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TITLE OF THE INVENTION

Method and system for linearizing non-linear optics

BACKGROUND OF THE INVENTION

[0001] In nonlinear optics, the basic role of any material medium is to act as a coupler
between incoming light waves that would not interact otherwise, i.e. in vacuum or in the case of weak
fields.

[0002] Such interaction gives rise to radiation of new light fields whose properties,
such as frequency, amplitude and phase, may differ from the incoming fields. The relation, however,
between in- and out- going light fields properties is in general not linear. Furthermore, the light field
properties themselves, such as frequency, amplitude and phase, are interdepend and cannot be

controlled independently.

[0003] On a microscopic level, physical limitations of nonlinear optical interaction
arise from the dispersion properties of matter, such as, for instance, the frequency dependent speed
of light in dielectric media or the phonon lifetime in solids. For many nonlinear processes to be
efficient, it is a necessary condition that all interacting light pulses are phase matched, i.e. that they
have the same phase velocity and the same group velocity. Satisfaction of the latter becomes more

and more difficult the shorter the pulses get or the broader their spectra are, respectively.

[0004] Currently in the art, ways to minimize phase matching problems include: i)
reducing the length of the dispersive medium, which typically reduces the efficiency of the process, ii)
changing the angle of interaction, iii) modifying the pulse fronts of interacting beams, and iv) using

periodically poled crystals. All these methods take place in the time domain.

[0005] Another fundamental limit for nonlinear interaction is given by the damage
threshold of the material medium employed. To overcome this problem and avoid material damage, i)

the beam size may be increased or ii) the pulses may be stretched in time, to lower the peak
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intensity. Enlarging beam sizes is limited by the availability of large aperture optics such as for

instance nonlinear laser crystals.

[0006] A number of publications deal with performing light amplification in a spatially
dispersed plane (SDP) [1-5]. They all involve real level pumped gain media, i.e. stimulated emission
from a population inverted medium, to amplify ultrashort pulses that have been previously generated
by other means. In other words, in these cases the SDP is seeded with photons and the properties,
i.e. frequency and phase of these photons, are preserved, the interaction only causing an increase in

their number. These amplification systems are said to be linear.

[0007] There is still a need in the art for a method and a system for modifying photon

properties through nonlinear optical processes.

SUMMARY OF THE INVENTION

[0008] More specifically, in accordance with the present invention, there is provided a
method of nonlinear optical interaction in a nonlinear medium, comprising interacting at least one

input beam in a nonlinear medium located at a spectrally dispersed plane.

[0009] There is further provided a method for ultra-broadband phase conjugation,
comprising interacting at least one input beam in a nonlinear medium located at a spectrally

dispersed plane.

[0010] There is further provided a method of supercontinuum generation, comprising

interacting at least one input beam in a nonlinear medium located at a spectrally dispersed plane.

[0011] There is further provided a system for nonlinear interaction of a beam of

ultrashort pulses.

[0012] There is further provided a method for generating output photons from input
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photons, the output photons having properties that linearly depend on the properties of the input
photons and that are mutually independent, comprising interacting the input photons in a nonlinear

medium located at a spectrally dispersed plane.

[0013] There is further provided a method for arbitrary phase transfer from input
photons to output photons, comprising interacting the input photons in a nonlinear medium located at

a spectrally dispersed plane.

[0014] There is further provided a method for converting arbitrary spectral amplitude
shapes of input photons to output photons, comprising interacting the input photons in a nonlinear

medium located at a spectrally dispersed plane.

[0015] Other objects, advantages and features of the present invention will become
more apparent upon reading of the following non-restrictive description of specific embodiments

thereof, given by way of example only with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] In the appended drawings:

[0017] Figures 1 show a) and b) time domain pump beam dispersion systems prior to
the nonlinear interaction in the frequency domain at the SDP; ¢) a system for non-dispersed pump
beam, prior to the nonlinear interaction in the nonlinear medium at the SDP either in the frequency or
in the time domain, d) and e) beam propagation after nonlinear interactions in the frequency domain
with the nonlinear medium at the SDP, according to embodiments of aspects of the present

invention;

[0018] Figure 2 shows different configurations of the seed beam and pump beam

prior to the non nonlinear interaction in the nonlinear medium at the SDP according to embodiments
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of aspects of the present invention.

DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0019] Generally speaking, in the field of nonlinear optics the nonlinear interaction of
light and matter is often viewed in the time domain and experiments are carried out in the time

domain of the ultrashort pulses.

[0020] The time domain can be transferred to the frequency domain by using optical
Fourier transformation. Among others, one way to realize a Fourier transformation experimentally is

to use a so called 4-f system.

[0021] As illustrated in Figure 1d, an incoming beam (1) is dispersed by a dispersive
element 12. Then the frequencies are collimated by a collimating optic 14. An optional optical system
16 may be used as mentioned hereinbelow. After this first Fourier transformation, the nonlinear
interaction takes place in a nonlinear medium 18 in the frequency domain. Subsequent to this
frequency domain nonlinear interaction, elements 14', 12, and optionally 16', symmetric to elements
14, 12, and optionally 16, of the input side, can provide a second optical Fourier transformation to get
the laser pulses back into the time domain (see output beam (O)). If the distances between
dispersive element 12, 12’ and collimating optic 14, 14', and between the collimating optic 14, 14’
and the SDP 16 equals the focal length (f) of the collimating optic 14, 14', the system is generally

referred to as a 4f setup.

[0022] Temporally ultrashort pulses are composed of spectral components that may
span up to one octave of frequencies or even more. These frequencies can be spatially separated

next to each other in a nonlinear medium located in the SDP, as shown Figures 1a and 1b.

[0023] In some specific cases the SDP may be viewed as the frequency domain of

the corresponding time domain pulses. Figure 1a shows an optical Fourier transformation of input
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pulses from the time domain into the frequency domain and Figure 1d shows the symmetric

counterpart to recover time domain pulses.

[0024] Any other scheme that spectrally disperses ultrashort laser pulses can be
used, i.e. an explicit Fourier transformation as performed in the system illustrated in Figure 1a for
example is not absolutely required. A system as illustrated in Figure 1b, comprising multiple
dispersive elements 12 in absence of a collimating optic 14 may be used instead. Plane gratings,
curved gratings, prisms and grisms and a combination thereof may be used as dispersive elements

12. In Figures 1a-d, only gratings are used as dispersive elements 12 for illustrative purposes.

[0025] A number of dispersing elements 12 in sequence can be used, as illustrated
for example in Figure 1b. Their planes of dispersion can be parallel, perpendicular or have any angle

between zero and ninety degrees.

[0026] The optical system 16, comprising lenses, mirrors or a combination thereof,
may be used to tailor the SDP, i.e. for example to adjust the focal spot size in the SDP, and to vary
the total expansion in the wavelengths spatially across the SDP, i.e. to modify the spacing between
neighbouring frequencies, and to change the angle between different incident frequencies. As
another example, if the collimating optic 14 is a spherical cylindrical optic that collimates the spectral
components in the plane of drawing in Figure 1a, the optical system may be used to focus the

different frequencies in a plane perpendicular to the plane of drawing.

[0027] The nonlinear interaction can be performed in the vicinity of a Fourier plane
such as the frequency plane as shown in Figure 1a or in any other kind of SDP such as shown in
Figure 1b where the frequencies are spatially separated without being in a Fourier domain. More
than one dispersive element may be used for the input beam, as shown in Figure 1b. The dispersed
spectral components may then be focused, by the optical system 16, to a point or to a line or remain

unchanged. The spectral components may travel parallel to each other or at an angle.

[0028] As schematically shown in Figure 2, pump and optional seed beams may
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interact collinearly (o = 0) or non-collinearly (o # 0) in the SDP. Pump and optional seed beams in
the SDP may be applied co-propagating (oo > 0), counter-propagating (o < 0) or at any other

intersecting angle.

[0029] A single beam or multiple beams can be applied in the SDP.

[0030] The SDP can be pumped with spectrally undispersed pump beams, as shown

in Figure 1c. In Figure 1c, the input beam is incident on a nonlinear crystal 18 located in an SDP.

[0031] The SDP can be pumped with spectrally dispersed pump beams, as shown in
Figures 1a and 1b.

[0032] The nonlinear interaction in the SDP may be unseeded and only pumped by
either spectrally undispersed or dispersed beams, as illustrated in Figures 1c, and 1a or 1b
respectively.

[0033] Subsequent to the SDP, different spectral components may travel along

different optical paths, passing dispersive optical elements 12" as shown for example in Figure 1d.

[0034] The dispersive elements 12 on the input side may differ from the dispersive
elements 12’ on the output side. Additionally, the focal lengths (f) on the input and output sides may
be different.

[0035] Subsequent to the SDP, different spectral components may travel along
similar optical paths without using dispersive elements, as shown in Figure 1e. These parallel

spectral components may be focused to a single point subsequently.

[0036] The pump beam may be spatially modulated in amplitude or phase. The pump

beam may contain narrow or broad frequency bands. The pump beam may be chirped in time or
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transform limited, i.e. different pump frequencies may arrive at different times or all at the same time,

respectively.

[0037] The SDP can be pumped entirely or only partially. The SDP can be used to
select different spectral components, i.e. to perform amplitude shaping by attenuation. Likewise,
phase shifting of different spectral components with respect to each other may be applied with
transmissive or reflective components. Among others, phase shaping may for instance be achieved

by placing different glass plates of different thickness in the SDP.

[0038] The medium used for nonlinear interaction in the SDP may be a solid, a liquid,
a gas or a plasma. It may be composed of one element, of multiple elements of the same kind, i.e.
same cut and orientation in case of a nonlinear crystal for example, or of multiple elements of
different kinds. In other words, different spectral components of the SDP may interact with different

nonlinear media.

[0039] The nonlinear processes taking place in the SDP include but are not limited to:
second-, third-, fourth-, ... harmonic generation, sum frequency generation, difference frequency
generation, optical rectification, parametric generation, Brillouin scattering, Raman scattering, three
wave mixing, four wave mixing, phase conjugation, self phase modulation, cross phase modulation,

THz generation. The present system and method may be used for ultra-broadband phase

conjugation.
[0040] The SDP can be used to perform pump - probe experiments.
[0041] The nonlinear medium in the SDP can be used to annihilate light. For instance

saturable absorption or multi-photon absorption can be used.

[0042] In the present method and system, the output pulses may have the same, a

shorter or a longer time duration than the input pulses. For instance, second harmonic generation
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(SHG) might be driven in the SDP whereby the relative bandwidth of the SHG output beam remains
the same than for the input beam at the fundamental frequency. The output pulses may thus be a
factor of two shorter than the input pulses. In contrast, for time domain SHG the theoretical limit of

pulse shorting via SHG equals the square root of 2,

[0043] In the present method and system, the output pulses may have the same
spectral bandwidth, or a broader or a narrower spectral bandwidth. For instance, spectrally
broadband parametric generation might be driven in the SDP by narrowband picosecond or
nanosecond pulses. This broad spectrum may then be recombined into a single broadband beam by
a system as shown in Figure 1d for example. The present system and method may be used for

supercontinuum generation with narrowband lasers.

[0044] The SDP containing the nonlinear medium can be placed inside a laser cavity
such as an optical parametric oscillator. The nonlinear medium can also be a real level pumped
lasing material (solid state, gas, fiber) placed inside an oscillator configuration. In these cases the
nonlinear medium is used to generate laser emission in the frequency domain, not for amplification

as known in the art.

[0045] In the present method and system, all nonlinear interactions take place in the
frequency domain or a SDP. Prior to this nonlinear interaction there may be a first optical Fourier
transformation or spectral dispersion, respectively. Subsequent to the nonlinear interaction, a Fourier

transformation or spectral dispersion, respectively, may be used to provide time domain laser pulses.

[0046] The present method and system of performing nonlinear interaction in a SDP
or frequency domain respectively, allow circumventing fundamental limitations of light matter
interactions stemming from i) phase miss-match of interacting waves, i.e. light waves or matter
waves, as well as ii) medium damage threshold. For instance, they allow for simultaneous increase
of the spectral bandwidth and pulse energy. This paradox sounding situation arises because the
output properties of the present system are no longer determined by the properties of the nonlinear

medium employed. To upscale a given performance, one has to extend the SDP spatially because a
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larger area will reduce the risk of optical damage of the nonlinear medium. This reduces the incident

power (energy / area) and phase matching bandwidth (spectrum / area).

[0047] If the aperture size of the nonlinear material is limited, multiple elements can

be placed next to each other in a SDP without corrupting the output beam spatial properties.

[0048] If the phase matching bandwidth of the nonlinear medium is limited, multiple
elements, i.e. a number of identical nonlinear crystals, can be placed next to each other in a SDP.
Each element can be tuned to optimize its corresponding spectral slice. This enables to phase match
a broader bandwidth compared to the use of a single nonlinear element in the time domain. Thus

bandwidth limitations present in nonlinear optics may be circumvented.

[0049] The generated new photons have properties, i.e. amplitude, phase and
frequency, which linearly depend on the properties of the photons prior to the nonlinear interaction.
For instance, performing SHG in a SDP can transfer arbitrary phase functions from the fundamental
to the SHG beam which is not possible in time domain interaction. This enables pulse compression
at the second, third, fourth harmonic of a laser beam and it enables pulse shaping at the second,

third, fourth harmonic of a laser beam.

[0050] The generated new photons have properties, i.e. amplitude, phase and
frequency, which are mutually independent, i.e. either amplitude or phase or frequency can be each
modified by nonlinear interaction in the SDP without changing another property. For instance,
performing SHG in a SDP can transfer sharp spectral amplitude features of the fundamental input
beam into the output beam at the second harmonic frequency. No other pulse parameters are
affected. A time domain interaction would necessarily smoothen sharp spectral features upon SHG.
To transfer sharp spectral features in time domain, theoretically, a huge amount of additional cubic
phase function needs to be applied which temporally stretches the SHG pulse by many orders of

magnitude.

[0051] Thus, the present method and system may be used for ultra-broadband
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frequency conversion. The present system and method may be used for pulse compression. The
present system and method may be used for UV pulse shaping. The present system and method

may be used for absorption spectroscopy.

[0052] The present method and system provide a generalization to nonlinear optical
processes taking place in an SDP, whereby new photons are generated either with or without a seed

beam.

[0053] The present method and system provide a generalization to nonlinear optical

processes, whereby new photons are generated either with or without pumping.

[0054] The scope of the claims should not be limited by the embodiments set forth in
the examples, but should be given the broadest interpretation consistent with the description as a

whole.
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1. A method of nonlinear optical interaction in a nonlinear medium, comprising
spectrally dispersing an input beam and interacting the dispersed beam in a nonlinear
medium located at a spectrally dispersed plane, wherein said spectrally dispersing the input
beam comprises performing a first Fourier transformation on the input beam, said
interacting taking place in the frequency domain, the method further comprising performing
a second Fourier transformation after said interacting to yield an output beam in the time
domain.

2. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam.

3. The method of claim 2, wherein the input beam is a beam of ultrashort pulses.

4. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, wherein said spectrally dispersing the beam comprises using multiple
dispersive elements.

5. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, wherein said spectrally dispersing the beam comprises using multiple
dispersive elements selected in the group consisting of plane gratings, curved gratings,
prisms, grisms and a combination thereof.

6. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, wherein said spectrally dispersing the beam comprises using multiple
dispersive elements, the dispersive elements having planes of dispersion that are one of:
parallel, perpendicular, and at an angle between zero and ninety degrees.

7. The method of claim 1, comprising at least partly pumping the spectrally

Date Regue/Date Received 2021-04-14
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dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, further comprising tailoring the spectrally dispersed plane by using an

optical system.

8. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, further comprising tailoring the spectrally dispersed plane by using an
optical system, said tailoring comprising one of. i) adjusting the focal spot size in the
spectrally dispersed plane, ii) varying a total expansion in wavelengths spatially across the
spectrally dispersed plane, and iii) changing an angle between different incident
frequencies.

9. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, further comprising tailoring the spectrally dispersed plane by using an
optical system selected in the group consisting of lenses, mirrors or a combination thereof.

10. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, further comprising a spherical cylindrical optic that collimates the
dispersed beam in a first plane and an optical system that focuses the different frequencies
in a second plane perpendicular to the first plane.

11. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally dispersed pump beam, the input beam being a beam of
ultrashort pulses, further comprising focusing dispersed spectral components to a point or a
line.

12. The method of claim 1, comprising at least partly pumping the spectrally
dispersed plane with a spectrally undispersed pump beam.

13. The method of any one of claims 1 to 12, comprising placing the spectrally
dispersed plane inside a laser cavity.

Date Regue/Date Received 2021-04-14
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14. The method of any one of claims 1 to 13, wherein the nonlinear medium
located at the spectrally dispersed plane is a real level pumped lasing material placed inside
an oscillator.

15. The method of any one of claims 1 to 14, wherein an output spectrum after
said interacting in the nonlinear medium located at the spectrally dispersed plane is larger
than the input spectrum.

16. The method of any one of claims 1 to 15, wherein the nonlinear optical
interaction is one of: second-, third-, fourth-, ... harmonic generation, sum frequency
generation, difference frequency generation, optical rectification, parametric generation,
Brillouin scattering, Raman scattering, three wave mixing, four wave mixing, phase
conjugation, self phase modulation, cross phase modulation and THz generation.

17. A method of ultra-broadband phase conjugation, comprising spectrally
dispersing an input beam and interacting the dispersed beam in a nonlinear medium located
at a spectrally dispersed plane, wherein said spectrally dispersing the input beam
comprises performing a first Fourier transformation on the input beam, said interacting
taking place in the frequency domain, the method further comprising performing a second
Fourier transformation after said interacting to yield an output beam in the time domain.

18. A system for non linear interaction of a beam of ultrashort pulses,
comprising:

a first dispersive stage, performing a first Fourier transformation on an input
beam;

a nonlinear medium, located at the spectrally dispersed plane, for interaction
with the dispersed beam in the frequency domain; and

a second dispersive stage, performing a second Fourier transformation yielding
an output beam in the time domain.

19. The system of claim 18, further comprising an optical system before the
nonlinear medium.

Date Regue/Date Received 2021-04-14
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