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We report the generation of an optical-frequency comb in the midinfrared region with 1-GHz comb-line
spacing and no offset with respect to absolute-zero frequency. This comb is tunable from 2.5 to 4.2 ym
and covers a critical spectral region for important environmental and industrial applications, such as
molecular spectroscopy of trace gases. We obtain such a comb using a highly efficient frequency
conversion of a near-infrared frequency comb. The latter is based on a compact diode-pumped
semiconductor saturable absorber mirror—mode-locked ytterbium-doped calcium-aluminum gadolynate
(Yb:CALGO) laser operating at 1 um. The frequency-conversion process is based on optical parametric
amplification (OPA) in a periodically poled lithium niobate (PPLN) chip containing buried waveguides
fabricated by reverse proton exchange. The laser with a repetition rate of 1 GHz is the only active element
of the system. It provides the pump pulses for the OPA process as well as seed photons in the range of
1.4-1.8 ym via supercontinuum generation in a silicon-nitride (SisN,) waveguide. Both the PPLN and
SisN, waveguides represent particularly suitable platforms for low-energy nonlinear interactions; they
allow for mid-IR comb powers per comb line at the microwatt level and signal amplification levels up to
35 dB, with 2 orders of magnitude less pulse energy than reported in OPA systems using bulk devices.
Based on numerical simulations, we explain how high amplification can be achieved at low energy using
the interplay between mode confinement and a favorable group-velocity mismatch configuration where the

mid-IR pulse moves at the same velocity as the pump.
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I. INTRODUCTION

The midinfrared spectral region between 2 and 20 um
covers the strong vibrational transitions of a variety of
molecules that play an important role in environmental,
medical, and industrial diagnostics. The ability to detect
and quantify the presence of such molecules or to inves-
tigate their properties on a more fundamental level is thus
directly linked to the availability of a light source capable
of probing these transitions. Laser-frequency combs—i.e.,
lasers whose spectra consist of a series of equally spaced
discrete optical lines—combine three essential assets: the
high brightness of the light leads to a high detection
sensitivity, the narrow linewidth of the individual comb
lines allows for high-resolution measurements, while the
large spectral bandwidth enables fast simultaneous detection
of multiple species.

The success of optical-frequency combs in the near-
infrared region has been strongly tied to the advancement
of mode-locked lasers in that wavelength range [1-5].
Well-established gain media include Ti:sapphire [6] emit-
ting around 800 nm, and various host crystals doped with
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ytterbium (Yb) or erbium (Er) emitting in the 1- and 1.5-um
regions, respectively [7-9]. Various approaches have
recently been pursued to extend the spectral coverage of
frequency combs into the midinfrared region [10]. Direct
approaches include alternative laser gain materials for
mode-locked solid-state and fiber lasers [11-13] or semi-
conductor devices such as quantum-cascade lasers [14,15].
Another approach relies on exploiting different aspects of
nonlinear optics, such as supercontinuum generation (SCG)
in fibers [16—18] and waveguides [19-21], or Kerr-comb
generation in microresonators [22,23].

The challenge these approaches have in common is the
difficulty to detect and control the comb offset frequency
[24-26], i.e., the parameter that defines the exact position
of the evenly spaced frequency-comb lines on the
absolute-frequency axis. This problem can be circum-
vented by difference-frequency generation (DFG): in this
nonlinear process, the low-frequency part of a comb
(termed the ‘“signal”) is mixed with the high-frequency
components (the “pump”) of the same comb in a medium
exhibiting a second-order (y®)) nonlinearity, resulting in

© 2016 American Physical Society
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a difference-frequency comb (the “idler”) which will be
offset-free [27].

A configuration where the signal gets significantly
amplified during this mixing process is known as an optical
parametric amplifier (OPA). DFG- and OPA-based mid-IR
frequency combs have already been demonstrated using
bulk devices of various materials, such as periodically poled
lithium niobate (PPLN) [28-32], GaSe [33], AgGaSe, [34],
CdSiP, [35], and orientation-patterned GaAs [36]. Because
of the limited interaction length caused by diffraction and
material dispersion, single-pass bulk OPAs typically require
watt-level pump beams and several hundreds of milliwatts of
initial signal power to achieve powers per comb line >1 W
in the mid-IR region. Schemes based on high-power
oscillators [37], laser preamplification of a pump and/or
signal beam [38], or an intracavity OPA [39] have been
demonstrated. Higher efficiencies in converting a near-IR
frequency comb to the mid-IR region can be obtained in a
resonant cavity, i.e., by turning the OPA into an optical
parametric oscillator [40—45]. However, the passive comb-
offset stability will be lost and the implementation of an
active stabilization [46] is instead required to eliminate the
offset. The development of stabilized mid-IR frequency
combs therefore benefits from a robust and compact con-
figuration that allows for efficient frequency conversion at
low energies with passive comb-offset stabilization, using a
single mode-locked laser oscillator as the only active
medium.

Here, we demonstrate chip-scale waveguide technology
as a compact low-energy platform for generating widely
tunable, offset-free mid-IR frequency combs. A diode-
pumped solid-state laser operating at 1 ym with a repetition
rate of 1 GHz serves as a single active source with two output
beams. While one beam is directly used to pump an OPA
process in a PPLN waveguide, the other is spectrally
broadened in a silicon-nitride (Si;N,) waveguide to generate
signal photons in the wavelength range of 1.4—1.8 um. The
idler can be tuned from 2.5 to 4.2 um by laterally translating
the PPLN chip across waveguides with varying quasi-phase-
matching (QPM) periods [47]. With just 300 pJ of pump-
pulse energy and initial seed powers of <20 nW per comb
line, we achieve microwatt-level comb-line powers in the
mid-IR region. Compared to systems based on nonlinear
fibers for SCG and bulk PPLN for the OPA process [38], the
required pulse energy for obtaining the same power per
comb line is lowered by nearly 2 orders of magnitude.

In the following, we provide the details of the exper-
imental setup, present the mid-IR comb results, and explain
via numerical simulations how the approach leverages
favorable aspects of the waveguide dispersion in order to
maximize the achievable OPA gain. Moreover, our simu-
lations, which are in excellent agreement with our exper-
imental results, show that waveguides offer the possibility
to enter high-gain OPA regimes that are inaccessible to bulk
devices at low energies. The ability to perform efficient

supercontinuum-seeded frequency conversion at low pulse
energies, as demonstrated and explained here, could enable
multigigahertz comb-resolved sources based on chip-scale
nonlinear-optical devices, directly driven by highly com-
pact laser oscillators, thereby removing the need for laser
amplifiers and bulk frequency converters in such systems.

II. EXPERIMENTAL SETUP

The passively mode-locked laser oscillator shown in
Fig. 1(a) consists of a 2-mm-long ytterbium-doped cal-
cium-aluminum gadolynate (Yb: CALGO) [48] emitting at
1053 nm and pumped at 980 nm using a spatially multi-
mode pump diode. The laser is mode locked with a
semiconductor saturable absorber mirror (SESAM) [49]
and can produce pulses as short as 63 fs at a repetition rate
of 1.025 GHz, with an output power of up to 1.7 W (when
both output beams are combined) [50]. One of the output
beams is coupled to a 7.5-mm-long Siz;N, waveguide
(spiraled onto a square of 1 x 1 mm) with a cross section
of 690 x 900 nm [Fig. 1(b)] [51-53]. A coupled pulse

(@) 1-GHz cavity ) )
lenses spatially multimode

Yb:CALGO ump diode
e, » ta b [ |
-400 s « 1 = S delay
gratings

: VN stage
| 2 ™~ %
SESAM output A - )
| 04
coupler N\ SiN 7

‘l
[N
isolator

dichroic i
> mirror signal
i um
gratings e pump
\ V4
N

————————————————————————————————————————

[l |

1 I

. I |

E Sio, Si;N, *7,7)/77 i ! 6*6‘(\'«\ " T increasing :
, cladding i ¥ 2 QPM |
| —— [} I
| —> 1 |
! buried " I
1 . [l |
| oxide " I
1 [} I
| Si-wafer N |
: \substrate : : waveguide :

FIG. 1. (a) Experimental setup showing the two output beams

of the 1-GHz laser cavity. The negative second-order intracavity
dispersion necessary to achieve soliton mode locking is provided
by a Gires-Tournois-interferometer- (GTI-)type mirror. Isolators
prevent potential back reflections from the waveguide facets into
the laser. Grating pairs are used to compensate for the isolator
dispersion and additionally stretch the pulse in the OPA pump
arm. (b) Sketch of the (1 x 1)-mm chip with the 7.5-mm-long
Siz N4 waveguide embedded in silicon dioxide (SiO,). (c) Excerpt
of the PPLN chip containing buried RPE waveguides in regions
with different poling periods. The first 6.5 mm of the 2.5-cm-long
chip are unpoled, and the waveguides are tapered to facilitate
single-mode coupling.
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(a) Supercontinuum obtained with 40 pJ of coupled pulse energy in the Si; N, waveguide. The shaded part is used as a signal

input for the OPA. (b) Scan of the amplified signal spectra obtained by laterally scanning the chip across the different QPM periods,
recorded with a grating-based optical spectrum analyzer (OSA). (c) Normalized mid-IR spectra recorded with a Fourier-transform
infrared spectrometer (FTIR) ranging from 2.5 to 4.2 um and corresponding to the amplified signal spectra shown in (b). The right axis
displays the absolute power levels, with a maximum of 10 mW at 3.55 pgm. The power drop near 3.45 um is due to a slight defect in this
particular waveguide, resulting in less overall transmitted power. (d) Enlargement of an FTIR trace recorded with instrument-limited
resolution of 3.6 GHz using the free-space port after approximately 1 m of propagation in air (orange) and absorption cross sections of
water (dark blue) and carbon dioxide (light blue) taken from the HITRAN database.

energy of 40 pJ (coupling efficiency 15%) is sufficient to
obtain a supercontinuum spanning from 650 to 1800 nm, as
shown in Fig. 2(a). Using a long-pass filter, the spectrum is
cut at 1400 nm and sent into the PPLN waveguide as a seed
for the OPA process.

The PPLN-waveguide chip with a dimension of 25 x
6 x 0.5 mm contains 90 waveguides fabricated by reverse
proton exchange (RPE). The RPE method exhibits a first
step of exchanging lithium ions with protons, using a
diffusion process to create a region with a higher refractive
index capable of guiding light. In order to obtain buried
waveguides that support Gaussian modes and efficient
nonlinear mixing, the protons near the surface are sub-
sequently removed in a reverse-proton-exchange step. The
RPE waveguides used here are fabricated with a 12 ym
width and an exchange depth of 2.3 ym. This depth, which
is larger than in typical PPLN waveguides designed for
telecom applications [54], is chosen in order to guide the
mid-IR wavelengths. At the input side of the waveguide,
the width of the lithography-mask pattern is adiabatically
tapered to 2 ym to allow for efficient and single-mode
coupling of the input near-IR beams. The different wave-
guides are periodically poled, with poling periods ranging
from 17 to 30 ym to achieve QPM. Coupling into both
waveguides as well as beam collimation at the output is
performed in free space using antireflection-coated lenses.

A Faraday isolator protects the laser cavity from poten-
tial back reflections from the waveguide facets. Grating
pairs are used to compensate for the dispersion introduced
by the isolators. Angled waveguide facets could be used in
the future to eliminate the isolators. While the pulse at the
input of the SisN, waveguide is recompressed to a nearly-
transform-limited 85 fs, the pulses in the pump arm are
purposely stretched to nearly 800 fs to maximize the pump-
signal interaction in the PPLN waveguide. The general
advantage of pump-pulse stretching in a waveguide con-
figuration is discussed in Sec. IV.

III. RESULTS

A. Amplification and mid-IR spectra

Amplified spectra, obtained by scanning through the
waveguides with QPM periods from 24.60 to 26.49 pm, are
shown in Fig. 2(b). With a maximum pump-average power
of 310 mW coupled into the PPLN waveguides, we are able
to amplify the spectral region from 1.4 to 1.8 ym obtained
by SCG in the SisN, waveguide by up to 35 dB. The
corresponding mid-IR idler spectra range from 2.5 to
4.2 ym, with an average power reaching 10 mW at
3.5 ym [Fig. 2(c)]. Given the comb-line spacing of
1.025 GHz set by the laser, this value corresponds to an
average power per comb line of 4 yW. The DFG process
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leads to passive cancellation of the laser-comb offset;
therefore, the stability of the mid-IR comb lines depends
only on the stability of the laser repetition rate—and thus
the laser-cavity length. Here, sufficient stability is achieved
with low-drift mirror mounts and by boxing the setup. By
mounting the SESAM on a piezoelectric actuator as
described in Ref. [55], such ultrafast laser combs can be
fully stabilized with a long-term stabilization loop, and the
comb lines can also be shifted by a desired amount.

The amplified signal spectra are recorded with a grating-
based optical spectrum analyzer [(OSA), Ando AQ-6315A].
A Fourier-transform infrared spectrometer [(FTIR),
Thorlabs OSA2015] is used for the idler spectra. The path
length of approximately 1 m between the output of the PPLN
waveguide and the free-space input of the FTIR analyzer is
sufficient to observe distinctive absorption features in the
ambient air. By magnifying the mid-IR comb generated in
the waveguide with the QPM period of 26.35 pm [Fig. 2(d)],
we can clearly identify the presence of water (H,O) and
carbon-dioxide (CO,) absorption lines by comparing the
spectrum recorded by the FTIR with the corresponding
absorption cross sections provided by the high-resolution
transmission molecular absorption (HITRAN) database.

B. Noise analysis

The relative intensity noise (RIN) of a frequency comb is
an important parameter, as it can limit the achievable
signal-to-noise ratio in spectroscopic applications such as
dual-comb spectroscopy [56]. In an OPA-based system, the
RIN can increase during preamplification of the pump and/
or signal, nonlinear broadening steps, and the OPA process
itself. RIN characterization at each stage of the setup thus
helps us to identify the bottlenecks and, ultimately, to design
low-noise systems. Figure 3 shows the RIN in our setup
measured at base band using appropriate photodiodes
(Silicon Thorlabs PDA100-EC for 980 nm, InGaAs
Thorlabs PDA10CS-EC for 1-1.8 yum, HgCdTe VIGO
PVI-4TE-6 + MIPDC-5 for 3.5 um) and a signal-source
analyzer (Agilent ES052B). The noise performance of the
gigahertz-laser oscillator is set by its multimode pump diode.
Since no preamplifier is used, this noise level also corre-
sponds to the RIN of the OPA pump.

To investigate the impact of the OPA process itself, noise
measurements are recorded using the waveguide that pro-
vides the highest gain and absolute idler power (QPM period
25.47 pm, signal wavelength 1.50 pm). The RIN of the idler
is, as expected, very similar to the RIN of the amplified
signal. We observed, however, a noise increase of approx-
imately 30 dB with respect to the pump noise level (Fig. 3).

In order to determine the origin of this noise increase,
further measurements are performed. We verify that the
shot-noise levels, which depend on the wavelength and the
optical power of the photodiode, are well below each of
the respective RIN measurement results. The measured
RIN of the supercontinuum over the full wavelength range

— multimode pump diode (0.02%) -

— OPA pump (1-GHz laser) (0.01%)
mid-IR idler (2.14%)

-100 Ay == S R
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FIG. 3. Relative-intensity-noise (RIN) measurements showing

the influence of supercontinuum (SC) generation, supercontin-
uum filtering, and optical parametric amplification for the wave-
guide where highest amplification is achieved. The root-mean-
square (rms) RIN noise integrated over the interval (1 Hz,
3.5 MHz) is indicated in parentheses for each measurement.
The overall noise limit is set by the pump diode of the 1-GHz
laser.

accessible by the InGaAs photodiode (1-1.8 ym) is com-
parable to the gigahertz-laser output, with the exception of
white-noise contributions above 100 kHz and technical
noise around 100 Hz [Fig. 3, full supercontinuum (SC)].
However, the RIN of the supercontinuum after a 15-nm
bandpass filter centered at 1.5 ym is similar to the OPA
output (Fig. 3, filtered SC, before OPA). This filter
bandwidth is chosen to correspond to the bandwidth of
the amplified signal. It is well known that the interplay of
the various mechanisms responsible for spectral broadening
during the SCG process can lead to strongly-wavelength-
dependent RIN [57], which becomes apparent when using
narrow-band filters.

We can thus conclude from these observations that,
despite the high gain, the OPA process itself is not adding a
significant amount of noise, but that the noise increase
stems rather from the SCG process in the Si; N, waveguide.
In the experiment presented here, the supercontinuum is
optimized, above all, for broad bandwidth and spectral
coherence [52], but the RIN may be minimized further by
numerically analyzing the wavelength dependence of
various noise types [58] and adapting the waveguide design
accordingly.

IV. DISCUSSION

The experimental OPA results presented above exploit
several advantageous properties that waveguides offer in
comparison to bulk devices. Simulations in agreement with
our experiments will be shown in this section, along with a
general discussion on how to take advantage of those
waveguide properties to achieve high gain—and thus high
conversion efficiency—of a near-IR into a mid-IR comb.
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A. Energy-dependent gain

For a phase-matched interaction assuming an unde-
pleted, plane-wave pump field E,, and no initial idler field
[E;(0) = 0], the signal field at the output of an OPA device
with length L can be written as [59]

E,(L) = E4(0) cosh(I'L), (1)
where I' is the gain parameter defined as

I'= \/KiKS|Ep|? (2)
with «; = 27d/(n;4;), j=1i, s (idler and signal) and
where d.; denotes the material-dependent effective non-
linear coefficient.

Assuming sufficiently long pump pulses to provide
constant pump intensity for the signal pulse during their
interaction, we can approximate the magnitude of the pump
field E, as a function of the peak power Py ~U,/7,:

2 2U
Ep| ~ o (3)
np€pc \ Wy,

where U, is the pulse energy, 7,, the pulse duration, n,, the
refractive index, and w, the beam waist. To maximize
the interaction in a bulk device, the diffraction length of the
beam (and thus the beam radius) is often set to match the
distance Lgyy over which the pump and signal pulses walk
off each other due to group-velocity mismatch (GVM),

1 1\!
W(%kp ~ LGVM = ‘L'p (- - —> y (4)

v, Vs

where k, = n,2x/4, denotes the pump wave number.

For a given set of phase-matched pump-signal-idler
frequencies, the achievable gain will be independent of
the pump-pulse duration and can only be scaled via the
pulse energy,

FLGVM ~ Cp,s,i\/ Up (bulk), (5)

with a proportionality factor C), ; containing the wave-
length-dependent material properties. If the pump pulse is
too short, then confocal focusing, according to Eq. (4), may
yield an intensity above the material damage threshold. In
this case, the pump pulse can be stretched to avoid damage.
However, the diffraction still limits the achievable gain,
according to Eq. (5).

In a waveguide device, however, the interaction is not
limited by diffraction anymore, thus eliminating the rela-
tion imposed in Eq. (4) for the mode size as a function of
GVM. The gain can now additionally be scaled via the
pump-pulse duration and the effective mode area Ay,
which takes into account the modal overlap inside the
waveguide,

TLgym ~ €50/ Upy /AT—pff (waveguide),  (6)

where C/, ;= C, i\/7n/(2k,(v,' —v7")). Thus, high

gain can be maintained by stretching the pump-pulse
duration despite lowering the pulse energy.

The waveguide cross section is then chosen such as to
optimize the overlap of the guided pump, signal, and idler
modes (see Sec. IIIB). Stretching our pump pulses to
approximately 800 fs, as described in the experimental
section, and taking advantage of the tight mode confine-
ment provided by the PPLN waveguide thus allow us to
achieve high gain with nearly one order of magnitude less
pulse energy than a best-case estimate of a bulk interaction.

B. Pump versus idler group-velocity mismatch

In the presence of not only GVM between pump and
signal but also idler walk-off and group-velocity dispersion
of all of the waves, a more-general description of the OPA
process is required [60]. In order to explain the gain
variations observed experimentally across the broad signal
spectral range, we perform numerical simulations based on
a general model of the dynamics inside the PPLN wave-
guides. The model describes the propagation of the pump,
signal, and idler pulses through the waveguide, accounting
for the wavelength-dependent effective index and modal-
overlap coefficients in the waveguide, and it includes both
second- and third-order nonlinear properties of the PPLN
waveguides [61,62].

In order to determine the dispersion profile of the
waveguides, we proceed as follows. First, we simulate
the proton diffusion inside the waveguide during the
waveguide fabrication process, to obtain a proton concen-
tration profile over the cross section of the waveguide [63].
Following Ref. [63], we obtain the change in refractive
index as a function of the wavelength and the transverse
position, then calculate the corresponding properties of the
fundamental waveguide mode versus the wavelength.
These properties are reasonably accurate for IR wave-
lengths, but less is known about the mid-IR properties. To
account for this uncertainty, we apply an additional fixed
offset to the effective index for the mid-IR part of the
spectrum (wavelengths > 2 pm). This offset is chosen such
that the numerically predicted set of the phase-matched
signal wavelength versus the QPM period is in good
agreement with the experimentally measured dependence.

As can be seen in Fig. 4(a), we also include the change in
refractive index induced by OH absorption in the material
around 2.85 pym [61]. Having calculated the spatial profile
of the fundamental mode, an effective area for the OPA
process can be defined,

Aatopo) ={ [ [* a5 50,8550

-2
xB(x,y,w,,—wadxdy} , )
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where d is a normalized nonlinear coefficient accounting
for the so-called dead layer (the layer at the top of the
waveguide, where the second-order susceptibility is erased
during fabrication) [54], and B(x, y, ) is the spatial profile
of the fundamental waveguide mode with frequency w,
normalized according to [°_ [*%_|B(x,y,w)[*dxdy = 1.

An effective pump intensity, Ppy /A, can be introduced,
which leads to a normalized OPA gain rate y =1/
(/pump power). Figure 4(b) shows how the modal-
overlap integral in Eq. (7) affects the normalized-gain
coefficient y over the range of signal wavelengths used
in this experiment.

In order to directly visualize the spectrally dependent
effect of modal overlap and GVM on the achievable gain,
the pulse-propagation simulations assume a flat-top initial
signal spectrum with a flat spectral phase. The following
input parameters corresponding to the experimental values
are used: 280-mW pump power, I-mW signal power over
the whole flat-top spectrum (1300-1850 nm) and 70-fs
pump pulses with a negative chirp of —25, 000 fs>. A
general propagation loss of 0.1 dB/cm is included. We
assume a nonlinear coefficient of d3; = 19.5 pm/V [64]
and, to obtain improved agreement with the experimentally
measured gain, Ay is scaled by a small factor of 1.17
compared to the directly calculated value from Eq. (7).
Without any further adjustments, the simulations (Fig. 5)
are able to reproduce remarkably well the features observed
in the experiment [Fig. 2(b)].

Looking at the gain curve displayed in Fig. 4(b), one may
expect the amplification to monotonically increase with
increasing signal wavelength. However, the simulated
spectra shown in Fig. 5 are in good agreement with the
experimental data presented above: instead of a monotonic

0 — 26.49 ym simulation
& 197 —26.35 ym
o 26.20 ym
5 —20} — 26.06 um
% — 25.91 ym
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FIG. 5. Simulated amplification of a flat-top signal spectrum

(the black line) when scanning through the experimentally used
QPM periods.

increase, a maximal amplification of 35-40 dB is reached
in the range of 1450-1500 nm and then a decrease can be
observed until the effect of the OH absorption becomes
visible for signal wavelengths of around 1650-1700 nm.
This trend can be explained as follows: while the gain
coefficient y contains information about the spatial overlap
of the idler with the pump and the signal mode inside the
waveguide, it does not take into account the temporal
behavior of the idler pulses. As can be inferred from
Fig. 4(a), the effective group velocity of the idler,
Vgeff(Ai) = €/ Ngroup et (4;), crosses the velocity of the pump
(intersection with the red dashed line) when scanning the
QPM periods. It is for the signal wavelengths correspond-
ing to this intersection—i.e., where the idler moves at
nearly the same velocity as the pump—that we observe
maximum signal amplification. Figure 6 illustrates and
describes the three regimes that we encounter in the scan:
(1) At a signal wavelength of between 1500 and
1650 nm, both the signal and the idler propagate
with a higher velocity than the pump. Although a
high spatial overlap is given, the short temporal
overlap inhibits further amplification [Fig. 6(a)].

(2) For wavelengths of around 1450-1500 nm, the
corresponding idler temporally stays with the pump,
leading to the buildup of a strong idler pulse and
maximal signal amplification [Fig. 6(b)].

(3) In the third regime (<1450 nm), the signal and the
idler have opposite group velocities with respect to
the pump [Fig. 6(c)]. This configuration acts as a
“trap” for the signal and idler pulses, as they are
pulled towards each other, therefore ensuring a long
interaction length and, potentially, high amplifica-
tion. However, the amplification becomes highly
suppressed in this wavelength range due to the
increasing mode size of the idler and the resulting
poor spatial overlap.

From these experimental and numerical observations, we
conclude that the highest gain—and thus the most efficient
mid-IR idler generation—is achieved by designing a wave-
guide where the idler group velocity is as close as possible to
that of the pump while maintaining a high spatial overlap.
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Ilustrative sketch and magnitude of the interacting fields with the center of the pump pulse setting the reference frame for all

figures. The dashed white lines indicate the expected temporal lead or lag of signal and idler pulses with respect to the pump due to
group-velocity mismatch (GVM). (a) Idler faster than pump. The three pulses overlap over only a short distance: the energy transfer
from pump to signal and idler is limited. (b) Idler follows pump. As the signal is passing through the pump pulse, the generated idler
photons stay overlapped with the pump and coherently add up to form a strong pulse. (c) Idler slower than pump, i.e., opposite signs for
signal and idler. Signal and idler “drag” each other along, leading to a longer interaction with the pump (the “trapped” state). Note the
change in magnitude of the electric field (the color bar) compared to (a) and (b). The lower field magnitudes are a consequence of the
reduced spatial-mode overlap, which considerably lowers the gain [as shown in Fig. 4(b)].

V. CONCLUSION

In this paper, we address the challenge of nonlinear-
optical frequency conversion at low pulse energies with the
aim of transferring a 1-GHz frequency comb at 1 ym into
the application-relevant mid-IR spectral region. Using a
SESAM-mode-locked laser at 1 um, we have achieved
tunable offset-free combs from 2.5 to 4.2 ym with up to
4 uW of power per comb line around 3.5 ym. The comb
spectra are generated in a PPLN RPE waveguide by optical
parametric amplification. The signal photons for the OPA
process are obtained by supercontinuum generation in a
silicon-nitride waveguide with only 40 pJ of coupled pulse
energy. During the OPA stage, this signal beam is amplified
by up to 35 dB using 300 pJ of pump energy. We show that,
in contrast to bulk devices, signal amplification in a
waveguide OPA can be increased by stretching the pump
pulse and exploiting the waveguide dispersion to obtain a

similar effective group velocity for pump and idler pulses.
Those degrees of freedom provide interesting design oppor-
tunities for low-energy frequency conversion of a variety of
compact laser sources, including semiconductor lasers [65],
without the need for additional laser power amplifiers.
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