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(57) Abstract: The present invention is electro-optic frequency comb which can serve as a pump laser to a nonlinear microresonator.
The teeth of the frequency comb of the present invention are efficiently transferred to one or more spectrally translated frequency combs
across much of the visible and near-infrared spectral region.
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NANOPHOTONIC SPECTRAL TRANSLATION OF ELECTRO-OPTIC
FREQUENCY COMBS

Related Applications

This application claims the benefit of U.S. Provisional Patent Application Serial
No. 63/532,300 (filed August 11, 2023), which is herein incorporated by reference in

its entirety.
Federally-Sponsored Research and Development

This invention was made with United States Government support from the
National Institute of Standards and Technology (NIST), an agency of the United States

Department of Commerce. The Government has certain rights in this invention.

This patent disclosure may contain material that is subject to copyright
protection. The copyright owner has no objection to the facsimile reproduction by
anyone of the patent document or the patent disclosure as it appears in the U.S. Patent
and Trademark Office patent file or records, but otherwise reserves any and all

copyright rights.
Background

The on-chip generation of coherent light across the visible and near-infrared
wavelength regions has been a long-standing challenge in nanophotonics and would
offer wide-spread use Iin areas such as optical metrology, communications, and
integrated optics. While there is ongoing work on development of heterogeneously
integrated lasers for accessing these wavelength ranges, developments in nonlinear

nanophotonics provide another route to accessing wavelengths of interest.

Nonlinear microresonators have shown tremendous potential for chip-scale
coherent wavelength access through, for example, optical parametric oscillation
(OPO). See Lu et al., "On-chip optical parametric oscillation into the visible: generating
red, orange, yellow, and green from a near-infrared pump," Optica 7, 1417-1425
(2020). However, while the OPOs may be tuned both thermally and by varying the

optical pump wavelength, reliably reaching narrow atomic transitions and performing
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spectroscopy — a prerequisite for the use of this technology in many applications — has

proven challenging.
Brief Description

While nonlinear microresonators have been investigated for their use in
nanophotonics, the use and tuning of, for example, optical parametric oscillation to
reliably reach narrow atomic transitions or perform spectroscopy has proven
challenging and is the subject of ongoing investigation. This invention is directed to an
apparatus using an electro-optic frequency comb as the pump laser used with a

nonlinear microresonator to output one or more spectrally translated frequency combs.

This invention is further directed to processes utilizing a frequency comb pump
laser with nonlinear microresonators resulting in the robust and efficient generation of
at least one spectrally translated frequency comb. This invention is further directed to

the use of said spectrally translated frequency combs in spectroscopy.
Brief Description of the Drawings

The following description cannot be considered limiting in any way. Various
objectives, features, and advantages of the disclosed subject matter can be more fully
appreciated with reference to the following detailed description of the disclosed subject
matter when considered in connection with the following drawings, in which like

reference numerals identify like elements.

FIG. 1 shows a nonlinear microresonator converting a frequency comb pump
laser into a one or more spectrally translated frequency combs and a depleted pump

frequency comb.

FIG. 2 shows an example apparatus using an OPO in greater detail, with an
external cavity diode laser (ECDL) passed through an electro-optic phase modulator
(EOM) driven by a frequency chirp generated by a direct digital synthesizer (DDS),
resulting in an electro-optic comb sent through a tapered amplifier (Amp) and then into
a nanophotonic OPO resulting in translated signal and idler combs, as well as a

depleted pump comb.
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FIG. 3 shows results of an OPO system in greater detail, where y © optical
parametric oscillator spectrally translates a pump electro-optic comb centered at vy,
resulting in signal comb centered at vs, idler comb centered at vi, and the original pump

comb at vp as outputs of the OPO.

FIG. 4 shows the spectral translation of an optical frequency comb over a wide
spectral range as well as higher resolution images which show the flat envelop of the

spectrally translated signal and idler combs.

FIG. 5 shows the proportion of total optical power found in the negative order
comb teeth, carrier tone, and positive order comb teeth for an OPO system, with the
OPO pump (at 780 nm) before and after the tapered amplifier and after the microring
chip, as well as for the idler (at 877 nm) demonstrating that the OPQ efficiency is

preserved.

FIG. 6 and FIG. 7 show example measured beat notes between the electro-
optic frequency comb teeth for the pump comb (780 nm) and idler comb (877 nm). For
each of the detunings, the idler and pump linewidths agree to within their combined
standard uncertainties and represent the limit on the spectral resolution of the tested

laser source, demonstrating that the linewidth of the translated comb is preserved.
DETAILED DESCRIPTION

A detailed description of one or more embodiments is presented herein by way

of exemplification and not limitation.

The construction and use of nanophotonic ring resonator-based optical
parametric oscillators (OPOs) for translation of lasers or other emitted light into useful
spectrums with some degree of precision has been disclosed. See Stone, Jordan et
al. "Wavelength-Accurate Nonlinear Conversion through Wavenumber Selectivity in
Photonic Crystal Resonators.” arXiv preprint arXiv.2212.056858 (2022). It has been
discovered that that utilizing an electro-optic frequency comb as the pump laser to
nonlinear microresonators, including OPOs, allows for robust and efficient generation
of spectrally translated frequency combs. This allows for the on-chip conversion of
optical frequency combs over a wide wavelength range in the visible and near-infrared,
including at wavelengths where electro-optic modulators are not readily available.

3
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It has been discovered that the resulting spectrally translated frequency combs
alleviate the need for fine wavelength tuning of the nonlinear microresonators, allowing
for spectroscopy on narrow atomic transitions to be readily performed with frequency

agile combs.

Traditionally, the pump laser is a continuous-wave (CW) source with a linewidth
much narrower than the cavity resonance; hence, in this case the OPO emits CW
signal and idler waves. Modelling of the intracavity nonlinear dynamics indicates that
phase modulation of the pump laser (the process creating the electro-optic frequency
comb) is coherently mapped to the signal and idler waves if the modulation is
sufficiently slow compared to the cavity photon lifetime, even in a strongly-driven
regime where the residual carrier power is below the threshold for parametric
oscillation. Such mapping underlies the coherent spectral translation of electro-optic

frequency combs that we report here with regard to OPOs.

It has been discovered that unlike recently reported results on electro-optic
comb conversion in a macroscale singly resonant OPO, in this invention the comb is
transferred to both the signal and idler outputs. Such discovery also supports the use

of various waveforms as being usefully preserved when modified by an OPO.
In an embodiment, with reference to FIG. 1, includes:

An electro-optic frequency comb serving as a pump laser [001] fed into a
nonlinear microresonator [002] resulting in a spectrally translated frequency comb

[003] and a depleted pump frequency comb [004].

In one embodiment, the nonlinear microresonator [002] is an optical parametric
oscillator (OPO).

In one embodiment, the OPO results in two spectrally translated frequency

combs: a signal comb, and an idler comb.

In one embodiment, the OPO is a SisN4 microring relying on third-order (x ®)
nonlinearity. In this system, pump frequency vp and the microring dispersion
determines the signal and idler mode pair. The signal and idler waves with frequencies

vs and vi, respectively, obey the energy conservation condition 2vp = vs + vi.

4
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In one embodiment, the use of x© OPO provided flexible wavelength access

while only requiring a single input laser.

In one embodiment, the signal and idler frequency comb pairs are used in

performing spectroscopy.

In one embodiment, the signal and idler frequency comb pairs are used in

performing measurements at nanosecond timescales.

In one embodiment, a source frequency comb is in optical communication with
a nonlinear microresonator. Said nonlinear microresonator is further in optical
communication with a detector. Means for passing a signal through an analyte may be

disposed between the nonlinear microresonator and the detector.

In one embodiment, the nonlinear microresonator [002] is a second order
X@ OPO.

In one embodiment, the nonlinear microresonator [002] is configured for
spectral translation of the pump frequency comb by pure x@ second harmonic

generation.

In one embodiment, the nonlinear microresonator [002] is configured for
spectral translation of the pump frequency comb by photoinduced x® effects, including
but not limited to second harmonic generation, sum frequency generation and

difference frequency generation.

In one embodiment, the nonlinear microresonator [002] is configured for
spectral translation of the pump frequency comb by electric field-induced @ behavior

in a x® system.

In one embodiment, the nonlinear microresonator [002] is configured for

spectral translation of the pump frequency comb by sum frequency generation.

In one embodiment, the nonlinear microresonator [002] is configured for

spectral translation of the pump frequency comb by difference frequency generation.
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In one embodiment, the nonlinear microresonator [002] is configured for

spectral translation of the pump frequency comb by stimulated four-wave mixing.

In one embodiment, the nonlinear microresonator [002] is configured for

spectral translation of the pump frequency comb by four-wave mixing Bragg scattering.

In one embodiment, the nonlinear microresonator [002] is configured for

spectral translation of the pump frequency comb by Kerr comb generation.

In one embodiment, the nonlinear microresonator [002] is configured for
spectral translation of the pump frequency comb by third or higher order harmonic

generation.

In one embodiment, the nonlinear microresonator [002] is configured for
spectral translation of the pump frequency comb by cascading of some combination of

the above-described processes.

While one or more embodiments have been shown and described,
modifications and substitutions may be made thereto without departing from the spirit
and scope of the invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not limitation. Embodiments

herein can be used independently or can be combined.

All ranges disclosed herein are inclusive of the endpoints, and the endpoints
are independently combinable with each other. The ranges are continuous and thus
contain every value and subset thereof in the range. Unless otherwise stated or
contextually inapplicable, all percentages, when expressing a quantity, are weight
percentages. The suffix (s) as used herein is intended to include both the singular and
the plural of the term that it modifies, thereby including at least one of that term (e.g.,
the colorant(s) includes at least one colorants). Option, optional, or optionally means
that the subsequently described event or circumstance can or cannot occur, and that
the description includes instances where the event occurs and instances where it does
not. As used herein, combination is inclusive of blends, mixtures, alloys, reaction

products, collection of elements, and the like.
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As used herein, a “nonlinear microresonator” is a monolithic resonant cavity
comprised of a material that possesses an optical nonlinearity, such as a second-order
or third-order nonlinearity. Example nonlinear microresonator geometries include:
structures made on integrated photonics chips, such as microring, microdisk, and
photonic crystal cavities; and micromachined structures fashioned out of bulk
materials, including microspheres and crystalline whispering gallery mode resonators.
Characteristic length scales for nonlinear microresonators can be from the sub-

micrometer scale to the millimeter-scale.

As used herein, a combination thereof refers to a combination comprising at
least one of the named constituents, components, compounds, or elements, optionally
together with one or more of the same class of constituents, components, compounds,

or elements.

All references are incorporated herein by reference.

” o

The use of the terms “a,” “an,” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein
or clearly contradicted by context. It can further be noted that the terms first, second,
primary, secondary, and the like herein do not denote any order, quantity, or
importance, but rather are used to distinguish one element from another. It will also
be understood that, although the terms first, second, etc. are, in some instances, used
herein to describe various elements, these elements should not be limited by these
terms. For example, a first current could be termed a second current, and, similarly, a
second current could be termed a first current, without departing from the scope of the
various described embodiments. The first current and the second current are both

currents, but they are not the same condition unless explicitly stated as such.

The modifier about used in connection with a quantity is inclusive of the stated
value and has the meaning dictated by the context (e.g., it includes the degree of error
associated with measurement of the particular quantity). The conjunction or is used to
link objects of a list or alternatives and is not disjunctive; rather the elements can be

used separately or can be combined together under appropriate circumstances.
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CLAIMS

What is claimed is:

1. An apparatus for the generation of a spectrally translated frequency
comb comprising:

an electro-optic frequency comb source; and

a nonlinear microresonator in optical communication with the electro-optic
frequency comb source;

wherein the electro-optic frequency comb source generates a pump frequency
comb which is injected into the nonlinear microresonator, and wherein the nonlinear
microresonator outputs at least one spectrally translated frequency comb and a

depleted pump frequency comb.

2. The apparatus of claim 1, wherein the electro-optic frequency comb
source comprises:

a laser source;

an electro-optic phase modulator in optical communication with the laser

source;

a frequency source configured to drive the electro-optic phase modulator.

3. The apparatus of claim 1, wherein the nonlinear microresonator is an

optical parametric oscillator (OPO).

4. The apparatus of claim 3, wherein the OPO outputs two spectrally

translated frequency combs: a signal comb, and an idler comb.

5. The apparatus of claim 3, wherein the OPO is a SisN4 microring relying

on third-order (x ) nonlinearity.

6. The apparatus of claim 3, wherein the OPO is a microring relying on

second-order (x @) nonlinearity.
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7. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by pure x® second

harmonic generation.

8. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by photoinduced x®

effects.

9. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by electric field-induced

x®@ behavior in a x® system.

10. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by sum frequency

generation.

11. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by difference frequency

generation.

12. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by stimulated four-

wave mixing.

13. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by four-wave mixing

Bragg scattering.

14. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by Kerr comb

generation.

15.  The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by third or higher order

harmonic generation.
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16. The apparatus of claim 1, wherein the nonlinear microresonator is
configured for spectral translation of the pump frequency comb by the cascading of

some combination of spectral translation processes.

17. A method for generating a spectrally translated frequency comb, the
method comprising:

generating an electro-optic frequency comb (a pump frequency comb);

injecting the pump frequency comb into a nonlinear microresonator; and

creating at least one spectrally translated frequency comb as an output of the

nonlinear microresonator.

18. The method of claim 17, wherein the nonlinear microresonator is an an optical

parametric oscillator (OPO).

19. The method of claim 18, wherein the OPO outputs two spectrally translated

frequency combs: a signal comb and an idler comb.

20.The method of claim 19, wherein the signal comb and idler comb are used in

performing spectroscopy.

10
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