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We demonstrate efficient generation of mid-infrared frequency
combs based on continuous-wave-seeded femtosecond optical
parametric generation in nonlinear waveguides. Conversion of the
near-infrared pump to signal and idler light takes place with very
high efficiency (74 %) and the threshold (25 pJ for 100 fs pulses) is
over 300 times lower than in bulk analogs. Relative intensity noise
of the mid-infrared comb is exceptionally low, below 5x10°
(integrated from 10 Hz to 2 MHz). Furthermore, the mid-infrared
bandwidth can be increased by driving the process with broadband
pump obtained via supercontinuum generation.

Combining high coherence and broad optical bandwidth with the
possibility of linking the infrared molecular fingerprint region to radio-
frequency standards, Mid-Infrared (MIR) Optical Frequency Comb
(OFC) technology is a superior tool for high-resolution spectroscopy [1,
2]. Despite the fact that in the past two decades great progress has been
made in the development of direct MIR OFC generation based on
quantum cascade lasers [3] and mode-locked lasers (MLL) [4],
parametric frequency conversion techniques still provide OFCs with
larger instantaneous optical bandwidth and more versatile wavelength
coverage. Along with the well-known and widely used Difference
Frequency Generation (DFG) [5-7] and Optical Parametric Oscillation
(OPO) [8-10], continuous-wave (CW) seeded femtosecond Optical
Parametric Generation (OPG) is emerging as a promising alternative for
fully stabilized MIR comb generation with significant advantages [11].
In addition to its robustness and simplicity, CW-seeded OPG features
high conversion efficiency and excellent pulse-to-pulse coherence [11-
13]. Recently, we have demonstrated that single-pass CW-seeded OPG
in MgO-doped periodically poled lithium niobate (MgO:PPLN)
pumped near 1 pm wavelength allows for the generation of fully
stabilized MIR combs with the paossibility to dynamically control the
Carrier-Envelope Offset (CEO) frequency [11]. The CEO control in this
case is inherently independent of the repetition rate, making the method
highly wversatile for applications in spectroscopy and frequency
metrology, for instance in high-resolution interleaved dual-comb
spectroscopy [14]. Moreover, the MIR comb’s CEO determination is not
required since its value is always known [11]. The seeded OPG also has
low Relative Intensity Noise (RIN) as long as the seeding is done using
a CW laser [11, 15]. This helps to remove additional noise due to the

pulse-to-pulse fluctuations that may arise in other systems such as
femtosecond DFG [16].

The implementation of CW-seeded OPG in a bulk crystal requires
ultrashort pump pulses with energies at the nJ level, which needs
amplification. Additionally, the instantaneous optical bandwidth is rather
limited due to the requirement for a long nonlinear crystal [13, 17]. In
this Letter, we report a solution that significantly improves the OPG
comb performance in terms of power efficiency, threshold, RIN and
instantaneous optical bandwidth. First, we take advantage of state-of-the-
art nonlinear waveguide technology and achieve over 300-fold reduction
in the CW-seeded OPG threshold compared to bulk analogs [11, 13, 17]
and over 10-fold threshold reduction compared to previous waveguide
solutions without CW seeding [18]. The reached pJ level threshold
corresponds to just a few milliwatts of average pump power, which is
readily achievable with standard mode-locked lasers. Furthermore, the
obtained total energy conversion efficiency of up to 74 % is
exceptionally high. This opens up opportunities for miniaturization of the
system and allows lasers with low energy pulses to efficiently drive the
OPG, which is especially relevant to high repetition rate light sources
[19]. Second, despite using a long waveguide, we demonstrate that the
CW-seeded OPG driven by a pump broadened via supercontinuum (SC)
generation can significantly increase the instantaneous optical bandwidth
of the MIR comb with only a small change in the OPG threshold.
Overall, we anticipate that the approach presented in this work is an
important step towards compact, power-efficient and fully stabilized
mid-infrared frequency comb generators.
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Fig. 1. (a) Schematic of the CW-seeded OPG. (b) Experimental setup. BS:
beam splitter, FC: fiber collimator, DG: diffraction grating, DM: dichroic mirror,
L: lens, PD: photodiode, P1D: Proportional-Integral-Derivative controller,
ECDL.: External Cavity Diode Laser, PCF; Photonic Crystal Fiber; Components
with secondary importance are omitted for simplicity.

In general, a frequency comb consists of multiple equidistantly spaced
laser modes, whose optical frequencies vn can be described using two
radio frequencies [20]:

w=CEOQO +n-,

where f; is the repetition rate, n is an integer mode number and CEO is
the carrier-envelope offset frequency. In the OPG process each pump
pulse generates signal and idler pulses, and the repetition rates of all three
pulse trains are equal. On the other hand, the CEO of the signal and idler
pulses vary randomly from pulse to pulse, since OPG is based on the
amplification of quantum noise. The CEO frequencies in the non-
degenerate OPG process can be described by the following equation:

CEO, = CEO; + CEO;, Q)

where CEOy, CEOs and CEQ; are the offset frequencies of the pump,
signal and idler combs, respectively. As evident from equation (1), CEOs
and CEOi may take different values to fulfill the equation, which leads
to pulse-to-pulse incoherence. Recently, using a bulk MgO:PPLN
crystal, we have shown that the idler CEO can be stabilized by seeding
the OPG with a narrow-linewidth CW laser referenced to the pump
MLL [11]. Here, we have improved the experimental setup (see
Supplement 1 for details) and demonstrated that this approach can be
made compatible with low-power pump lasers by using nonlinear
waveguides. The corresponding schematic of the CW-seeded OPG
concept for fully stabilized MIR comb generation in waveguides as well
as the experimental setup used in this work can be seen in Figs. 1a and
1b, respectively. The light from a pump MLL is split into two arms. One

of them is used to drive the OPG, and the other is used to produce a SC
serving as a reference for the CW seed laser. The generated SC should
reach the CW seed laser wavelength so that a beat note between the CW
seed laser and the SC is produced, which is then used for phase-locking.
When the phase-locking and seeding are performed, the generated signal
comb shares the same CEO as the pump MLL with an additional
frequency offset +Afio. In this case, the CEO equation can be written as
follows:

CEQ, = CEOs + CEO; = (CEOj + Afio) + CEO; @)

meaning that CEO; is equal to either -Afio or Afio. The frequency offset
Afiois defined by the radio frequency (RF) local oscillator (LO) involved
in the phase-locking procedure, hence it can be used to control the idler
CEO independent of the repetition rate. It is worth noting that in this
configuration the CEO, does not need active stabilization, since the
phase-locked seed laser will automatically readjust the CEOs and ensure
the absolute stability of CEQ; in case CEO, drifts or fluctuates.

Our experimental setup includes a 1042-nm Yb-doped fiber MLL
(MenloSystems GmbH, Orange comb FC1000-250) that generates 100
fs Gaussian pulses at 250 MHz repetition rate. The CEOy is free running.
The comb tooth linewidth (FWHM) of <200 kHz, measured at 100 ms
timescale. The repetition rate is locked to an RF source; however, the use
of an optical reference (stable CW laser) can reduce the linewidth of the
comb teeth [14]. In order to generate a suitable SC, we used 80 cm long
photonic crystal fiber (NKT Photonics, NL-PM-750) that requires about
70 — 100 mW of pump power inside the fiber [11]. The CW seed laser
is a commercial external cavity diode laser (Toptica Photonics, CTL
1550) that is phase-locked to the SC (see Fig. 1b). The waveguide was
fabricated by HC Photonics. It is a MgO:PPLN ridge waveguide made
by bonding, etching and thinning [21]. It is able to sustain high power for
pulse applications as compared to traditional proton exchanged
waveguides. The waveguide has a 12 mm long quasi-phase-matching
uniform grating with a period of 21.71 pm and a mode field diameter of
5.6 x 4.3 um. The input polarizations to the waveguide as well as to the
photonic crystal fiber were controlled by half-wave plates.

In Fig. 2 one can see the optical spectra generated in the CW-seeded
OPG setup. Note that there is an additional sum-frequency generation
process [18]. One could argue that the CW-seeded OPG presented here
is just a version of an Optical Parametric Amplifier (OPA). However,
OPAs do not usually have threshold. In contrast, our system exhibits a
clear threshold behavior with and without CW seeding. Fig. 3a shows
how the input pump power converts to signal and idler power without
seeding and with 1.8 mW CW seed power inside the waveguide. The
lowest threshold of just 25 pJ (6.3 MW average pump power) is reached
with CW seeding, corresponding to over two orders of magnitude
improvement to the previously reported bulk systems [11, 13, 17] and an
order of magnitude improvement compared to the earlier OPG
experiments in quasi-phase-matched lithium niobate waveguides [18].
Recently there have been reports on OPG and OPA in new type of
nanophotonic lithium niobate waveguides [22, 23]. The reports
demonstrate threshold of just 4 pJ, which is remarkably low for the OPG
process in general. However, the reported total conversion efficiency is
limited to about 10 %, while we reach 74 % (23 % pump-to-idler
conversion efficiency), representing the state-of-the-art [18, 22].
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Fig. 2. CW-seeded OPG experimental spectra shown in the linear scale with arbitrary units.

Note that our conversion efficiency was calculated from the signal and
idler output powers that were measured after a collimating lens and
dichroic optics, meaning that the internal photon-conversion efficiency
is even higher. It is also worth emphasizing that the coupling efficiency
of the pump light to the waveguide was over 45% using free-space
coupling. The OPG process saturates at pump pulse energies above 110
pJ or 27.5 mW of average pump power, which sets a limit to the
maximum idler average power of 5.8 mW. This power is enough for
most applications, such as high-resolution dual-comb spectroscopy and
comb-assisted spectroscopy. These applications do not require high
powers, but instead high coherence and stability of the MIR comb [8,
14]. In Fig. 3b it is demonstrated how CW seed power changes the total
converted signal and idler pulse energies when the pump energy is fixed
at 36 pJ (9 mW average power), which is lower than the pulse energy
required to start the OPG without seeding. It is clear that for the seed
powers larger than 1.8 mW the output power does not increase any
further. For that reason, we kept this seed power for the rest of the
measurements.
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Fig. 3. (a) Total converted signal + idler power vs. pump power
without seeding (red squares) and with 1.8 mW seed power (blue
circles). (b) CW seed power vs. signal and idler average power.

An important additional benefit of the waveguide-based
implementation is the possibility to pump the OPG directly with a low-
noise MLL. This way we avoid excess intensity noise generated in an
optical amplifier, and as a result we have reached exceptionally low RIN.
The RIN was measured with and without CW seeding in the saturated
and non-saturated regimes (see Fig. 4a) using method described in [24].
CW seeding decreases the noise drastically and the root-mean-square
RIN of the mid-infrared comb becomes smaller than 5x10° when
integrated from 10 Hz to 2 MHz, where the noise is mostly below the
detection limit. This noise level is substantially smaller than what has
been reported for CW-seeded OPG [11, 15] or, for example, state-of-the-
art DFG combs [16, 25, 26].

Next, we proved the idler CEO stability via a comparison to another,
independently stabilized OFC (out-of-loop measurement). We
combined the idler second harmonic with an independent reference

comb with the same repetition rate (fully stabilized Er-doped fiber comb,
MenloSystems GmbH, FC1500-250-WG) to produce a relative offset
beat note. After that, we performed frequency counting of the obtained
beat note; the results can be seen in Fig. 4b proving the high accuracy
and stability of CEOi. Note that the high measurement noise (the
standard deviation in Fig. 4b) is present simply due to the relative
instability (timing jitter) between our Er-doped (reference) and Yb-
doped (pump) MLLs. The repetition rates of the lasers are locked to two
different RF signal generators that are both referenced to the same GPS-
disciplined crystal oscillator with the specified relative instability of
5x10%in 1 s. In order to get rid of this limitation, we measured CEO;
against another MIR comb, which was generated via CW-seeded OPG
in bulk crystal using the same pump MLL as for the waveguide OPG
process; see Supplement 1 for more information. The seed lasers of the
two OPG setups were locked to the pump via the same supercontinuum.
The relative offset beat note between the two mid-infrared idler combs
can be seen in Fig. 4c with sub-Hz linewidth, limited by the RF spectrum
analyzer. By performing frequency counting of this beat note (Fig. 4d),
we can see excellent relative stability of the two combs. The noise
averages out as white phase noise, confirming the absence of any drifts.

Common methods for obtaining broad MIR spectra from nonlinear
comb generators (OPO, DFG, OPG) include the use of short [10] or
chirped QPM structures [5, 27, 28]. These both widen the phase-
matching bandwidth but at the cost of increased threshold. Here, we
show that the MIR bandwidth can be substantially increased without
significant gain reduction by simply increasing the pump optical
bandwidth. We used just 3.7 cm of photonic crystal fiber (NKT
Photonics, NL-PM-750) to broaden the pump spectrum from 23 nm to
about 200 nm (see Supplement 1 for more details) with minimum
distortions of the pulse in time domain. We used the broadened pump
directly for the CW-seeded OPG with no additional pulse compression
stage. For comparison, in Fig. 5a one can see the idler spectrum without
pump broadening. The full detectable optical bandwidth in this case is
about 300 nm. If the pump is broadened, the resulting MIR bandwidth
can be at least doubled, and the spectral shape can be varied by changing
the photonic crystal fiber input polarization (see Figs. 5b-d). Importantly,
the threshold increases by only a small amount of 15-20 % depending
on the input polarization state to the photonic crystal fiber. In view of
further miniaturization of the experimental implementation, the photonic
crystal fiber can be replaced, e. g., by MgO:PPLN [29, 30], SisNa4 [25,
31] or silicon waveguides [26].
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Fig. 4. (a) RIN: (1) non-saturated OPG without seeding; (2) same
as (1) but saturated; (3) non-saturated OPG with seeding; (4) same as
(3) but saturated; different detector limits in (3) and (4) are due to
different optical power levels at the detector; (b) Frequency counting of
the beat note produced by idler SH and reference comb; (c) CEO beat
note between the bulk [11] and waveguide idler combs; (d) Frequency
counting of the beat note shown in (c); counter gate time 1 s for (b) and
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Fig. 5. (a) idler spectrum without the pump broadening. (b-d) The idler
spectra with pump broadened in 3.7 cm photonic crystal fiber;

In conclusion, we have demonstrated a new approach for fully
stabilized MIR OFC generation using CW-seeded OPG in nonlinear
waveguides. We have achieved OPG with extremely high conversion
efficiency of 74 % in a single-pass configuration. Both the threshold (25
pJ) and the MIR comb RIN (5x107%) are exceptionally low. Moreover,
the generated MIR comb features dynamic CEO control independent of
the repetition rate and it does not need an additional measurement setup
to determine its absolute value. This platform paves the way towards
efficient high repetition rate MIR OFC generation, which is especially
interesting for fast spectroscopic measurements, for instance, in reaction
kinetics [2].
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via CW-seeded optical parametric generation in
nonlinear waveguide
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Supplementary note 1: improved experimental setup and relative CEO comparison

In addition to applying a waveguide crystal instead of a bulk crystal for OPG, we have
improved the experimental setup compared to our previous reports [1] by eliminating optical
fibers in the CW seed laser phase-locking procedure. In Fig. S1 (a) one can see the old scheme
that included two fiber couplers/splitters to phase-lock the CW seed laser to the pump comb via
supercontinuum. The phase-locking procedure is needed to reference the CW seed laser to the
pump comb, ensuring stabilization of the Carrier-Envelope Offset (CEQO) frequency of the mid-
infrared comb. The CW seed laser output was divided into two arms: one arm was used for
OPG seeding, while the other arm was used to phase-lock the seed laser. These two arms had
two different and long paths in optical fibers. The additional phase noise accumulated in the
fibers due to acoustic noise and fiber temperature drifts [2] negatively affected the relative
stability of the CW seed laser against the pump laser, inducing small fluctuations on the idler
CEO over time. This effect is clearly visible when we compare the bulk and waveguide CW-
seeded OPG idler comb offset frequencies using the old and new schemes (Fig. S2). The details
of this comparison are explained below but, in brief, the frequency of beat note between the
two idler combs was measured with a frequency counter over several minutes. In the case of
old scheme, the frequency counting experiment and the corresponding Allan deviation plot
(Fig. S2 (a)) reveal excess fluctuations between the idler CEOs of the bulk and waveguide OPG
combs. Fiber noise was confirmed to be the main origin of these fluctuations; the fluctuations
were greatly amplified when the fibers were touched.
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Fig. S1. Experimental setups of the old (a) and new (b) phase-locking schemes for the CW-seeded
OPG; The main difference between the old and new schemes is elimination of optical fibers, which
helps to remove drifts of the idler CEO; BS: beam splitter, FC: fiber collimator, DG: diffraction grating,
DM: dichroic mirror, L: lens, PD: photodiode, PID: Proportional-Integral-Derivative controller, ECDL:
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In order to solve the fiber-noise issue, in the present work, we implemented phase-locking
using the CW seed laser light extracted immediately after the OPG crystal output (Fig. S1 (b)).
Effectively, this scheme stabilizes the CW seed laser phase to the pump comb at the OPG



crystal significant noise reduction in the comparison of idler CEOs of the bulk and waveguide
OPG combs. Indeed, this is another advantage of our scheme, since the phase-locking point
(determined by the position of the photodetector in the phase-locking setup) can be chosen
freely.

In Fig. S3. one can see the experimental setup that was used to compare the relative CEO
stability between the bulk and waveguide CW-seeded OPGs. The amplified pump laser (up to
10 W of average power at maximum) was used to drive both the bulk and waveguide CW-
seeded OPGs, however we used two independent CW seed lasers for seeding. Referring to Fig.
S1, both CW lasers are phase-locked after the nonlinear crystal/waveguide, which allows the
phase-locking to compensate for extra noise and maintain a better relative stability between the
two CW seed lasers (at the same time keeping the absolute stability as well). We used two
different local oscillators (RF LO 1 and RF LO 2) for phase-locking of two independent seed
CW lasers. Since the RF LO defines the idler CEO, their frequency difference was set to 30
MHz leading to 30 MHz target frequency for the frequency counting experiment shown in Fig.
S2. A simple delay line is used to match the idler pulses in time for their relative CEO stability

measurement.
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Fig. S2. (a) Frequency counting experiment of the relative offset frequency beat note between the
waveguide and bulk CW-seeded OPG idler combs in the case of the old scheme; (b) same as (a) but
with the new scheme; counter gate time is 1 second for both measurements.
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Fig. S3. Experimental setup for relative CEO comparison between the idler combs produced in the
bulk and waveguide CW-seeded OPGs; BS: beam splitter, FC: fiber collimator, DG: diffraction grating,
DM: dichroic mirror, L: lens, PD: photodiode, PID: Proportional-Integral-Derivative controller, ECDL:

External Cavity Diode Laser, PCF: Photonic Crystal Fiber.
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We also measured PSD phase noise of the beat note shown in Fig. 4c of the main text. The
result can be seen in Fig. S4, which demonstrates very low integrated phase noise of just 22.6
mrad. It is worth noting though that this phase noise measurement does not exactly correspond
to the actual offset frequency phase noise of the MIR comb, since this measurement does not
include phase fluctuations of the SC. In order to see the SC phase fluctuations this measurement
has to be done by heterodyning the MIR comb with a stable CW reference laser (also in MIR),
which we do not have available in our lab. Alternatively, one could measure the offset
frequency phase noise using f-2f interferometry, but unfortunately our MIR comb does not span
one octave, hence this method is also not applicable in our case.
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Fig. S4 PSD phase noise of the relative CEO beat note shown in Fig. 4c (main text)
Supplementary note 2: pump broadening

For our pump broadening experiment, we used a 3.7 cm long piece of photonic crystal fiber
(NKT Photonics, NL-PM-750) that produced a supercontinuum near 1 um wavelength with a
typical spectrum demonstrated in Fig. S5. The regular pump spectrum without broadening is
also depicted for comparison. Such broadening requires only about 70 mW of average input
pump power inside the photonics crystal fiber for our laser system described in the main text.
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Fig. S5. Pump optical spectrum without broadening (left) and broadened in 3.7 cm
photonic crystal fiber (right).
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