backconversion cycles, and
the long length may lead to temporal walkoff between pulses due to mismatched group

velocities.

Windowed Quasi Phase Matching (QPM)

[0105] The disclosed subject matter involves a “windowing” method for simultaneous

QPM of two wave-mixing processes. The weak Bragg peaks and fast oscillations from FIG.
11B may be caused by the way QPM periods are being stacked. This suggests that designs
should instead overlay two periods and “view” each underlying period with some outer
periodic structure. The window period may be defined to be Ay igow = Aopa + Asue. The
outer window function may be defined to be W(z) = sign(cos(2nz/Ayingow))- Afinal piece-

wise crystal grating function may be defined as:

W(z) = 1: d(z) = deff sign(cos(2nz/Appa)) EQ. (14)

W(z) = -1: d(z) = deyy sign(cos(2nz/Agyc))-

A visualization of the windowing principle is shown at FIG. 12.

[0106] Shown at FIG. 13 is a simulation of the conversion of this design. The Fourier
coefficients for this design are an order of magnitude higher than those in the tiling case.
This leads to the conversion occurring on the millimeter scale instead of the centimeter
scale. Similar conversion dynamics are observed as in the case of perfect phase matching,
plotted in FIG. 14. Unlike the theoretical case however, the windowing method may
temporarily suppress back conversion to the pump. This may be a hurdle to achieving
arbitrarily good efficiency as was observed using the theoretical model.

[0107] To optimize the efficiency of the second harmonic amplifier, it is desirable to
eliminate the initial dip in the signal profile. The initial dip is caused by the presence of the
idler field at the point where the pump has fully depleted. Therefore, it is desirable to favor

the SHG process over the OPA, so that when the pump field is depleted all of the generated
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idler has simultaneously converted to its harmonic wave. To achieve this, the duty cycle of
the outer period window function, W(z), is altered. In FIG. 14, the simulated conversion
dynamics is shown for a 23.42% duty cycle in W(z). The 23.42% duty cycle was determined
after careful optimization of the parameter space. Other optimum duty cycles may be
determined for other devices. In some example embodiments, a 1:3 ratio of OPA to SHG
best achieves the desired results.

[0108] The crystal grating spectrum in FIG. 14 shows that by changing the duty cycle,
the strength of the Fourier coefficients can be adjusted. The initial dip in the signal
conversion has also been eliminated. The ability to easily customize the Fourier spectrum
represents another advantage of the disclosed windowing method that could be beneficial
outside the context of SHA.

[0109] In addition to the length limitation in the manufacturing of QPM crystals, there is
also a minimum domain size - typically around 2 microns. Due to the way the windowing
method switches between viewing overlaid square waves, the crystals used in FIGs. 13 and
14 contain domains below this 2-micron threshold. To address this issue, the window
boundaries can be tailored to eliminate domains under 4 microns. In the Fourier analysis,
shown in FIG. 15, a 3% decrease in the height of the OPA Bragg peak is observed. There
is also a slight drop off in the suppression of the back-conversion, which now occurs earlier
in the crystal. The conversion length, however, is within 2.5 cm and still achieves good
suppression of back-conversion.

[0110] Shown in FIG. 16 are example results of intensity and wavelength scans for a
windowed crystal with small domains removed. With this method, a large increase is
predicted in the efficiency of the pump energy converted and up to 40 nm of bandwidth. By
integrating the conversion efficiency and pump pulse profile, the percent of the pump energy
converted to the signal and harmonic fields can be calculated. If a Gaussian distribution is
assumed for the input pump and signal pulses in both time and space, the total efficiency
increases from 5% for OPA to 73% for SHA in terms of pump energy converted. This
represents an order of magnitude increase in efficiency and offers a promising route to
improving the overall efficiency of nonlinear amplifiers.

[0111] FIG. 17 depicts a process 1700, in accordance with some example

embodiments. At 1710, the process includes receiving a pumping light at a pumping
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wavelength. At 1720, the process incudes receiving a signal light at a signal wavelength.
At 1730, the process includes generating, by a nonlinear crystal, from the pumping light an
amplified signal light at the signal wavelength and an idler light at an idler wavelength. At
1740, the process includes converting, by the nonlinear crystal, the idler light into a second
harmonic idler light at a second harmonic frequency of the idler light. The converting the
idler light into the second harmonic idler light eliminates the idler light at an output. The
converting the idler light into the second harmonic idler light prevents back conversion of the
amplified signal light and idler light to the pumping wavelength. The sequence of process
1730 followed by process 1740 is ensured by achieving the condition of simultaneous phase
matching of each of these processes within the nonlinear optical material. At 1750, the
process includes outputting the amplified signal light and the second harmonic idler light.
[0112] BCS-OPA has been demonstrated for back-conversion suppression of the
pump in an ultrafast OPA process that allows nearly full spatiotemporal conversion of the
pump to a signal and secondary field by simply introducing a simultaneously phase-matched
SHG process that nonlinearly attenuates the idler. The versatility of this process has been
demonstrated by achieving highly efficient BCS-OPA using birefringent phase matching in
CSP and novel quasi-phase-matching (QPM) structures in LiINbO3s. BCS-OPA will likely play
a vital role in improving the energy efficiency and tunability of future laser systems. It is
noted that application of the SHG process to the signal pulse rather than the idler also
worked well in our simulations, allowing efficient conversion to an SH field with a frequency
greater than the pump.

[0113] FIG. 18 shows an example of a process 1800 for designing a BCS-OPA device.

At 1810, the process includes choosing a pump wavelength and signal wavelength or idler

second harmonic wavelength. Using the equations Ly =—1 and

signal Aidier )Lpump Aidier lidlerSH’

2 1

the full set of four mixing wavelengths — pump, signal, idler, and idler SH — are determined.
At 1820, the device and interaction geometry are selected to cause: 1)Transparency at all
four wavelengths; 2) A non-centrosymmetric structure, enabling quadratic nonlinear
interactions; 3) Simultaneous satisfaction of both phase-matching conditions: Akgp, =
kpump — Kigter — Ksignat = 0 and Aksye = kigiersy — 2kiqier = 0. These requirements are

satisfied by selecting an appropriate material composition and use of phase matching
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methods, such as birefringent phase-matching/angle tuning, quasi-phase matching
(through, e.g., periodic poling or waveguide microstructure), temperature tuning, pulse front
tilt and/or a noncollinear angle o # 0. At 1830, to ensure high-efficiency conversion, one or
more further considerations should be satisfied including: 1) Ensuring that the bandwidth
and angular spread of all waves fall within their respective tolerances for the satisfaction of
both phase-matching conditions; 2) Ensuring that most or all the pump beam spatial extent
is seeded by signal frequencies that fall within the acceptance bandwidth for phase
matching; 3) Ensuring that most or all the pump pulse temporal extent is seeded by signal
frequencies that fall within the acceptance bandwidth for phase matching; 4) Ensuring that
propagation effects such as beam walk-off, pulse walk-off, dispersion and diffraction are
suitably small to not interfere with the conversion process.

[0114] Described above are techniques and an example device for second harmonic
amplification which is a technique for depleting the unwanted idler wave as it is converted,
which suppresses the back-conversion cycle and greatly increases the efficiency of
nonlinear amplifiers. Disclosed are techniques for simultaneous phase matching of multiple
nonlinear processes in a single crystal. By conducting a Fourier analysis of a quasi-phase
matched design and comparing it to previous techniques, the disclosed windowing method
achieves better phase matching and may have applications outside second harmonic
amplification. An example quasi-phase matched crystal using lithium niobate is within
current fabrication limits and is customizable to several different wavelength regimes.
[0115] Disclosed is a windowing method for phase matching; however, other possible
phase matching techniques such as “rounded superlattice” quasi-phase matching and
birefringent phase matching in bulk crystals also offer a platform for SHA. Disclosed is an
example showing two interacting nonlinear processes, OPA and SHG, but the disclosed
technique may be applied to three interacting processes to build even more efficient
amplifiers.

[0116] While this document contains many specifics, these should not be construed as
limitations on the scope of an invention that is claimed or of what may be claimed, but rather
as descriptions of features specific to particular embodiments. Certain features that are
described in this document in the context of separate embodiments can also be implemented

in combination in a single embodiment. Conversely, various features that are described in
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the context of a single embodiment can also be implemented in multiple embodiments
separately or in any suitable sub-combination. Moreover, although features may be
described above as acting in certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed to a sub-combination or a
variation of a sub-combination. Similarly, while operations are depicted in the drawings in a
particular order, this should not be understood as requiring that such operations be
performed in the particular order shown or in sequential order, or that all illustrated
operations be performed, to achieve desirable results.

[0117] Only a few examples and implementations are disclosed. Variations,
modifications, and enhancements to the described examples and implementations and other
implementations can be made based on what is disclosed.

[0118] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. Moreover, the separation of various system components in the
embodiments described in this patent document should not be understood as requiring such

separation in all embodiments.
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CLAIMS

What is claimed is:

1. An optical parametric amplifier apparatus, the apparatus comprising:

one or more input ports structured to receive pumping light at a pumping
wavelength and receive signal light at a signal wavelength;

one or more output ports structured to output light including an amplified signal light
at the signal wavelength and a second harmonic idler light with a frequency that is a
second harmonic frequency of an idler light; and

a nonlinear optical material positioned relative to the one or more input ports and
the one or more output ports to receive and to mix the pumping light and the signal light
and structured to cause nonlinear conversion of the pumping light into the amplified signal
light at the signal wavelength and generate the idler light at an idler wavelength, wherein
the nonlinear optical material is further structured to cause nonlinear conversion of the idler
light into the second harmonic idler light at the second harmonic frequency of the idler
light, and wherein the generated second harmonic idler light eliminates the idler light at the
one or more output ports and prevents back-conversion of the amplified signal light and

idler light to the pumping wavelength.

2. The optical parametric amplifier apparatus of claim 1, wherein the nonlinear
optical material provides simultaneous phase matching for the nonlinear conversion of the
pumping light into the amplified signal and the nonlinear conversion of the idler light into

the second harmonic of the idler light.

3. The optical parametric amplifier apparatus of claim 2, wherein the nonlinear

optical material is a bulk crystal having a birefringent phase matching structure.

4. The optical parametric amplifier apparatus of claim 3, wherein the
simultaneous phase matching results from one or more of angle tuning, temperature
tuning, noncollinearity of the signal light and the pump light, or pulse-front tilting of the

signal light and/or the pump light.
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. The optical parametric amplifier apparatus of claim 3, wherein the nonlinear
optical material comprises a selected material and a selected orientation to cause the

simultaneous phase matching.

6. The optical parametric amplifier apparatus of claim 3, wherein the nonlinear

optical material is cadmium silicon phosphide.

7. The optical parametric amplifier apparatus of claim 6, wherein the pumping
wavelength is 2.05 microns and the pumping light is a picosecond laser pulse, the signal
wavelength and the amplified signal wavelength are 3 microns, and the selected

orientation is 44.8 degrees.

8. The optical parametric amplifier apparatus of claim 2, wherein the nonlinear

optical material is a quasi-phase matching (QPM) structure.

9. The optical parametric amplifier apparatus of claim 8, wherein the QPM
structure includes one or more of a periodically poled structure, a superlattice structure
including a rounded superlattice QPM structure, a windowed QPM structure, a tiling QPM
structure, a chirped poling structure, a waveguide with a longitudinally modulated

dimension, or a graded-index waveguide.

10.  The optical parametric amplifier apparatus of claim 8, wherein the QPM
structure is tuned in phase by one or more of tuning of an optical axis relative to the input
beams, tuning a temperature, noncollinearity of signal and pump, and pulse-front tilting of

signal and/or pump pulse.

11.  The optical parametric amplifier apparatus of claim 8, wherein the QPM

structure is comprised of poled lithium niobate.

12.  The optical parametric amplifier apparatus of claim 8, wherein the pumping

wavelength is 1 micron, the pumping light is a picosecond laser pulse, the signal
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wavelength is 1.65 microns, the second harmonic idler light has a second harmonic idler
wavelength of 1.37 microns, and the amplified signal light and the second harmonic idler

light have a duration of less than 150 femtoseconds.

13. A method of optical parametric amplification, the method comprising:

receiving a pumping light at a pumping wavelength;

receiving a signal light at a signal wavelength;

generating, by a nonlinear crystal, from the pumping light an amplified signal light at
the signal wavelength and an idler light at an idler wavelength;

converting, by the nonlinear crystal, the idler light into a second harmonic idler light
at a second harmonic frequency of the idler light, wherein the converting the idler light into
the second harmonic idler light eliminates the idler light at an output, and wherein the
converting the idler light into the second harmonic idler light prevents back conversion of
the amplified signal light and idler light to the pumping wavelength; and

outputting the amplified signal light and the second harmonic idler light.

14.  The method of optical parametric amplification of claim 13, further
comprising:
simultaneously phase matching for optical parametric amplification and phase

matching for converting the idler light into the second harmonic idler light.

15.  The method of optical parametric amplification of claim 14, wherein the

nonlinear crystal is a bulk crystal structured for birefringent phase matching.

16.  The method of optical parametric amplification of claim 15, wherein the
simultaneous phase matching results from one or more of angle tuning, temperature
tuning, noncollinearity of the signal light and the pump light, or pulse-front tilting of the

signal light and/or the pump light.
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17.  The method of optical parametric amplification of claim 15, wherein the
pumping wavelength is 2.05 microns and the pumping light is a picosecond laser pulse,
the signal wavelength and the amplified signal wavelength are 3 microns, and the selected

orientation is 44.8 degrees.

18.  The method of optical parametric amplification of claim 14, wherein the

nonlinear crystal is a QPM structure.

19.  The method of optical parametric amplification of claim 21, wherein the QPM
structure includes one or more of a periodically poled structure, a superlattice structure
including a rounded superlattice QPM structure, a windowed QPM structure, a tiling QPM
structure, a chirped poling structure, a waveguide with a longitudinally modulated

dimension, or a graded-index waveguide.

20.  The method of optical parametric amplification of claim 18, wherein the QPM
structure is combined with one or more of tuning of an optical axis relative to the input
beams, tuning a temperature, noncollinearity of signal and pump, and pulse-front tilting of

signal and/or pump pulse.

21.  The method of optical parametric amplification of claim 18, wherein the quasi

phase matching structure comprises poled lithium niobate.

22.  The method of optical parametric amplification of claim 21, wherein the
pumping wavelength is 1 micron, the pumping light is a picosecond laser pulse, the signal
wavelength is 1.65 microns, the second harmonic idler light has a second harmonic idler
wavelength of 1.37 microns, and the amplified signal light and the second harmonic idler

light have a duration of less than 150 femtoseconds.

23. A method of optical parametric amplification, comprising:
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providing, a nonlinear optical device, structured to support (1) an optical parametric
amplification process and (2) at least another nonlinear wave-mixing process associated
with the optical parametric amplification process; and

controlling mixing of different optical beams at different optical frequencies in the
nonlinear optical device to cause simultaneous phase matching for both (1) the optical
parametric amplification process and (2) the at least another nonlinear wave-mixing

process.

24.  The method of optical parametric amplification of claim 23, wherein the

simultaneous phase matching uses birefringent phase matching.

25.  The method of optical parametric amplification of claim 23, wherein the

simultaneous phase matching uses quasi-phase matching.

26. The method of optical parametric amplification of claim 23, wherein the quasi
phase matching uses a windowed quasi-phase matching grating or a rounded superlattice

grating.

27.  The method of optical parametric amplification of claim 24 or 25,

wherein a first nonlinear process of the two or more nonlinear wave-mixing
processes is phase matched for optical parametric amplification, and

wherein a second nonlinear process of the two or more nonlinear wave-mixing

processes is phase matched for converting an idler light into a second harmonic idler light.

28.  The method optical parametric amplification of claim 24 or 25, wherein:
the two or more nonlinear wave-mixing processes include (1) a parametric
amplification process involving an idler beam at an idler wavelength, a pump beam at a
pump wavelength and a signal beam at a signal wavelength, and (2) a second harmonic
generation process of the idler beam to produce a second harmonic beam of the idler

beam at a new wavelength which is one half of the idler wavelength, and

wherein the method further comprises:
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causing the simultaneous phase matching by satisfying one or more conditions

including one or more of selecting an optic axis of the nonlinear optical material relative to
the pump beam, selecting an angle between the pump beam and the signal beam, or
controlling a temperature of the nonlinear optical material, wherein

the one or more conditions satisfy a first phase matching condition for the
parametric amplification process to (1) convert part of energy of the pump beam to amplify
the signal beam and (2) generate the idler beam so that one photon energy of the pump
beam is equal to a sum of one photon energy of the signal beam and one photon energy of
the idler beam, and wherein

the one or more conditions satisfy a second phase matching condition of the
second harmonic generation process of the idler beam within the nonlinear optical material
to produce the second harmonic beam of the idler beam in a way that substantially

depletes the idler beam.

29.  The method optical parametric amplification of claim 23, further comprising:
using a windowed grating or a rounded superlattice as part of the nonlinear optical

device to cause the simultaneous phase matching.

30.  The method optical parametric amplification of claim 29, further comprising:

causing the simultaneous phase matching by satisfying one or more conditions
including one or more of selecting an optic axis of a nonlinear optical material relative to a
pump beam, selecting an angle between the pump beam and a signal beam, or controlling

a temperature of the nonlinear optical material.
31. A method of phase matching in an electromagnetic device, comprising:
providing a simultaneous phase matching of two or more nonlinear wave-mixing

processes using a windowed grating or a rounded superlattice.

32. The method of phase matching in the electromagnetic device of claim 31,

further comprising:
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causing the simultaneous phase matching by satisfying one or more conditions
including one or more of selecting an optic axis of a nonlinear optical material relative to a
pump beam, selecting an angle between the pump beam and a signal beam, or controlling

a temperature of the nonlinear optical material.
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CLASSIFICATION OF SUBJECT MATTER
GO2F 1/39; GO2F 1/355 (2021.01)

GO2F 1/3551; GO2F 1/3558

CPC - GO2F 1/39; GO2F 2001/392; GO2F 1/3544; GO2F 2001/3546; GO2F 2001/3548; GO2F 1/355;

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

53, col. 51n 53-64, col. 7 In 59-61

Category* Citation of document, with indication, where appropriate, of the relevant passages Rclevant to claim No.
A US 2002/0176472 A1 (ARBORE et al.) 28 November 2002 (28.11.2002): abstract, [0020], 1-22
{0045}, (0047}, [0065), [0077]
A US 2015/0036210 A1 (ASOBE et al.) 05 February 2015 (05.02.2015): abstract, [0153]-[0154], |1-22
[0159], [0340]-[0341]
A US 6,751,010 B1 (RICHTERY) 15 June 2004 (15.06.2004): abstract, col. 4 In 21-26, col. 4 In 50-| 1-22

E] Further documents are listed in the continuation of Box C.

I:I See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
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filing date

“L” document which may throw doubts on priority claim(s) or which
is cited to establish t e'ﬁpubllcanon date of another citation or other
special reasgn (as specified)

“Q” documentreferringtoanoral disclosure, use, exhibition orother means

“P” document published prior to the international filing date but later than

the priority date claimed

“T later document published after the international filing date or priority
date and not in conflict with the apﬁlication but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y™ document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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Date of mailing of the international search report
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Name and mailing address of the ISA/US
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. [] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3 D Claims Nos -

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: Claims 1-22 drawn to an optical parametric amplifier apparatus or a method of optical parametric amplification including details
of conversion of idler light.

Group 1I: Claims 23-32 drawn to a method of optical parametric amplification including details of controlling mixing of different optical
beams at different optical frequencies or a method of phase matching in an electromagnetic device including simultaneous phase
matching of two or more nonlinear wave-mixing processes.

The inventions listed as Groups | and Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:
-- Continued in Extra Sheets --

1. I:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-22

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

[:I No protest accompanied the payiment of additional search fees,

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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-- Continued from Box Ili --

Special Technical Features:

Group | includes the special technical features of converting, by a nonlinear crystal, idler light into a second harmonic idler light

at a second harmonic frequency of the idler light, wherein the converting the idler light into the second harmonic idler light eliminates the
idler light at an output, and wherein the converting the idler light into the second harmonic idler light prevents back conversion of the
amplified signal light and idler light to the pumping wavelength, not included in the other group.

Group |l includes the special technical feature of controlling mixing of different optical beams at different optical frequencies in the
nonlinear optical device to cause simultaneous phase matching for both (1) the optical parametric amplification process and (2) the at
least another nonlinear wave-mixing process or a method of phase matching in an electromagnetic device including simultaneous phase
matching of two or more nonlinear wave-mixing processes, not included in the other group.

Common Technical Features:

The only technical features shared by Groups |-l that would otherwise unify the groups, is optical parametric amplification using a
nonlinear optical material. However, this shared technical features do not represent a contribution over prior art, because the shared
technical features are disclosed by US 8,040,929 B2 to Imeshev et al. (hereinafter 'imeshev’).

Imeshev discloses optical parametric amplification using a nonlinear optical material (abstract).

As the shared technical features were known in the art at the time of the invention, they cannot be considered special technical features
that would otherwise unify the groups.

Therefore, Groups |- lack unity under PCT Rule 13.

Form PCT/ISA/210 (patent family annex) (July 2019)
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