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A plethora of applications have recently motivated extensive efforts regarding the generation of Kerr solitons and coherent frequency combs. However, the Kerr (cubic) nonlinearity is inherently weak. By contrast, strong quadratic nonlinearity in optical
resonators is expected to provide a promising alternative means for soliton formation. Here we demonstrate dissipative quadratic soliton formation via non-stationary optical parametric amplification in the presence of pronounced temporal walk-off
between pump and signal, leading to half-harmonic generation accompanied by a substantial pulse compression (exceeding a
factor of 40) supported at low pump pulse energies (~4 pJ). The quadratic soliton forms in a low-finesse cavity in both normal
and anomalous dispersion regimes. We present a route to considerably improve the performance of the demonstrated quadratic soliton when extended to an integrated platform to realize highly efficient extreme pulse compression, leading to the
formation of few-cycle soliton pulses starting from ultra-low-energy picosecond-scale pump pulses.

T

he formation of dissipative solitons in nonlinear resonators has become a versatile mechanism for stable femtosecond sources1,2. In the frequency domain it corresponds to a
broadband frequency comb, which, when self-referenced, leads to a
myriad of applications in precision measurements, including spectroscopy3,4, astro-combs5,6, atomic clocks7, ranging8,9 and imaging10,
to name a few. Recently, the ambit of frequency combs has expanded
to cover promising avenues such as massively parallel data communication11 and the realization of machine learning accelerators12. To
cater to this increasing list of technologically important applications there are a number of outstanding challenges to be addressed,
including attaining low-power operation13, high pump-to-soliton
conversion efficiency14–18, broadband (octave-spanning and widely
tunable) comb formation in a compact platform19,20, reliable fabrication and operation of high-Q resonators.
In the past decade there has been extensive research on
Kerr-based frequency combs where a χ(3) nonlinear resonator
is coherently driven by a continuous-wave (c.w.) laser to excite
temporal solitons2. However, the Kerr nonlinearity, being a cubic
nonlinearity, is inherently weak, and so requires the use of high-Q
resonators to reach the threshold of parametric oscillation with
reasonable pump power. The frequency comb forms around the
driving c.w. laser, and it requires precise dispersion engineering
and, in some cases, the use of multiple pump lasers21 to extend
the comb to its harmonics and sub-harmonics. These issues can
be alleviated by operating with quadratic nonlinearity, which can
typically cause substantial nonlinear mixing at power levels
that are orders of magnitude lower than its cubic counterpart22.
With the ability to perform harmonic conversion through properly phase-matched quadratic nonlinear interactions, χ(2) nonlinear media promise an ideal platform to realize widely tunable
self-referenced frequency combs. Although frequency comb generation through quadratic nonlinearity23–28 and femtosecond optical
parametric oscillators29 has been the subject of several theoretical
and experimental investigations, demonstrations of quadratic soliton formation remain rare22,30.

Fundamental limits on the efficiency (pump-to-soliton conversion) of c.w.-pumped Kerr solitons15,16 have motivated study of
their pulsed-pump-driven arrangements6,17. Modulated pumps also
provide additional control on the dynamics of the temporal solitons31–33. Another route to achieve high conversion efficiency is to
use low-finesse cavities with large outcoupling, where the roundtrip
loss is compensated by proportionate amplification34. Thus, soliton
formation in a synchronously pumped low-finesse quadratic nonlinear resonator represents a viable route to realize highly efficient
and widely tunable broadband frequency combs30.
In this Article we demonstrate walk-off-induced temporal solitons in a degenerate optical parametric oscillator (OPO) based on
pure quadratic nonlinearity. We follow the notion of the dissipative
solitons as defined in ref. 35. We show that the quadratic soliton can
be supported in both normal and anomalous group-velocity dispersion regimes. We also show that this quadratic soliton exists in a
low-finesse optical cavity, which can lead to high conversion efficiency. We achieve giant pulse compression exceeding a factor of 40
at picojoule-level pump energy. We investigate the dynamics of this
quadratic soliton and characterize its different regimes of operation.
Furthermore, we define a figure of merit (FOM) that can act as the
design guideline for achieving extreme pulse compression and optimum soliton formation in a dispersion-engineered cavity that can
be accessible through integrated platforms. Our results pave the way
for the generation of energy-efficient dissipative quadratic solitons,
breaking some of the barriers for the generation of Kerr solitons,
which demand high-Q cavities, feature-limited conversion efficiency and anomalous dispersion for bright soliton formation and
possess limited wavelength tunability.

Results

We consider a degenerate OPO36, as illustrated in Fig. 1a (a
detailed schematic is provided in Supplementary Section 2). The
OPO is driven synchronously by a pump pulse with a temporal
width of several picoseconds. The quadratic nonlinear interaction
takes place in a periodically poled lithium niobate waveguide37,38,
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Fig. 1 | Walk-off-induced quadratic soliton formation process.
a, Schematic of the doubly-resonant half-harmonic synchronously pumped
OPO with resonant signal and non-resonant pump. The quadratic nonlinear
interaction takes place in the periodically poled region and, owing to the
large GVM between the signal (vgs is the signal group velocity) and the
pump (Vgp is the pump group velocity), substantial pulse compression
occurs due to the non-stationary OPA process as the signal walks off
(along the propagation direction z) through the pump. This is contrasted
with the stationary OPA case, which features negligible temporal walk-off,
and the signal amplification is not accompanied by considerable pulse
compression. b, The dissipative soliton is sustained in the OPO by a
triple balance of energy, temporal broadening and timing. The energy
loss through dissipation is balanced by the parametric gain through the
OPA process, whereas the temporal broadening due the group-velocity
dispersion is arrested by the temporal gain-clipping mechanism. Finally,
timing synchronization is achieved by the delicate balance between
linear cavity detuning, nonlinear acceleration due to gain saturation and
the gain-clipping mechanism. c, Illustration of the temporal gain-gating
mechanism, that is, the dependence of gain on the relative delay between
the pump and signal pulses, which is responsible for the gain clipping. The
signal pulse that experiences maximum temporal overlap with the pump
pulse throughout the non-stationary OPA process extracts the highest gain.

providing parametric interactions between the pump at the fundamental frequency and the signal at the half-harmonic frequency. The
cavity is completed with a combination of polarization-maintaining
fibres and a suitable free-space section to ensure that the pump
repetition rate is approximately equal to multiples of the cavity free
spectral range.
The walk-off-induced quadratic soliton formation is supported
by a non-stationary optical parametric amplification (OPA) process39,40. The temporal soliton at the half-harmonic (1,550 nm)
walks through the pump (775 nm) due to the group-velocity mismatch (GVM; Supplementary Section 3). This allows a signal pulse
that is much shorter than the pump pulse to extract most of the
pump energy. By contrast, in a stationary OPA process (with negligible temporal walk-off between the pump and signal), the signal
is amplified without considerable pulse compression, as shown in
Fig. 1a41. Figure 1b shows the mechanisms contributing to the nonlinear dynamics of the OPO that are responsible for this quadratic
soliton formation. The dissipative soliton loses energy via different
dissipation pathways of the low-finesse cavity, which include intrinsic cavity roundtrip loss and the outcoupling. This energy loss is
counterbalanced by the parametric amplification process. The OPO
oscillation threshold occurs when the parametric gain overcomes
the loss, and the quadratic soliton is supported near threshold.
The group-velocity dispersion (GVD) of the medium (waveguide + cavity) leads to temporal pulse broadening. This
GVD-induced broadening is prevented by the temporal gainclipping mechanism (Supplementary Section 3)36. The pulsed
pumping scheme in the synchronously driven OPO leads to a temporal gain window that is responsible for the time gating of the
parametric gain and is expressed by the gain-clipping effect. In Fig.
1c we consider the unsaturated amplification of several signal pulses
with different temporal positions on a fast timescale with respect to
the pump pulse. The signal pulse that undergoes maximal overlap
with the pump in the entire non-stationary OPA process experiences the maximum gain. This gain gradually decreases on either
side of this optimal temporal position on the fast-time axis, thereby
enforcing a temporal gating of the gain. This gain window progressively broadens as the pump power is increased above threshold.
A signal pulse that experiences GVD-induced temporal broadening and extends beyond this temporal gain window will experience
less net gain. This competition between GVD and the gain-clipping
mechanism gives rise to the temporal balance.
Finally, the timing balance (synchronization) is determined by
the mutual interplay between the linear cavity detuning, gain saturation and the gain clipping. The cavity detuning causes a timing
mismatch from exact synchrony with the pump repetition rate.
Doubly-resonant OPOs can only oscillate around cavity detunings
where the roundtrip phase accumulations are integer multiples of
π (ref. 36). The cavity detuning phase can be expressed as Δϕ = πl,
where integer values of l represents the centre of these discrete OPO
peaks, as shown in Fig. 2a,b. A magnified view of a single peak
structure is shown in the inset of Fig. 2a. Within a peak, the OPO
can oscillate in degenerate or non-degenerate regimes42. We operate at the cavity detuning that corresponds to the degenerate mode
of operation to access the dissipative quadratic soliton. The timing
mismatch (detuning-induced delay with respect to the synchronous
λl
pumping) can be expressed as ΔT = 2c
, where c is the group velocity of the half-harmonic signal with wavelength λ in the cavity.
The gain saturation arises due to the pump depletion. As the signal walks through the pump (due to the GVM), the leading edge of
the soliton experiences larger gain than the trailing edge, because
the trailing edge experiences the depleted pump. This causes a pulse
centroid shift in response to this underlying nonlinear acceleration30.
The gain clipping, on the other hand, is aligned with the pump temporal position on the fast timescale and also contributes to the timing
balance. The synchronization of the quadratic soliton supported in
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Fig. 2 | Cavity detuning dependence of doubly-resonant OPO and its impact on synchronization. a,b, Mode-locking range of doubly-resonant
sync-pumped OPO as a function of cavity detuning obtained experimentally (a) and via numerical simulation (b). OPO oscillation occurs around discrete
peaks centred at integer values of detuning parameter l. A zoomed view of a single peak is shown in the inset of a. c, Evolution of the intra-cavity OPO
field from random noise to the approximate sech-shaped signal soliton pulses in the steady state. Top: non-normalized intensity. Bottom: normalized
intensity to highlight the different dynamical regimes. d, Evolution of the intra-cavity OPO field in the case of large cavity detuning (l = 50), highlighting
the importance of gain saturation and gain clipping in timing balance and synchronization. Top: non-normalized intensity. Bottom: normalized intensity to
highlight the different synchronization regimes in the large detuning scenario.

the synchronously pumped OPO can be expressed in terms of FCEO
(carrier envelope offset frequency) locking and FREP (repetition frequency) locking to the pump. Although the doubly-resonant OPO
can have multiple modes of operation (Supplementary Section 8),
the quadratic soliton in the steady state exists in the FREP and FCEO
locked synchronized state. The demonstrated quadratic soliton is
thus capable of transferring the frequency comb stability properties of the pump in addition to the coherent spectral broadening
(the pulse shortening) mechanism. The spontaneous evolution of
these solitonic pulses from background noise obtained via numerical simulation is shown in Fig. 2c. The non-normalized version (top
panel, Fig. 2c) and normalized version (bottom panel, Fig. 2c, where
the intra-cavity intensity of each roundtrip is normalized to itself)
of the roundtrip evolution highlight the several dynamical regimes
of the quadratic soliton formation. The nonlinear dynamics is initiated by spatiotemporal gain competition, followed by gradual building up of the signal/soliton pulse, which eventually becomes intense
enough to undergo gain saturation, leading to pulse centroid shift
and nonlinear acceleration. Finally, the soliton reaches the steady
state and maintains synchronization with the pump. Figure 2d shows
the time evolution of the OPO in the case of large cavity detuning.
This exemplifies the role of gain saturation and gain clipping in
timing balance and synchronization. Large cavity detuning is also
associated with timing mismatch (from exact synchrony), which
results in a pulse delay or advance each roundtrip, as shown in the
initial evolution cycles in the bottom panel of Fig. 2d. The slope of
this pulse delay is represented by the dotted lines and corresponds
to the cavity detuning-induced timing delay (ΔT). Below threshold,
this large timing mismatch cannot be completely compensated by the
Nature Photonics | www.nature.com/naturephotonics

gain-clipping mechanism, leading to an FCEO unlocked state, with the
signal still maintaining FREP locking. Above threshold, onset of gain
saturation takes place, and the combined effect of gain saturation
and gain clipping leads to the timing balance resulting in the soliton
maintaining synchronization (FCEO and FREP locked) with the pump.
The combination of these balancing effects can be elucidated using
the semi-analytical variational formalism, which expresses the pulse
parameters (energy, temporal width and centroid) in terms of the
cavity and driving parameters (Supplementary Section 3.2)36.
Figure 3 shows the measured and simulated spectral and temporal characteristics of the quadratic soliton. Substantial spectral broadening of the signal compared to the pump is shown in
Fig. 3a,b. The soliton pulse is characterized using an intensity
cross-correlation technique as shown in Fig. 3c overlaid with the
pump pulses at the output of the waveguide. The OPO operation at
degeneracy is confirmed by the radiofrequency beat-note measurement (Supplementary Section 5).
The quadratic soliton is formed near the oscillation threshold of
the OPO. The OPO threshold is associated with a phase transition
in the spatiotemporal correlation properties of the quadrature fluctuations and the accompanying symmetry breaking43. As the pump
power (expressed in normalized form p, denoting the number of
times above threshold) increases further above threshold, the temporal width of the gain-clipping region increases, and the soliton
transitions into the box-pulse regime (Supplementary Section 4)36.
In the box-pulse regime, gain clipping dominates over the cavity
GVD, and the pulse assumes a box-pulse shape, deviating from the
approximate sech profile in the near-threshold soliton regime. In
the soliton regime, the effect of GVD is counterbalanced by the gain
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clipping, and the soliton exhibits characteristic pulse-width variation with a power-law dependence on the total cavity dispersion
(group delay dispersion, GDD; scaled to the 2/5 power of the GDD,
Supplementary Section 3.2), while in the box-pulse regime the pulse

length is almost invariant with GDD. This distinct pulse-width
scaling is shown in Fig. 4a. Figure 4b presents an illustrative diagram of the region of the existence of different pulse regimes in
the parameter space of pump power and dispersion. The soliton
Nature Photonics | www.nature.com/naturephotonics
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regime is accessed close to threshold. When the pump power is far
above threshold, the system enters the box-pulse regime for large
values of dispersion, whereas multi-pulsing occurs for small values
of dispersion. Typical spectral and temporal characteristics of the
OPO in the solitonic and box-pulse regimes are shown in Fig. 4c,d.
The 3-dB spectral bandwidth of the OPO decreases with increasing
pump power, as shown in Fig. 4e, and the corresponding variation
of the measured full-width at half-maximum of the pulses in the
time domain is shown in Fig. 4f. This scaling of the pulse width is
distinct from the temporal simultons, which are bright/dark soliton
pairs in a quadratic medium (Supplementary Section 11)44.
The soliton pulse width can be obtained from semi-analytical
variational calculations (Supplementary Section 3), and its dependence on the cavity parameters can be expressed as
(
τ sech =

2

7 (ϕ′2 ) Tp
15 ln(G0 )ln(2)

)1
5

,

1
where ϕ′2 is the cavity GDD, (1 − G−
0 ) represents the roundtrip
loss, and Tp is the pump pulse width. We have assumed the optimum pump pulse width (Tp = Lu, where L is the waveguide length
and u is the walk-off parameter) where the pulse width matches the
walk-off length in the waveguide (Supplementary Section 9). Also,
the contribution of higher-order dispersions has been neglected
in deriving this expression. In the limit of GDD → 0, the above
GDD-dependent approximation of the pulse width breaks down,
and the pulse width is instead determined by the higher-order dispersion coefficients (Supplementary Section 3.3). The pulse compression factor can then be expressed as Tp/τsech. We define a FOM
that is indicative of the amount of pulse compression attained and
can serve as a design guideline for achieving optimum soliton compression. The FOM in a non-zero GDD scenario for a given length
(L) of the phase-matched quadratically nonlinear region is defined
as (Supplementary Section 3)
 2 
u L
.
FOM = 
(1)
β2 
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A large value of GVM and small value of GVD (β2) (either normal or anomalous) favours efficient soliton compression. Figure 5a
shows the experimental results of variation of the soliton spectral
bandwidth with changing cavity dispersion that has been realized
by combining different lengths of normal and anomalous GVD
fibres. Some of these fibre combinations yield net normal-cavity
GVD (blue circles, Fig. 5a) and the rest experience net anomalous
cavity GVD (green circle, Fig. 5a). The quadratic soliton can exist
irrespective of the sign of the cavity second-order GVD coefficient. Extensive dispersion engineering capability can be accessed
through an integrated nanophotonics platform that can be designed
to maximize the FOM41,45,46. Figure 5b presents a plot of the FOM
as the width and etch depth of a typical lithium niobate ridge waveguide are varied (Supplementary Section 6). If we now consider a
point corresponding to a large value of the FOM, we predict (using
numerical simulation) a pulse compression in excess of a factor of
60 for a 6-mm-long parametric gain section (dispersion parameters
are reported in Supplementary Section 6), leading to the generation
of few optical-cycle pulses starting from picosecond pump pulses,
as shown in Fig. 5c. Further improvement can be obtained by utilizing longer gain sections and engineering a flat dispersion profile while taking higher-order GVD coefficients into consideration
(Supplementary Section 3.3)47.

Discussion

Figure 6 presents an overview of the existing approaches to pulse
compression in the parameter space of compression factor and
pump pulse energy utilized. Prevailing popular approaches include,
but are not limited to, pulse pumped Kerr solitons6,17, Kerr solitons in enhancement cavities48, Kerr solitons in active cavities34,
singly-resonant synchronously pumped OPOs49 and soliton compression in waveguides50,51. It is highly desirable to attain large compression factors with low pump pulse energy (top left corner of the
landscape in Fig. 6). In our work, we have achieved a pump-to-signal
pulse-compression factor of ~42, which compressed an ~13.2-ps
flat-top pulse at 775 nm to ~316 fs at 1,550 nm, corresponding to a
3-dB spectral bandwidth of 8.3 nm (Supplementary Section 7). The
pump average power was close to 1 mW, which amounts to 4 pJ of
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pulse energy. This shows our work to be a marked advancement
over existing approaches and elucidates the opportunities associated with soliton generation in quadratic nonlinear resonators.
The experimental conversion efficiency is estimated to be near
10% (after considering the effect of insertion losses in the interfaces of the set-up), which is consistent with our numerical simulation (Supplementary Section 10). Additionally, extension of the
demonstrated concept to integrated nanophotonic platforms will
allow ultra-low-power operation with soliton formation possible
at several femtojoules of pump pulse energy13,41,45. The low-finesse
operation relaxes fabrication requirements for on-chip realization
of quadratic solitons, and the picosecond pump pulses can be generated using integrated electro-optic modulators52, thereby paving the
way for complete system integration.
The dissipative quadratic soliton under consideration is reliant on pump pulses, which is unlike c.w.-driven Kerr solitons but
shares similarities to other variants of solitons where a trigger pulse
is required34. However, the soliton exhibits only a weak dependence
on the exact temporal structure of the pump pulse (Supplementary
Section 12) because of the importance of all the balancing mechanisms for soliton formation.
We should also note that the presented soliton formation contrasts starkly with previous demonstrations of pulse compression
in bulk OPOs, where only the non-degenerate signal oscillates40,49.
Although non-stationary OPA is a common element, the presented
soliton formation in doubly-resonant OPOs is rooted in the interplay between phase-sensitive amplification and the degenerate
signal resonant condition, which is absent in the singly-resonant
counterparts. This demarcation is further accentuated by the synchronization of both the CEO frequency and the repetition rate to
the pump, fixed output wavelength and low-power operation.
Various modes of operation of degenerate OPOs (DOPO) provide a rich landscape that can cater to the diverse requirements in
ultra-short pulse sources in different wavelength ranges30,53. The
walk-off-induced soliton represents the giant pulse-compression
regime of operation of DOPOs. In this solitonic regime, the pulse
width scales with GDD, and good conversion efficiencies can be
achieved on account of the low-finesse cavity operation. However,
due to the gain-clipping-dominated box-pulse scaling behaviour, the
bandwidth decreases with increasing pump power, which prevents

it from achieving even higher conversion efficiencies. The simulton
regime represents another solitonic mode of operation of DOPOs30.
In this regime, GVD-free scaling of the pulse width is observed and,
thanks to the favourable trend of increasing bandwidth with pump
power, a higher conversion efficiency can be attained. However,
the simulton regime requires that the detuning-induced timing
mismatch and gain-clipping window have a comparable timescale
along with some minimum third-order dispersion for its existence.
This leads to a trade-off in terms of the attainable pulse compression
and pump power (threshold requirement; Supplementary Section
11). Proper dispersion engineering of an OPO can lead to the formation of simultons in a dispersion regime where large pulse compression is expected to be accompanied by high (>50%) conversion
efficiencies (Supplementary Section 11); this will be the subject of
future work.
In summary, we have demonstrated the formation of
walk-off-induced dissipative solitons in a DOPO. We have
shown a substantial pulse-compression factor attainable with a
picojoule-level pump, thanks to the strong quadratic nonlinearity. We have presented design guidelines for achieving efficient
quadratic soliton formation in properly dispersion-engineered
thin-film integrated devices45,52. This holds promise for the generation of few-cycle pulses starting from easily accessible picosecond
pump pulses, thereby paving the way for the realization of turnkey frequency-comb sources19,20. In parallel to the ongoing efforts
in relation to pure cubic and combined quadratic and cubic nonlinearities for soliton formation22,54,55, our results highlight a route
to realize solitons with pure quadratic nonlinearity with potential
practical advantages in terms of conversion efficiency, wavelength
diversity and cavity finesse requirements.
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Methods

Experimental set-up. A simplified experimental schematic is shown in Fig. 1a,
a detailed version of which is presented as Supplementary Fig. 1 (Supplementary
Section 2). The OPO pump is derived from the mode-locked laser through
second-harmonic generation in a 40-mm-long bulk quasi-phase-matched
periodically poled lithium niobate (PPLN) crystal. The pump is centred around
775 nm, a value that can be thermally tuned, and is ~13 ps in duration. This
provides approximately the optimum pump length for soliton formation, because
it satisfies Tp = Lu. The main cavity is composed of a PPLN waveguide (reverse
proton exchange, 40 mm long)37 with fibre-coupled output ports, fibre phase
shifter, free-space section (to adjust the pump repetition rate to be a multiple of
the free spectral range of the cavity; the cavity consists of three or four pulses
per roundtrip depending on the length of the fibre combinations used), an
additional fibre segment to engineer the cavity dispersion (combination of a
polarization-maintaining single mode providing anomalous dispersion and
dispersion-compensating fibres providing normal dispersion) and a beamsplitter,
which provides the output coupling. The cavity length is stabilized using the
Pound–Drever–Hall (PDH) locking scheme. It should be noted that the PDH
locking scheme employed in the experiment is used to prevent the slow drift only
and does not play a role in the timing balance or synchronization process. The
temporal characterizations of the pulses are obtained using the non-collinear
sum-frequency generation cross-correlation technique in a beta barium borate
crystal. Additional details pertaining to the experimental set-up and methods are
provided in Supplementary Section 2.
System modelling. The quadratic nonlinear interaction inside the PPLN
waveguide (length L) is governed by
[
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The evolutions of the signal (a) and pump (b) envelopes in the slowly varying
envelope approximation are dictated by equations (2a) and (2b), respectively36.
Here, * denotes complex conjugation, u represents the walk-off parameter, α
denotes the loss coefficients and the GVD coefficients are denoted by β. The
effective second-order nonlinear coefficient (ϵ) is related to the second-harmonic
generation efficiency36. The roundtrip cavity feedback (outside the periodically
poled region) is given by
{
{
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a(n+1) (0, t) = F −1 G0 2 eiϕ̄ F a(n) (L, t)
ϕ̄ = Δϕ +

number is denoted by n. The fast time represents the timescale within a roundtrip.
The equations are numerically solved adopting the split-step Fourier algorithm.
Further details are provided in Supplementary Sections 3 and 4. We also adopted
the manifold projection method to obtain semi-analytical expression of the soliton
parameters. Results obtained in this approach are referred to as analytical. The sech
profile is considered as an approximation to the pulse shape in the soliton regime
and has been used as an ansatz for the semi-analytical variational calculations.
The optical spectrum shown in Fig. 3a,b deviates from the sech2 shape and
closely resembles a Gaussian profile, a feature that has been observed in the context
of stretched solitons56,57. This is the case in our experimental implementation,
where low values of cavity GDD have been realized utilizing appropriate lengths
of both normal and anomalous dispersion fibres. This scenario will not appear in
the case of uniformly dispersion-engineered cavities designed on an integrated
platform, where the sech profile can be a good approximation to the soliton pulse
shape.
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Equations (3a) and (3b) take into consideration the roundtrip loss, which
is lumped into an aggregated outcoupling loss factor G0, the GVD (ϕ2) of the
feedback path and the detuning (Δϕ) (Δϕ = πl, where l is the cavity length
detuning in units of signal half-wavelengths in vacuum) of the circulating signal
from the exact synchrony with respect to the periodic pump. The roundtrip

We acknowledge support from AFOSR award no. FA9550-20-1-0040 (to A.M.), NSF
grant no. 1846273 (to A.M.) and NASA (to A.M.). We also thank NTT Research for their
financial and technical support. We thank R. Gray for his valuable input.

Author contributions

A.R. performed the experiments with help from R.N. A.R. and L.L. developed the
theory and performed the numerical simulations. C.L. fabricated the PPLN waveguide
used in the experiment, with supervision from M.F. All authors contributed to analysis
of the results. A.R. and A.M. wrote the manuscript with input from all authors. A.M.
supervised the project.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41566-021-00942-4.
Correspondence and requests for materials should be addressed to Alireza Marandi.
Peer review information Nature Nanotechnology thanks the anonymous reviewers for
their contribution to the peer review of this work.
Reprints and permissions information is available at www.nature.com/reprints.

Nature Photonics | www.nature.com/naturephotonics

