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High-Power Mid-IR Few-Cycle Frequency Comb from
Quadratic Solitons in an Optical Parametric Oscillator

Mingchen Liu, Robert M. Gray, Arkadev Roy, Kirk A. Ingold, Evgeni Sorokin,

Irina Sorokina, Peter G. Schunemann, and Alireza Marandi*

Powerful and efficient optical frequency combs in the mid-infrared (MIR)
spectral region are highly desirable for a broad range of applications. Despite
extensive efforts utilizing various techniques, MIR frequency comb sources
are still lacking power, efficiency, or bandwidth for many applications. Here,
the generation of an intrinsically locked frequency comb source centered at
4.18 um from an optical parametric oscillator (OPO) operating in the simulton
regime is reported, in which formation of purely quadratic solitons leads to
enhanced performance. Advantages of operation in the simulton regime in
direct experimental comparisons to the conventional regime are shown,
which are also supported by simulation and theory. 565 mW of average power,
900 nm of instantaneous 3 dB bandwidth, 350% slope efficiency, and 44%
conversion efficiency are achieved, a performance that is superior to previous
OPO demonstrations and other sources in this wavelength range. Here, a

research over the past decades, driven
by its numerous applications ranging
from precise sensing to fundamental
science,!l of which notable examples
are molecular spectroscopy,??! astro-
nomical spectrograph calibration,/*5] and
high-harmonic generation.[®’] Referred
to as the “molecular fingerprint re-
gion,” the MIR portion of the electro-
magnetic spectrum contains strong rovi-
brational absorption features of many
molecules, the detection of which is use-
ful for a plethora of applications such as
medicine, environmental science, agri-
culture, energy, and defense. In par-
ticular, the 3-5 pum band is of high

new avenue toward MIR frequency comb generation with high power and
efficiency is opened, and the great potential of soliton generation based on
quadratic nonlinearity in the MIR spectral region is suggested.

1. Introduction

Optical frequency comb generation in the mid-infrared (MIR)
spectral region (3-25 um) has been a subject of intensive
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interest as it contains strong absorp-
tions of many important molecules, in-
cluding greenhouse gases (e.g., carbon
dioxide at ~4.2 pm, nitrous oxide at
~4.5 pm, and methane at ~3.3 pm),
species used in breath analysis (e.g., ethane at ~3.3 um and car-
bon monoxide at ~4.7 pm), and major air pollutants (e.g., nitro-
gen dioxide at ~3.5 pm and sulfur dioxide at ~4 um).1%! Given its
significance, it is highly desirable to produce frequency combs in
this band with great power, efficiency, bandwidth, and stability.

The most widely used techniques to produce MIR frequency
combs include difference frequency generation (DFG), optical
parametric oscillators (OPOs), quantum cascade lasers (QCLs),
microresonators, supercontinuum generation (SCG), and direct
MIR lasing. DFG-based sources feature single-pass configura-
tion and passive cancellation of the carrier-envelope offset fre-
quency (f..,)1**? but are limited by their relatively low pow-
ers and efficiencies. QCLs have been demonstrated to be a
promising alternative to optical nonlinear methods for frequency
comb generation*"%! but currently exhibit narrow instanta-
neous bandwidth and limited spectral coverage. Other MIR fre-
quency comb sources, including microresonators,[**) SCG,[1718]
and direct MIR lasing!*! are still facing challenges to reach be-
yond 3.5 pm.

Compared to other techniques, OPOs have high powers
and efficiencies with broad spectral coverages and wide tun-
ing ranges.?>»] Among the various OPO configurations,
synchronously pumped degenerate OPOs have been demon-
strated to be particularly promising, featuring high conversion
efficiencies,??’] two-octave-wide spectra,/?] few-cycle pulses,?’]
scalability to a multi-GHZ repetition rate,*®) and more impor-
tantly, intrinsic phase and frequency locking of the output to the
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pump.3!) However, the demonstrated OPOs with a wavelength
coverage beyond 3 pm have either an MIR conversion efficiency
smaller than 209120:22-2426] or 3 limited MIR output power under
250 mWw.[27:28]

Recently, there has been increasing interest in realization of
purely dissipative cavity solitons®23}] with the promise of fre-
quency comb sources outside the well-developed near-IR region.
The temporal simulton, a special form of quadratic solitons char-
acterized by the generation of simultaneous bright-dark solitons
of the signal at @ and the pump at 2w,1>*** has emerged as a novel
state of operation in OPOs.[**37] The simulton-based OPO can be
considered as a combination of a degenerate optical parametric
amplifier (OPA) and a positively detuned cavity, in which a dou-
ble balance of energy and timing is achieved,’*’] as illustrated in
Figure 1a—d. While the energy balance results from the interplay
of dissipation and amplification, the timing balance is rooted in
the compensation of cavity detuning by the nonlinear accelera-
tion. Running in an uncommon high-gain low-finesse regime,
simulton-based OPOs feature even higher power and efficiency
as well as favorable power-dependent bandwidth scaling without
losing any advantages of conventional OPOs. Although opera-
tion in the simulton regime has offered a promising new avenue
for frequency comb generation in the MIR spectral region, it has
remained challenging to extend it to longer wavelengths due to
an incomplete understanding of its formation requirements and
challenges in experiment.

In this article, we demonstrate an OPO working in the si-
multon regime which generates a frequency comb centered at
4.18 pm with a high average power of 565 mW, a record con-
version efficiency of 44%, an instantaneous full-width at half-
maximum (FWHM) bandwidth from 3.6 to 4.5 pm, and pulses
of 45 fs duration, making it an outstanding mid-IR frequency
comb source. A direct experimental comparison between the si-
multon and conventional regimes under the exact same pump
condition attributes many of these outstanding characteristics to
the simulton formation. Moreover, we perform numerical sim-
ulations to capture the behavior exhibited by different regimes
of the OPO, which agree well with our experimental results. The
simulation also indicates a pathway to further improve the per-
formance of the simulton-based OPO. Lastly, we highlight key
features of the simulton build-up dynamics and offer a discus-
sion on the impact of the pump carrier-envelope offset frequency
on simulton formation, with many practical implications. This
work presents a powerful scheme for MIR frequency comb gen-
eration and demonstrates its potential to be extended to longer
wavelengths and integrated platforms.®

2. Results

Because the parametric gain is phase sensitive, the signal of the
OPO only oscillates around the cavity lengths where it acquires a
0 or z phase shift relative to the pump on each roundtrip. This re-
sults in signal resonances at a discrete set of cavity lengths, which
are separated by about half the signal center wavelength. In the
context of this paper, the cavity length is denoted by the devia-
tion of the cold-cavity round-trip time from the repetition period
of the pump pulses, i.e., ATyr. Depending on the ATy, the dif-
ferent resonances can be classified into three regimes of opera-
tion: simulton (AT > 0), conventional (AT = 0, also referred
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Figure 1. The simulton-based OPO. a) Simplified diagram of the oscilla-
tor. T,: Repetition period of the pump pulse and the signal pulse, which is
also the cold-cavity round-trip time of the degenerate OPO working in the
perfectly synchronous (conventional) regime. ATgy: positive timing mis-
match between the cavity time of the simulton OPO and T,. OC, partial
output coupler. The oscillator can be considered a combination of b) a
degenerate OPA and c) a positively detuned cavity, striking d) a double
balance of timing and energy. b) Illustration of simulton formation: signal
(orange) at @ and pump (blue) at 2w. For comparison, uncolored solid
lines denote a perfectly synchronous (ATgr = 0) half-harmonic pulse un-
dergoing linear propagation. @: on each roundtrip, a small group delay,
ATgr, is acquired by the resonating signal pulse with respect to the newly
in-coupled pump pulse due to the detuning of the cavity roundtrip time.
®,@: Passing though the crystal, the signal is amplified by extracting gain
from the pump until the pump is depleted, meanwhile accumulating a si-
multon group advance. @: Once depleted, the pump forms a dark soliton
and copropagates with the signal at the simulton velocity. (e) Schematic
of the 4.18 uym OPO cavity. The cavity length is controlled by mounting
M, on a piezo stage (PZT). The whole cavity resides in a box purged with
dry nitrogen to reduce the effects of atmospheric absorption on the OPO
operation. Although the OPO can still run without purging, degenerate
operation is not possible due to the strong absorption of carbon dioxide
centered at 4.2 um, prohibiting the OPO from operating in the simulton
regime. We also contain the measurement instruments for characteriza-
tion of the OPO output in the purging box to limit the artifacts caused by
the atmospheric absorption. LPF, long-pass filer.
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Figure 2. a) Measured signal spectrum as a function of cavity detuning at the highest pump power of 1290 mW, labeled with resonance numbers. The
y-axis denotes the relative cavity detuning, the zero of which is set at the center of the conventional resonance. b) Simulated signal spectrum as a function
of cavity detuning corresponding to (a), with the three identified regimes indicated on the left. c) Output—input power dependencies for each resonance
measured with locked cavity lengths. Filled circle, unfilled circles, and triangles denote experimental measured points of simulton (+1), conventional
(0), and nondegenerate (—1to —4) resonances, respectively. Solid lines represent their linear fitting for estimation of their slope efficiencies. Note that
the thresholds of resonance 0, —1, =2, and —3 cannot be directly measured since the pump is not stable at such low powers; therefore, they are instead
estimated by extrapolations of their linearly fitted lines, denoted by asterisks. Two slope efficiencies, one just above the threshold (dark red solid line)
and the other well above the threshold (pink solid line), are estimated for the simulton resonance, given its distinct behavior from other resonances.
Conversion efficiencies for all resonances are calculated at the highest pump power of 1290 mW. The simulation corresponding to resonance +1 is

denoted by the pink dashed curve.

to as “synchronous”), and nondegenerate (ATy; < 0).3%%7] Note
that the positive ATy corresponds to a longer cavity length. Fig-
ure 2a shows the measured output spectrum as a function of rel-
ative cavity timing detuning (ATy) at the highest pump power
of 1290 mW. When the cold cavity is most nearly synchronized
to the pump repetition period (ATy; & 0), the OPO is identified
to run in the conventional (synchronous) regime (labeled “0”),
which has a degenerate spectrum and the lowest threshold. One
additional degenerate resonance, the simulton regime (labeled
“+1”), is found when the cavity is positively detuned. Conversely,
when the cavity is negatively detuned, the OPO operates in the
nondegenerate regime, with the output spectra split into distin-
guishable signal and idler bands (labeled “—1, -2, —3, and —4”).
With parameters comparable to the experiment, a simulation of
the output spectrum as a function of ATy is conducted (see Sup-

Laser Photonics Rev. 2022, 16, 2200453 2200453

porting Information for additional details), which is depicted in
Figure 2b. The simulation exhibits a good agreement with the
experimental result for all three regimes.

Figure 2c presents output-input power dependencies for each
resonance measured with locked cavity lengths. With the lowest
threshold, the conventional regime has a slope efficiency of 45%
and a conversion efficiency of 42%. For the nondegenerate res-
onances, as ATy becomes increasingly negative, the thresholds
increase uniformly, with conversion efficiencies decreasing and
limited to less than 35%. In contrast, the simulton resonance has
an irregularly located high threshold and the highest conversion
efficiency of 44%. Furthermore, it measures a 350% slope effi-
ciency near the threshold and a 70% slope efficiency well above
the threshold, much higher than those of the conventional and
nondegenerate regimes.

(3 of 9) © 2022 Wiley-VCH GmbH
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Figure 3. Spectra recorded as a function of output power for the OPO working in the a) simulton regime and b) conventional (synchronous) regime. The
signal power and corresponding FWHM bandwidth for each curve are presented in the insets. The FWHM bandwidths are also denoted by the triangular
arrows on the curves. The unfilled circles denote the raw data points obtained by the Fourier-transform infrared spectroscopy (FTIR), and curves present
the interpolation of them for a better visualization of results and estimation of FWHM bandwidths. Note that a portion of the raw data near the strong
atmospheric absorption around 4.2 pm is discarded during the interpolation, which is denoted by smaller filled gray circles. c) FWHM bandwidths of
the signal spectra as a function of pump power for both regimes, corresponding to (a) and (b). Solid circles denote experimentally measured points,
and dotted curves are to guide the eye. d) Two-photon interferometric autocorrelation (blue) and fitted intensity (red) of the signal pulse at the highest
pump power of 1290 mW, for the OPO working in the simulton regime.

To demonstrate the difference between the power-dependent  increases, the bandwidth of the signal spectrum increases if the
bandwidth scaling of the conventional and simulton regimes, we ~ pump power is not too high (Figure 3a), while in the conventional
measure spectra of the signal at each output power correspond-  regime, it monotonically decreases (Figure 3b). These tendencies
ing to the experimental points in Figure 2c, the results of which  are in accordance with the simulton theory!*”} and conventional
are shown in Figure 3a—c. In the simulton regime, as the power  box-pulse scaling.**! It should be noted that at the three highest
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Figure 4. Numerical simulation of the simulton OPO with different output coupling ratios. a) Conversion efficiency (in percentage) as a function of
pump power. Curves in different colors denote different output coupling ratio (in decimal), as indicated in the legend box. The orange circle denotes
the result that is realized in our experiment and the blue pentagram denotes the suggested highest conversion efficiency that can be achieved by this
simulton-OPO. b) Highest conversion efficiency (in percentage) that the OPO can achieve under different pump power. The red circles denote the results
(in percentage) in the simulton regime, labeled with the output coupling ratio (red decimal) that should be used. The blue circles, as a comparison to
the red ones, denote the results in the conventional regime, also labeled with the corresponding output coupling ratio (blue decimal). The unfilled red
and blue circles denote our experimental results of simulton and conventional regime, respectively.

pump powers, the signal bandwidth of the simulton regime stops
broadening further, which also agrees with our theoretical pre-
diction that the simulton theory would fail if the signal is too far
above threshold.[*®! This transition from simulton scaling to box-
pulse scaling far above threshold also accounts for the observed
nonlinear reduction in the simulton slope efficiency in Figure 2c.
Nonetheless, at high pump power around 1200 mW, the simul-
ton regime wins about 40% in bandwidth. This power-dependent
signal spectral characterization shows that the simulton regime
outperforms the conventional regime not only in power and ef-
ficiency but also in spectral bandwidth. At the highest available
pump power of 1290 mW, the FWHM bandwidth of the signal
spectra for simulton and conventional regimes are 14 and 10
THz, which can support pulses as short as 22 and 32 fs, respec-
tively. Figure 3d depicts the interferometric autocorrelation of the
simulton pulse measured by a two-photon extended-InGaAs de-
tector, together with its fitted pulse intensity. This measurement
corresponds to an FWHM pulse width of about 45 fs, assuming
no chirp. However, chirp exists due to the dispersion from the
substrates of the output coupler (1 mm ZnSe) and two long pass
filters (1 mm Ge and 1 mm Si) in the path to the autocorrelator.

In this experiment, the efficiency advantage of the simulton
regime is limited by the available pump power. To further demon-
strate the efficiency potential of the simulton regime, we use nu-
merical simulations with higher pump power under different
output coupling ratios, and the results are shown in Figure 4a.
As suggested by the simulation, higher output coupling should
be employed with higher pump power to realize higher conver-
sion efficiency, and the conversion efficiency can be improved
to as high as 63% if 4.2 -W pump power and 0.65 (65%) out-
put coupling ratio are used. This simulation result can also be

Laser Photonics Rev. 2022, 16, 2200453
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used as a design rule for choosing the output coupling of the si-
multon OPO under different available pump powers. Figure 4b
presents the highest possible conversion efficiency that the si-
multon regime can reach under different pump powers (red cir-
cles), with the labels of the corresponding output coupling (red
decimals). As a comparison, under each pump power, the highest
conversion efficiencies that the conventional regime can achieve
are also plotted in Figure 4b (blue circles), labeled with the cor-
responding output coupling ratios (blue decimals). The compar-
ison shows that the return of the simulton regime can increase
sharply with increasing pump power. It is worth noting that the
pump intensity used in the simulation is similar to those of the
previously demonstrated experiments, 3?1 which is expected to
be below the damage threshold of OP-GaP.

3. Discussion

As is evident from our experimental and theoretical results, de-
veloping a better understanding of simulton formation is cru-
cial for further improvement of the OPO performance. Here,
we use our simulation results to build upon the understanding
of simulton formation dynamics presented in ref. [37] and offer
practical tools for optimizing simulton performance. We begin
with a discussion of the relationship between the simulton for-
mation dynamics and the high slope efficiencies and conversion
efficiencies offered by this regime. Figure 5a shows schemati-
cally the interaction between pump (blue) and signal (orange) in
the single-pass OPA process which occurs each roundtrip in the
OPO. From the crystal input (left) to its output (right), the sig-
nal walks through the pump, depleting it and extracting gain in
the process. Two terms contribute to the walk-off, the product of
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Figure 5. Depiction of simulton formation dynamics as compared to the conventional regime. a) Schematic illustration of the pump-signal interaction
in the crystal. Between the input (left) and output (right) facets of the crystal, the signal (orange) walks through the pump (blue) from its starting point
according to product of the GVM, u, with the crystal length, L, plus any timing advance, AT, due to simulton acceleration. This walk-off and concurrent
pump depletion define a gain window for the signal along the fast time axis. b—e) Simulated comparison ofsimulton (b,c) and conventional (d,e) signal
centroid positions along the fast time axis as a function of roundtrip number in the below (b,d) and above (c,e) threshold cases. The normalized
logarithm of the pulse energy is indicated by the color of each point. b) The conventional case below threshold has few discernible features as noise and
loss dominate; noise amplified by the pump is unable to build up. c) Above threshold, the noise quickly builds into a strong signal pulse. A small timing
shift is observed when the gain saturates. d) For the simulton, noise amplified by the pump experiences a linear delay due to the cavity detuning ATgy.
Below threshold, since the gain cannot enable sufficient acceleration for the timing condition to be satisfied, the delay results in the signal falling out of
the gain window before signal build up can be achieved. e) The simulton goes above threshold when the gain is sufficient for the simulton acceleration

to compensate the linear delay and enable signal build up. As in the conventional case, a small timing shift is observed when the gain saturates.

the group velocity mismatch (GVM), u, with the crystal length, L,
and the nonlinear timing advance due to simulton acceleration,
AT, leading to a combined walk-off of uL + AT relative to the sig-
nal starting position. This walk-off along the fast time axis and
simultaneous depletion of the pump by the signal determines
the available gain for the signal. For the signal to resonate above
threshold, the gain extracted in consecutive roundtrips must con-
sistently overcome the loss.

Figure 5b—e shows the signal centroid position at the input
facet of the crystal as a function of roundtrip, with the color indi-
cating the normalized logarithm of the pulse energy, to illustrate
the signal build up dynamics in the conventional and simulton
regimes. In the conventional case (Figure 5b,c), there is no tim-
ing condition, so the signal goes above threshold as soon as the

Laser Photonics Rev. 2022, 16, 2200453
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gain experienced through the linear walk-off, uL, equals the loss.
This results in there being no clear trends in the dynamics of
the signal below threshold, as shown in Figure 5b, with ampli-
fied noise being unable to build up. Above threshold, the noise
quickly grows into a strong signal pulse, located near the center
of the gain window set by the pump (Figure 5c). In the simulton
case (Figure 5d,e), however, the cavity detuning, ATyy, creates a
linear delay which causes the amplified signal noise to move away
from the gain window set by the pump. Since the simulton accel-
eration relies on pump depletion by the leading edge of the signal
and subsequent back-conversion of the trailing edge, going above
threshold requires that the simulton build up enough to acceler-
ate and satisfy the timing condition before falling out of the gain
window due to the linear delay. This intertwines the simulton
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Figure 6. Simulated impact of the carrier-envelope offset phase, @, on simulton performance. a) lllustration of the pump-signal phase relationships
for the OPO resonances. For a pulse-to-pulse phase slip of @, in the pump, the OPO can resonate when the roundtrip phase accumulation, A®gy,
is @ .,/2 + nx, where n is an integer, with 7 signal phase corresponding to a detuning of 7 fs between resonances. The upper signal branch depicts
the case of n even, where a pulse-to-pulse phase of ®_.,/2 is accrued, while the lower shows n odd, which adds an additional = phase shift between
consecutive pulses. b) First three cavity resonances for @, = 0, showing that no simulton behavior is observed, with the topmost resonance occurring
at ATpr = 0 and exhibiting both strongly degenerate and nondegenerate features. c) As @, is increased to /2, simulton-like behavior is observed as
the topmost resonance becomes more positively detuned. d) Example of a strongly degenerate simulton at @, = 37/2, showing that tuning of @,
to this region can enable optimum simulton performance for the given gain. ) As ®_, is further increased beyond 7z /4, the simulton disappears as
the timing condition can no longer be satisfied by the gain, which is why no simulton resonance is observed in panel (b) at the ®_.,/2 + 7 resonance,

indicated by the white, dashed line.

energy and timing conditions, as large simulton acceleration re-
quires the presence of high enough signal gain. Figure 5d shows
the case of the below threshold simulton, in which the delayed
and amplified noise attempts to build up but ultimately does not
experience enough gain to sufficiently accelerate and falls off. By
contrast, Figure 5e shows the simulton build-up above thresh-
old, in which the simulton acceleration leads to a timing advance,
AT, which compensates the delay, A Tp;. Unlike the conventional
case, the simulton just above threshold builds up near the edge
of the gain window. These observations correspond to important
features of the simulton. First, the high threshold for the simul-
ton is a consequence of the requirement for there to be high gain
for the timing condition to be satisfied. The burst slope efficiency
of the simulton near threshold then results as the acceleration
pulls the simulton to the center of the gain window. Once well-
confined to the gain window, the longer walk-off for the simulton
due to the additional nonlinear acceleration term, AT, suggests
that simulton operation can often enable more efficient extrac-
tion of the pump gain. This gives rise to observed trends of slope
efficiencies and overall conversion efficiencies for simulton op-
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eration that exceed what is observed for conventional OPO oper-
ation. Practically, one should match uL + AT to the length of the
gain window defined by the pump for optimum signal genera-
tion.

An additional parameter which is critical to simulton forma-
tion is the carrier-envelope offset (CEO) frequency (f..,) of the
pump, the impact of which is illustrated in Figure 6. The pump
feo imposes a phase @, between consecutive pump pulses. Due
to the aforementioned phase-sensitive gain which demands a rel-
ative phase of 0 or 7 between pump and signal for signal build-
up, this pulse-to-pulse phase shift in the pump must be mirrored
in the signal, as shown in Figure 6a. For signal resonance to
occur, the phase accumulated in the roundtrip must be @, /2
+ nz, where n is an integer, with x signal phase correspond-
ing to a detuning of 7 fs between resonances for the 4.18 pm
OPO. The case for n even is shown by the upper signal branch
while the case where n is odd, in which the signal accumulates
an additional phase shift of z# between pulses, is depicted in the
lower signal branch. The signal roundtrip phase accumulation,
d(Q), relative to a perfectly synchronous signal pulse is given
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by ®(Q) = ATy (nc/A,, + Q) + AD(Q), where Q is the normal-
ized frequency, ATyy is the detuning as defined previously, ¢ is
the speed of light, 4, is the pump wavelength, and A®(Q) rep-
resents the higher-order effects of dispersion from mirrors and
additional cavity elements.!*”] From this equation, we see the re-
quired pulse-to-pulse phase shift for the signal can be achieved
through varying ATy; such that the constant phase term A®y;
= ATyrmc/d,, = P /2 + 7n, the desired phase shift. In other
words, ®_, determines the detuning values where the OPO can
resonate. However, varying ATy also causes a change in the sig-
nal timing, modeled through the linear phase term ATy;Q, and
consequently the simulton threshold and slope efficiency. This
implies that, through tuning of the pump f..,, one can adjust
the timing of the signal resonances to optimize simulton perfor-
mance.

Figure 6b—e shows the simulated signal resonances for a few
values of ®_,,. As the focus of this study is on simulton behav-
ior, only the first few resonances are shown. Resonance labels
denote the roundtrip phase, A®y;, acquired by the signal, and
an additional label denotes the timing shift from 0 s of the most
positively detuned resonance with A®y = @ /2. As seen in Fig-
ure 6b, when @, = 0, the signal at A®y; = @, /2 is a typical
conventional resonance with ATy = 0. Note that no simulton
exists at the expected location, A®y; = @, /2 + & (shown by the
white, dashed line), due to a lack of gain. For values between 0
and r, the A®y; = @, /2 resonance becomes simulton-like but
still behaves more like a conventional OPO, with both nondegen-
erate and degenerate regions as shown in Figure 6¢. Beyond @,
= &, a strong simulton is observed, like that shown in Figure 6d
for @, = 37/2. In tandem with the Ad,. = ®_, /2 resonance
transitioning from more conventional behavior to the simulton
regime, we also observe strengthening of the degenerate side of
the A®p = @, /2 — 7 resonance such that it behaves more like
a conventional OPO as it approaches ATy = 0. Finally, as exem-
plified by Figure 6e, when @, is greater than 1.5z, the power
in the resonance quickly drops off as the gain struggles to sat-
isfy the timing condition, with the OPO repeating the resonance
structure shown in Figure 6b as @, approaches 2z. Our exper-
iment corroborates these findings, as we observe such a shift in
simulton behavior as the @, is varied, with presented data repre-
senting the strongest observed simulton. This suggests that, for
given experimental values of gain and loss, @, can be a crucial
experimental parameter for optimizing simulton performance.

4, Conclusions

In summary, we present the generation of a high-power and effi-
cient MIR frequency comb centered at 4.18 um based on an OPO
operating in the simulton regime, achieving 565 mW average
power together with a 14 THz instantaneous FWHM bandwidth,
sub-three-cycle pulses, a 350% slope efficiency near the thresh-
old, a 70% slope efficiency above the threshold, and a record
high 44% conversion efficiency. By a direct comparison with the
conventional regime in terms of cavity detuning, output power,
threshold, slope and conversion efficiency, instantaneous band-
width, and bandwidth scaling, we are able to ascribe the favorable
performances of this novel regime to the simulton formation,
based on the agreement between the experiment, simulation, and
theory. The performance of this simulton OPO is expected to be
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further improved by tuning the pump and optimizing dispersion
and loss within the cavity. Especially, the numerical simulation
suggests thata conversion efficiency >60% can be achieved if 4 W
pump power and 65% output coupling are employed. Finally, we
further explore simulton build-up dynamics and analyze the im-
pact of the pump f,., on simulton formation, and we tie these
results to practical design considerations for a simulton OPO.
In addition, we want to emphasize that the half-harmonic signal
of femtosecond degenerate OPOs are frequency combs that are
intrinsically phase- and frequency-locked to their pump combs,
which is well-established in previous works.[2631401 Very recently,
we have used the OPO presented in this work as the comb source
for a dual-comb-based spectroscopy experiment in the mid-IR,[*!]
enabled by its comb character and intrinsic locking. Moreover, it
is experimentally shown that the CEO frequency noise can be re-
duced by 6 dB through the half-harmonic generation.[*?!

In short, this work paves the way to realization of a compelling
new source of ultrashort-pulse frequency combs in the mid-
infrared region which can benefit numerous applications, for
example, spectroscopy methods that require high-power, broad-
band, and short-pulse MIR frequency combs.[***] This work
sheds new lights on soliton generation based on the quadratic
nonlinearity and its potential in the MIR region. Recent advances
in integrated quadratic platforms!333843] promise on-chip realiza-
tion of such sources in the future.

5. Experimental Section

The experimental setup of the MIR OPO is illustrated in Figure Te. For
the pump, another OPO based on periodically poled lithium niobate with a
250 MHz repetition rate generating pulses centered at 2.09 um was used.
Its average power reached up to 1290 mW with an FWHM bandwidth
around 155 nm. The MIR OPO cavity consisted of a bowtie resonator with
a tunable cold-cavity time of 4 ns that could be scanned or locked around
the pump repetition period using a piezoelectric actuator. The input cou-
pler (M;) was a flat dielectric-coated mirror that was highly transmissive
for the pump range (around 2.09 pum) and highly reflective for the signal
range (around 4.18 um). The focusing and collimating of the beams were
provided by two concave gold mirrors (M, and M;) with a 24 mm radius of
curvature, which had a high reflection for both signal and pump. The non-
linear gain was provided by a plane-parallel orientation-patterned gallium
phosphide (OP-GaP) crystal with a length of 0.5 mm and a poling period of
92.7 um for type-0 phase matching at room temperature. The crystal had a
broadband antireflection coating for both the signal and pump range. The
output coupler (M4) was a dielectric mirror coated for broadband trans-
mission (T = 25%) from 3.5 to 5.5 um, the value of which was chosen
based on a rough experimental optimization of the output coupling using
a coated pellicle beamsplitter.!?”] The length of the OPO was locked using
the “dither-and-lock” procedure described in ref. [31].
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