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strengths of this approach are simplicity and flexibility. It 
leverages the robust and technologically mature erbium-
doped-fiber oscillators at 1.5 µm [24, 25] and takes advan-
tage of non-resonant MIR generation in a single pass 
through a nonlinear crystal. Additionally, because the MIR 
light is generated by nonlinear differencing of portions of 
the near-infrared spectrum, the offset frequency f0 of the 
original comb is removed, such that the MIR comb has 
frequencies which are uniquely determined as harmonics 
of the near-infrared comb repetition rate, i.e., νn = nfrep. 
This significantly simplifies the frequency stabilization and 
yields a frequency comb possessing a unique combination 
of broad bandwidth spectral coverage, high resolution and 
absolute frequency information. We note that CW laser-
assisted spectroscopy in the MIR has been implemented 
with a near-infrared comb to also remove the necessity for 
f0 stabilization [26].

In the near-infrared, frequency comb spectroscopy has 
already proved useful in industrial [27] and medical [28] 
applications, as well as atmospheric greenhouse gas sens-
ing [29]. The spectroscopic technique implemented here 
is dual-comb spectroscopy, which is an effective means 
to make rapid, high-bandwidth, well-resolved, and accu-
rate measurements [30, 31]. Dual-comb spectroscopy has 
been previously explored in the MIR, but at shorter wave-
lengths [32–37] and with systems that employ OPOs [14, 
38] or fully stabilized near-IR combs combined with CW 
lasers [39]. Here, we instead focus on a straight forward 
and broad bandwidth dual-comb implementation, with the 
MIR frequency combs (spanning 2.6–5.2 µm) based on 
the DFG of two wavelengths of a near-infrared comb laser. 
While mid-infrared combs have been developed via a simi-
lar technique in this spectral region previously [20, 40–50], 
our work aims to characterize the coherence and noise 
properties of these mid-infrared sources and optimize the 

Abstract A tunable mid-infrared frequency comb was cre-
ated via difference frequency generation. Pulses between 1 
and 1.5 µm were mixed to generate light ranging from 2.6 
to 5.2 µm. Two such combs were heterodyned at 5 µm to 
show their coherence and potential for spectroscopy. The 
properties of the comb were modeled using numerical sim-
ulation, which confirmed the observed bandwidths.

1  Introduction and overview

Mid-infrared (MIR) laser sources are a powerful tool to 
study the spectroscopic “fingerprints” of various com-
pounds important for many applications [1], including 
time-resolved spectroscopy [2, 3], radiocarbon detection 
[4], trace gas sensing [5], and airborne spectroscopy [6, 7]. 
Traditionally, MIR laser sources have been based on con-
tinuous wave (CW) gas and diode lasers [8–10], but more 
recently there has been significant growth of both optical 
parametric oscillators (OPOs) [11–14] and quantum cas-
cade lasers (QCLs) [15–19].

In this paper, we employ difference frequency genera-
tion (DFG) of portions of the broad spectrum of a near-
infrared frequency comb to reach the MIR [20–23]. The 
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sources to enable their future implementation in precision 
dual-comb mid-infrared spectroscopy.

The method of spectral generation described here cent-
ers around a robust 1.5-µm erbium fiber oscillator. Through 
nonlinear broadening in silica fiber [51], the 1.5-µm mode-
locked laser can generate spectra ranging from 1 to 2 µm 
(see Fig. 1, at left). The difference frequency genera-
tion between portions of the spectrum around 1 µm and 
some of the original 1.5-µm light then occurs in a single 
pass through millimeter-lengths of periodically poled 
lithium niobate (PPLN) [52]. By tuning the period of the 
PPLN crystal, we generate spectra spanning from 2.6 to 
5.2 µm, limited by the PPLN transparency at long wave-
lengths [53]. Across this range, single tuning bandwidths of 
1–7 THz are achieved, as determined by a combination of 
phase-matching and input spectral bandwidth. Additionally, 
for our specific choice of parameters, average powers rang-
ing from 100 µW to 20 mW are generated. The residual 
intensity noise is characterized to be sufficiently low such 
that high signal-to-noise ratio (SNR) interferograms can be 
achieved in the heterodyne between two such combs, thus 
demonstrating their utility for dual-comb spectroscopy.

2  Theory

Difference frequency generation (DFG) has been well-
described in the literature [54–57]. Here we present a brief 
overview of the theory behind the modeling that we show 
in Sect. 4.4. Our goal in doing so is to present a simple 
model that allows us to gain insight into and to compare 
with the main features observed in the experimental data. 
In particular, we focus on the physical and experimental 
parameters of the DFG process that constrain the achiev-
able power and bandwidth.

The process of DFG is a three-wave mixing nonlinear 
process between pump (p), signal (s) and idler (i) waves, 
also conveniently understood in the photon energy pic-
ture of Fig. 1 (at right). In the time domain, DFG can be 
described by three coupled differential equations [55]:

where A = A(t) and A∗(t) are the electric field amplitudes 
of each wave (signal, idler, pump) in the time-domain and 
their complex conjugates, k(m) is the mth order dispersion 
coefficient, χ(2) is the second-order nonlinearity of the non-
linear medium (in this case, PPLN), ω is the angular fre-
quency of each wave, n is the refractive index of each wave, 
and �k = kp − ks − ki −

2π
�

 is the magnitude of the wave-
vector mismatch, where � is the poling period of the PPLN 
crystal. For these simulations, only m = 1 and 2 were used; 
that is, only first- and second-order dispersion were incorpo-
rated. The amplitudes of the input fields Ap and As were cre-
ated using measured values of average power, pulse dura-
tion, and beam waists. These simulations assumed plane 
waves with no diffraction, which is valid when the crystal 
length is within the confocal parameter of the focused beam 
(accurate for both the 1-and 3-mm crystal lengths used 
here), and the electric field amplitudes A(t) assumed Gauss-
ian envelopes. The simulations also incorporated PPLN 
material absorption [53], not shown in the above equations. 
These coupled equations were then numerically integrated 
through the PPLN crystal along the z-axis. The results of 
these simulations were used to confirm observed bandwidth 
and power measurements, discussed later in Sect. 4.4.

The dynamics of the pulse propagation in the PPLN 
crystal are dictated by the optical nonlinear interaction 
among the pulses and their dispersion through the crystal. 
For a pump beam centered at 1074 nm, the group veloc-
ity of the signal pulse at 1.3 µm is 1 % higher than the 
pump, while the idler group velocity at 5 µm is 4.4 % 
smaller. For the input pulse durations used in the simula-
tions (400 fs for pump and 60 fs for signal), the group 
velocity mismatch (GVM) length for pump and signal is 
4.65 mm, meaning that they propagate overlapped within 
each crystal, with the signal leading the pump pulse. As 
the pump and signal propagate, the continuously gener-
ated idler propagates with smaller group velocities for 
longer wavelengths. For 5-µm pulses and sufficiently 
longer crystals, the idler leaves a long tail behind the 
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Fig. 1  Left Overview of mid-infrared difference frequency genera-
tion using a 1.5-µm erbium fiber laser. A supercontinuum was gen-
erated and was centered about the 1.5-µm source, portions of which 
were used in difference frequency generation in periodically poled 
lithium niobate (PPLN). The details of this procedure are described 
in Sect. 3.1. Right Energy-level diagram of the difference frequency 
generation process. Pump photons (ωp) at 1 µm drive the down-con-
version process, which is seeded by 1.5-µm signal photons (ωs), lead-
ing to parametric gain in the signal and also generating idler photons 
(ωi)
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pump and signal, which can make this pulse much longer 
and spectrally narrower.

3  Experiment

3.1  Setup

The near-infrared frequency combs used in generating 
the two mid-infrared combs were modified from those 
described in [33] to allow for tunability from 2.6 to 5.2 µm. 
Each frequency comb was based on an erbium fiber ring 
oscillator, which generated a 1.5-µm frequency comb at 
100 MHz (see Fig. 2). One of the oscillators is a Men-
loSystems C-comb, and the other is based on the design 
described in Ref. [58]. The generated comb light of each 
was split into two branches, which produced the pump and 
signal used in DFG. Most of the fiber-based portions of the 
systems were made from polarization-maintaining (PM) 
components, which contributed to the long-term stability.

In the pump branch, a normal-dispersion (nLight 
LIEKKI Er80-8/125) erbium-doped fiber amplifier (EDFA) 
(top, in Fig. 2) was used to generate short pulses with high 
peak power (roughly 200 mW and 70 fs) at 1.5 µm. The 
fiber lengths in the Menlo oscillator system were 12 cm 
of PANDA (after 20 cm of internal fiber from the Menlo 
comb had been removed), 82 cm of PM EDF, and 39 cm 
of PANDA, and the fiber lengths in the home-built system 
were 82 cm of PANDA, 94 cm of PM EDF, and 63 cm of 
PANDA. The generated pulse was launched into a short 
length (8 cm in the Menlo-based system, 15 cm in home-
built oscillator system) of PM highly nonlinear fiber 
(HNLF) with a zero dispersion wavelength (ZDW) of 
roughly 1350 nm to create a low-noise dispersive wave at 
1 µm [59, 60]. This was the seed for a high-power ytter-
bium-doped fiber amplifier (YDFA), which produced 2 W 
at 1 µm and was the pump source in DFG. Both systems 

stretched the pulses using either fiber Bragg gratings or 
negative third-order dispersion fibers to roughly 50 ps 
before launching into either highly doped double-clad 
ytterbium gain fiber (Nufern PLMA-YDF-10/125-HI-8) 
or a commercial high-power ytterbium amplifier (Keopsys 
CYFA-PB-BW1-PM-33-NL1-OM1-M305-FA-FA). The 
pump pulse was compressed using a pair of transmission 
diffraction gratings (1600 grooves/mm, not shown in the 
figure). The pump power that reached the crystal after com-
pression and beam-shaping optics was 735 mW.

The signal branch (bottom, in Fig. 2) also featured an 
EDFA with similar characteristics to that described previously. 
The fiber lengths in the Menlo-based system were 60 cm of 
PANDA, 68 cm of PM EDF, and 48 cm of PANDA, and the 
fiber lengths in the home-built oscillator system were 132 cm 
of PANDA, 102 cm of PM EDF, and 60 cm of PANDA. The 
output of this amplifier was launched into a short section 
of PM HNLF (7 cm of PM HNLF in the Menlo-based sys-
tem, 3.5 cm in the home-built oscillator system) with a ZDW 
of roughly 1520 nm; the pulses’ chirp and peak power were 
catered towards generating spectral power between 1.3 and 
1.5  µm (see Fig. 4 and description in Sect. 3.2). This was the 
signal source in DFG. The total signal power across the entire 
spectrum was 81, 6 mW of which is in the 1.3-µm phase-
matching bandwidth for 5-µm production.

Focusing both beams to the same position with simi-
lar waists and confocal parameters is important for strong 
mode overlap, and thus idler generation. The PM HNLF 
used in the signal branch has a small core, and we used a 
collimator with a high numerical aperture to collect and 
collimate the most light. This beam was minimally shaped 
thereafter to avoid possible chromatic aberrations due to 
its broad bandwidth. The pump, therefore, was tailored 
to match the signal. The pump beam implemented a tele-
scope of two achromatic lenses, the spacing of which had 
fine adjustment. The pump and signal beams were focused 
into a PPLN crystal using a 40-mm focal length achromatic 
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Fig. 2  Schematic of one of the two difference frequency genera-
tion (DFG) apparatuses. An erbium fiber oscillator was split into two 
branches. The pump branch (top) was amplified in an erbium-doped 
fiber amplifier (EDFA) before launching into highly nonlinear fiber 
(HNLF) to broaden the spectrum to 1 µm. This served as the seed for 
a ytterbium-doped fiber amplifier (YDFA). The signal branch (bot-
tom) was also amplified in an EDFA and launched into a HNLF of 
different dispersion to broaden the spectrum to 1.3 µm. The output 
of these two branches were combined using a dichroic beam-splitter 

(BS), focused into to a periodically poled lithium niobate (PPLN) 
crystal. This generated idler spectra spanning 2.6–5.2 µm, the center 
wavelength of which was adjusted by choosing different poling peri-
ods. The generated mid-infrared light was combined with a second 
DFG system for dual-comb interferometry, and a long-pass filter 
(LPF) filtered out the pump and signal beams for diagnostic purposes 
and to isolate the idlers, which were detected on a mercury cadmium 
telluride (MCT) detector
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lens, and the telescope in the pump branch was adjusted 
so the two beams focused to the same plane. The beam 
waists of the pump and signal beams were 15 and 19 µm, 
respectively, measured using integrated power measure-
ments with a translation stage and a razor blade. These cor-
respond to average intensities of 200 kW/cm2 for the pump 
and 15 kW/cm2 for the signal. The PPLN crystal was either 
1 or 3 mm in length, with poling periods that allowed for 
the quasi phase matching of 1 and 1.3–1.5 µm pump-signal 

pairs. The resulting output spectra, powers, and other char-
acteristics are described in detail in later sections.

3.2  Pump and signal characterization

Maximal pulse compression is essential for optimal DFG 
in order to obtain the most peak power that drives the non-
linear process. The pump pulse duration was optimized 
using a free-space grating compressor, and the signal pulse 
duration was optimized via compression in polarization-
maintaining, anomalous-dispersion, single-mode fiber 
before launching into PM HNLF. Second harmonic genera-
tion autocorrelations of both the pump and the 1.3–1.4 µm 
portion of the signal are shown in Fig. 3 at left and right, 
respectively. The autocorrelation widths of the pump and 
signal were 320 and 60 fs, respectively. If hyperbolic secant 
 (sech2) pulses are assumed, these correspond to minimum 
pulse durations of 210 and 40 fs. While clear evidence of 
incomplete compression is seen in the wings of these auto-
correlations, the achievable pulse durations were not limit-
ing factors in the subsequent DFG generation.

The spectrum of the signal used in 5-µm generation is 
shown in Fig. 4 in black, and the corresponding poling 
periods’ phase-matching wavelengths for a 1074-nm pump 
are shown as short red sticks along the wavelength x-axis. 
The poling periods corresponding to the longest idler wave-
lengths correspond to the shortest signal wavelengths. The 
poling periods are (from left to right in Fig. 4): � = 24.63 , 
25.23, 25.86, 26.53, 27.22, 27.96, 28.74, 29.56, 30.43, and 
31.35 µm (off-scale right). This spectrum was tailored spe-
cifically to generate optical power at the shortest phase-
matchable signal wavelengths in order to generate long-
wavelength idlers. However, the spectral peak between 
1.3 and 1.4 µm can be moved to the red by reducing the 
pump power feeding the EDFA. These changes are shown 
in the inset in Fig. 4 as the thinner, colored lines, and these 
spectral choices allow for more efficient production of idler 
power between 3.5 and 4.5 µm.

4  Results and analysis

4.1  Spectral coverage

The attainable MIR spectral coverage using both 1 and 3 mm 
PPLN crystals was measured using a Fourier transform spec-
trometer, and is shown in Fig. 5. A fixed pump and signal 
were able to produce a tunable octave from 2.6–5.2 µm by 
simply changing the poling period of the PPLN crystal. 
Finer tuning can be achieved by changing the temperature 
of the PPLN crystal. The long-wavelength limit of the spec-
tra shown is a result of the transparency window of PPLN; 
published values indicate that the absorption increases from 

Fig. 3  Second harmonic generation autocorrelation of the 1-µm 
pump beam (left) and 1.3-µm signal beam (right). Delay vs. second 
harmonic intensity is plotted, and the autocorrelation width of each is 
shown adjacent to the plot

Fig. 4  Main figure: the broadened output of the EDFA used as the 
signal in the DFG process is shown in (black, thick). This spec-
trum was measured using a grating-based optical spectrum analyzer 
(OSA). The phase-matching wavelengths for different poling peri-
ods present in the PPLN crystal for a fixed 1074-nm pump are also 
indicated (red, short sticks). Inset The signal spectrum can be tailored 
for maximum signal power at a given poling period phase-matching 
wavelength by varying the pump current (original spectrum in black, 
thick; other spectra are thin and in color)
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roughly  10−2 cm−1 at 3 µm to  10−1  cm−1 at 4 µm and 1  cm−1 
at 5 µm [53]. The peaks here are normalized to the measured 
integrated power (plotted in Fig. 7) and normalized to the 
maximum peak in each set. The spectral shapes are verified 
via simulation and explained in greater detail in Sect. 4.4. 
The spectra are suppressed at 4.2 µm in part due to weak 
signal power, but also as a result of the strong ro-vibrational 
absorption in ambient carbon dioxide in the path between the 
PPLN and the spectrometer used for characterization.

4.2  Beam characterization

One useful metric for determining the suitability of a laser 
beam for heterodyne detection, collimation, and both fiber 
and waveguide coupling is its mode quality. To our knowl-
edge, beam quality from a DFG system in the 5-µm region 
has not been previously reported. We were able to evaluate 

this by collimating the 5-µm idler from one of the DFG 
systems, propagating it 2 m, then imaging it on an indium 
antimonide (InSb) camera array, shown in Fig. 6. Each axis 
of the beam profile was integrated and fitted with a Gauss-
ian, shown in the axes above and to the right of the camera 
image. While the beam profile more closely resembles a 
Lorentzian, with more power in the wings than in a Gauss-
ian, good modal quality is demonstrated and aids the het-
erodyne detection described in Sect. 4.5. The full-width at 

Fig. 5  The attainable spectral coverage using both 1 mm (top) and 
3 mm (bottom) PPLN crystals. Spectra are scaled according to their 
measured integrated power. Each colored curve corresponds to a dif-
ferent poling period, shown in color-coded text (in microns) on the 
bottom plot. The gap seen near 4.2 µm results from weak power at the 
corresponding signal wavelength, as seen in Fig. 4. The longer of the 
two crystals has a narrower phase-matching bandwidth, and thus the 
spectra shown at bottom are narrower

Fig. 6  Indium antimonide (InSb) camera image of collimated 5-µm 
beam, with line plots above and to the right showing the integrated x- 
and y-axes (solid red) and Gaussian fits to each (dashed blue)

Fig. 7  Optical power as a function of wavelength for 1 mm (black 
square) and 3 mm (red circle) PPLN crystals, plotted on a logarith-
mic scale
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half-maximum (FWHM) of the beam in the x-direction is 
1.4 mm, and 1.3 mm in the y-direction.

4.3  Power measurements

DFG produced powers over a wide band of wavelengths 
ranging from roughly 100 µW (1 mm crystal, 5.2 µm) to 
over 20 mW (3 mm crystal, 3.5 µm). Powers using a 40-mm 
achromatic lens to focus beams into the crystal are plotted 
in Fig. 7. The focusing, alignment, and delay between the 
two input pulses were optimized for the 5.05-µm points; 
all other data points were taken after changing only the 
poling period and optimizing the delay. These were meas-
ured using a thermal power meter. At 5.05 µm, this 40-mm 
lens generated 280 µW in a 1-mm crystal and 520 µW in 
a 3-mm crystal. Powers were also measured at this wave-
length using a 100-mm lens to focus; this yielded 175 µW 
in a 1-mm crystal, 860 µW in a 3 mm-crystal, and 1.37 mW 
in a 10-mm crystal. In the 1-mm crystal, the reduction in 
power is attributed to a larger beam waist, and thus lower 
input intensities. In the 3-mm crystal, the increase in power 
is attributed to the longer confocal parameter, which keeps 
the intensity more uniform throughout the crystal than the 
40-mm lens. In fact, the 100-mm lens produces a confocal 
parameter of 92 mm, which is comparable to the 10-mm 
crystal length. This assures that the simulated powers, 
which did not account for beam diffraction, should approx-
imate the experimental values well. Further gains can be 
achieved by increasing the pump power at 1 µm, optimized 
beam focusing at the crystal, and more careful tailoring of 
the broadened signal spectrum. (In a similar system, 0.5 W 
was achieved at 3 µm [33].)

Extensive numerical simulations were performed in 
an effort to verify the observed 5-µm idler power. In these 
simulations we find strong sensitivity to exact parameters 
of pump and signal intensity and relative overlap, which are 
challenging to precisely realize in the experiments. How-
ever, our model systematically predicted higher powers than 
were observed at the longest idler wavelengths. The source 
of this discrepancy is not known, but would be explained 
by stronger mid-infrared material absorption than what is 
expected for PPLN [53]. The possibility of nonlinear or mul-
tiphoton loss [61] due to the generation of parasitic green 
light was not explored. We note that reduced power at longer 
idler wavelengths was also observed in our earlier work 
[21]. Despite the lower than expected powers, the 5-µm light 
should be sufficient for lab spectroscopy, as detailed below.

4.4  Comparison to simulations

The spectral profile of the generated idler from this experi-
ment was modeled and verified through numerical simula-
tion. Figure 8 confirms the bandwidth of the idler in each 

crystal and poling period, from Fig. 5. The observed data 
points are shown as solid circles. These are not plotted as 
the full-width at half-maximum of the measured spectra 
directly, but divided by the convolution between the input 
pump and signal spectra to correct for some of the unusual 
spectral features found in the signal spectrum. (See the 
top panel of Fig. 5 between 3–4 µm for examples of idler 
spectral distortion.) Simulated bandwidths using Gaussian 
inputs are shown as solid lines, and, where the convolution 
correction is able to accurately recover a spectral shape, 
these agree quite well. At shorter wavelengths, the mid-
infrared spectral width is limited by the spectral width of 
the signal (short dashes, horizontal line); at longer wave-
lengths, the mid-infrared spectral width is limited by the 
phase-matching bandwidth of PPLN (long dashes, plotted 
for a 1-mm crystal).

As can be seen from Fig. 8, the spectral bandwidth 
of the MIR comb, particularly at longer wavelengths, 
decreases as function of the crystal length. This is due to a 
corresponding decrease in the phase-matching bandwidth, 
which our model predicts well. The same model allows 
us to also predict the MIR pulse durations. For example, 
the pulse durations for the two cases of z = 1 mm and 
z = 3 mm are approximately 250 and 450 fs, respectively. 
The pulses are slightly chirped due to the group velocity 
mismatch in PPLN, which makes the pump and signal 
pulses travel faster than the idler. The modeling shows 
that the idler pulse is continuously generated as it walks 
away from the pump and signal, leading to an asymmetric 
time duration.

4.5  Coherence and noise measurements

With the source power and spectrum now evaluated, 
we are in the position to study the properties of this 
MIR DFG source for dual-comb spectroscopy. This was 
assessed by performing multi-heterodyne measurements 
between the two combs. Interferograms of the combined 
MIR combs were recorded using a high-bandwidth (>100 
MHz) liquid nitrogen-cooled mercury cadmium telluride 
(MCT) detector. A sample interferogram from the over-
lapping of the two 5-µm combs is shown in Fig. 9, along 
with the resulting transformed spectra. Here, the two 
combs’ repetition rates were roughly 99.84 MHz, with a 
repetition rate difference of 290 Hz. The interferogram is 
a single shot, unaveraged, with both combs free-running 
and without any active stabilization. The inset shows the 
resulting spectrum from one unaveraged interferogram, 
and the noise reduction of 16 interferogram averages. 
The time-domain signal-to-noise ratio of the interfero-
gram is estimated to be approximately 25, within the 
50 MHz Nyquist filtered bandwidth of the digital sam-
pling system. With a repetition rate difference of 290 Hz, 
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interferograms occur every 3.4 ms. The averaging of 16 
of these in succession, without stabilization or correction, 
demonstrates that the two mid-infrared combs exhibit 
coherence over at least 55 ms.

The relative intensity noise (RIN) was measured by 
analyzing the baseband voltage fluctuations on the aver-
age MIR power as detected with the MCT detector. 
Results are shown in Fig. 10. Electronic noise is seen at 
low frequencies, but is native to the measurement setup 
and not the MIR source or the MCT detector, as indi-
cated by the electronic background. One can see that the 
mid-infrared RIN is greater than that of the pump and the 
signal, having acquired RIN from the pump. This is most 
evident at 104 Hz, where a peak is visible in both plots.

The mid-infrared RIN plotted here is not significantly 
higher than that typical of near-infrared fiber sources; 
depending on amplification, detector noise, dynamic 
range, and spectral broadening, RIN from an erbium-
based fiber laser can range from −145 to −125 dBc/Hz 
[62]. Additionally, previous work using HNLF to broaden 
EDFA light from 1.5 to 2 µm produces comparable RIN 
to what is shown here [63].

Fig. 8  Simulated and observed bandwidth in 1 and 3 mm PPLN 
crystals. Dots signify the corrected observed full-width at half-max-
imum (FWHM) measurements for the two different crystal lengths. 
The correction divides the observed FWHMs by the convolution of 
the input pump and signal, which allows for the removal of the effect 
signal’s spectral features. The solid lines show the simulated band-

width of the idler, assuming a Gaussian pump and signal of dura-
tions as determined via the autocorrelations shown in Fig. 3. Dashed 
lines show the bandwidth of the input signal and the phase-matching 
bandwidth of a 1-mm crystal solely via �kL walk-off. Inset simulated 
(dashed, blue) and experimental (solid, red) spectral widths for the 
5.05-µm poling period

Fig. 9  Main figure: interferogram of free-running (unstabilized) 
5-µm multi-heterodyne. Inset Fourier transform, re-scaled, of unaver-
aged interferogram (gray) and 16 averaged interferograms (blue)
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5  Conclusions

Two 100-MHz optical frequency combs based on dif-
ference frequency generation were developed, with tun-
able spectral coverage ranging 2.6–5.2 µm. The use of 
polarization-maintaining fiber and a single-pass non-
linear process provides a path towards a reliable, stable 
source with the ability to cover a broad spectral region 
of great interest in molecular spectroscopy. In particular, 
the strong coherence and low RIN of this system show 
potential for immediate implementation in robust, high-
sensitivity mid-infrared dual-comb molecular spectros-
copy. The spectral shapes observed were explained and 
understood through numerical simulation. This particular 
system is limited by the transmission of PPLN, but a sim-
ilar scheme implementing a more transmissive nonlin-
ear crystal at longer wavelengths would allow for much 
broader tunability and access to new spectral regions.
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