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The mid-infrared atmospheric window of 3-5.5 µm holds valuable information regarding molecular
composition and function for fundamental and applied spectroscopy. Using a robust, mode-locked
fiber-laser source of <11 fs pulses in the near-infrared, we explore quadratic (χ(2)) nonlinear optical
processes leading to frequency comb generation across this entire mid-infrared atmospheric window.
With experiments and modeling, we demonstrate intrapulse difference frequency generation that
yields few-cycle mid-infrared pulses in a single pass through periodically poled lithium niobate.
Harmonic and cascaded χ(2) nonlinearities further provide direct access to the carrier-envelope offset
frequency of the near infrared driving pulse train. The high frequency stability of the mid-infrared
frequency comb is exploited for spectroscopy of acetone and carbonyl sulfide with simultaneous
bandwidths exceeding 11 THz and with spectral resolution as high as 0.003 cm−1. The combination
of low-noise and broad spectral coverage enables detection of trace gases with concentrations in the
part-per-billion range.

Laser frequency combs exist at the rich convergence
of time and frequency domains, where they simultane-
ously combine the physics of ultrafast nonlinear optics
and high-resolution frequency metrology [1, 2]. Advances
in comb-generating nonlinear optics draws from diverse
fields, but has typically focused on the use of the ultra-
fast third-order nonlinearity (χ(3)) for spectral generation
and mode-locking of laser sources in the visible and near
infrared. While this region of the spectrum has good
overlap with the electronic transitions of optical clocks
and alkali atoms, frequency combs in the MIR enable
ro-vibrational spectroscopy for molecular detection and
identification [3]. The infrared atmospheric window at 3-
5.5 µm, exhibits reduced attenuation while demonstrat-
ing strong absorption coefficients for greenhouse gases
and pollutants such as methane, ethane, carbon diox-
ide, and formaldehyde [4–11], making this spectral range
useful for climate research and atmospheric monitoring.
Further, the same spectral window contains molecular
structure information pertaining to the C-H and O-H
functional groups which can be used in the character-
ization of biochemical molecules [12, 13] and spectro-
imaging of biological samples [14, 15]. At the same time,
broad bandwidth few-cycle pulsed sources in the MIR
are valuable for driving high-harmonic generation and
strong-field physics in both gases and solids [16–18].

Based on these motivations, multiple approaches to
MIR frequency comb and coherent short pulse genera-
tion have been pursued. Examples include optical para-
metric oscillators (OPOs) [19–23], supercontinuum gen-
eration [24–27], difference frequency generation (DFG)
[28–31], direct generation with quantum cascade lasers

(QCL) [32–34], mode-locked fiber lasers [35–37], and
microresonator frequency combs [38]. Despite signifi-
cant progress, many of these frequency comb sources
require additional resonant cavities (OPOs) or careful
spatio-temporal alignment of two femtosecond pulses
(DFG) that increases complexity. Others lack absolute
frequency calibration or have large mode-spacings (mi-
croresonator combs and QCLs) that are mis-matched to
the spectroscopy of small molecules.

In this Letter, we demonstrate a simple and powerful
method for generating broadband frequency combs across
the 3-5 µm MIR atmospheric window using intra-pulse
DFG driven by few-cycle pulses within a χ(2) material
[39–41]. With detailed modeling, we show how to engi-
neer the nonlinear interactions in a single pass through a
chirped periodically-poled crystal to provide 3-cycle MIR
optical pulses with corresponding simultanesous spectral
coverage of 40 THz (1333 cm−1). We avoid the strict
requirements of spatio-temporal overlap encountered in
conventional DFG sources, eliminating a major source
of intensity noise while enabling long-term robust opera-
tion. As an auxiliary benefit, the few-cycle pulse nonlin-
ear optics provides the carrier-envelope offset frequency
of the driving pulse train directly, which we use to fully
stabilize the near-infrared (NIR) comb spanning 1-2 µm.
We employ the MIR comb for dual comb spectroscopy
(DCS) [42]. With excellent signal-to-noise ratio (SNR)
and the capability to accurately resolve both broad- and
narrow-band spectral features, we achieve a sensitivity
of 40 ppb·m Hz−1/2 for carbonyl sulfide molecules using
multi-line detection [43].

The experimental setup is shown in Fig 1(a). In con-
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FIG. 1. (a) Experimental setup of MIR generation and offset frequency (f0) detection. (b) An optical spectrum of the ultrashort
pulse. (c) Offset frequency beat notes measured at 600 nm, 900 nm, and 3500 nm (RBW = 1kHz). (d) Measured intra-pulse
DFG spectra with a commercial FTS (4 cm−1/120 GHz resolution). All spectra are normalized to the peak signal. The
measured power for each spectrum is indicated by the square markers, referencing the axis on the right. Atmospheric CO2

absorption is visible in the spectrum centered around 4.3 µm. (e) Predicted MIR spectra, also normalized.

trast to intrapulse DFG driven by multi-Watt laser sys-
tems at 1 and 2 µm [44–47], we employ robust and tech-
nologically mature fiber laser technology starting in the
1.55 µm region to pump periodically poled lithium nio-
bate (PPLN). We amplify and spectrally broaden the
output of a 100 MHz Er:fiber oscillator to generate 3
nJ few-cycle pulses (10.6 fs, 2.1 cycles) centered at 1.55
µm, as in [39]. In typical experiments, we focus the few-
cycle pulse with a 25 mm focal length silver-coated off-
axis parabolic (OAP) mirror into 1 mm-long PPLN crys-
tal, achieving a minimum beam diameter of 16 µm. The
broadband output of the PPLN crystal is collected with
another OAP mirror, optically filtered, and measured on
a Fourier transform spectrometer (FTS) or sent to a liq-
uid nitrogen-cooled mercury cadmium telluride (MCT)
detector. The spectrum of the few-cycle pump is shown
in Fig. 1(b), and it contains sufficient bandwidth (≈100
THz) to support the generation of 3 µm light.

The modes of a frequency comb are defined through
two radio frequency parameters, the repetition rate (frep)
and the offset frequency (f0), such that a given mode, n,
has optical frequency, νn = nfrep + f0. For DFG that
occurs within the original input pulse, the resulting MIR
light will be “offset-free”, meaning the offset frequency
of the comb will subtract out in the DFG process. How-
ever, due to the high peak intensities within the crystal,

cascaded χ(2) nonlinear processes give rise to additional
comb modes throughout the spectrum with which we ob-
serve f0 in heterodyne beats at multiple wavelengths, as
shown in Fig 1(c). For example, at 600 nm, we observe
the 2f–3f interference, from cascaded QPM tripling of
1.8 µm and third-order phase-matched doubling of 1.2
µm. At 900 nm, a f–2f interference results from QPM
1.8 µm frequency doubling beating with slightly broad-
ened comb light. At 3500 nm, we observe an “f–0” beat
note between the “offset-free” DFG comb, and DFG be-
tween doubled light from 2 µm (with a factor of 2f0)
and the original 1.5 µm comb (containing a single f0)
[48]. We estimate that the power of the f0 comb is 40
dB smaller than that of the f0-free comb in the MIR. In
subsequent electro-optic sampling experiments [49], the
time-domain impact of this small f0 comb had negligible
impact on the phase stable few-cycle waveform associated
with the offset-free DFG comb.

We implement optical frequency control by phase-
locking a NIR comb tooth to a narrow-linewidth 1.55
µm laser. In addition, we control the offset frequency of
the combs by using the f0 signal detected at 3500 nm
with the same MCT detector used for MIR spectroscopy
(Fig. 4(a)). The integrated phase noise on the locked
offset frequency is 115 mrad, integrated from 50 Hz to
2 MHz, and comparable to other methods of offset fre-
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FIG. 2. Broad bandwidth MIR generation. (a) Using a
chirped PPLN crystal, we generate broader bandwidth MIR
light. The blue and yellow curves correspond to different chirp
profiles. CO2 absorption is also visible in the yellow spectrum
at 4.3 µm. Powers for the two spectra are 1.3 mW (blue) and
360 µW (yellow). (b) Modeling of the experimental spectra
with chirp profiles shown in the inset. The red dashed line
is a modeled profile which covers this full spectral region.
The chirp rate for each spectrum is: 0.8 µm/mm (blue), 1.45
µm/mm (yellow), and 7 µm/mm (red dashed).

quency stabilization.
The PPLN crystal contains a set of discrete poling pe-

riods, ranging from Λ = 24.1–35.6 µm in steps of ap-
proximately 0.6 µm. The longer (shorter) poling periods
provide QPM for DFG into shorter (longer) wavelengths
in the MIR. By tuning across these poling periods, MIR
light spans 3 - 5.5 µm (Fig 1(d)). The maximum power
measured in the MIR spectra is 1.3 mW. However, on av-
erage these spectra yield approximately 500 µW, which
is sufficient to saturate the MCT detectors used in our
spectroscopy measurements.

We model the few-cycle pulse interaction within the
quadratic nonlinear medium using a nonlinear envelope
equation (NEE) that supports studying the ultrabroad-
band phenomena, including harmonic generation, that
we observe experimentally. The NEE is analogous to
the nonlinear Schrödinger equation for cubic nonlinear
physics [50], and is expressed as,

∂A

∂z
+iD̂A(z, t) = i

(
1 +

i

ω0

∂

∂t

)
× (1)

χ(z)
(
A2e−iφ(z,t) + |A|2eiφ(z,t)

)
,

FIG. 3. Simulation results in time and frequency domain for
the modeled chirp profile. (a) Time domain propagation of
the NIR ultrashort pulse. (b) Time domain propagation of the
MIR pulse. (c) Frequency domain propagation. Most light is
generated near the middle of the crystal, but some higher
frequency components arise near the end of the PPLN. (d)
Time domain traces of the MIR pulse at the output of the
PPLN (blue) and after 0.5 mm of Ge (red). The transform-
limited pulse duration is 20 fs. (e) Left axis: MIR spectrum
at the output of the PPLN. Right axis: Spectral phase of the
pulse at the output of the PPLN (black dashed) and after 0.5
mm of Ge (red dashed).

where A is the envelope of the electric field, D̂ =∑
j=2

1
j!βj(i

∂
∂t )

j is the dispersion operator, χ(z) =

χ(2)(z)ω2
0/4β0c

2 accounts for periodic poling and the
nonlinear susceptibility, φ(z, t) = ω0t − (β0 − β1ω0)z,
and βj are the coefficients of a Taylor expansion of
β(ω) = ωn(ω)/c, the propagation constant, about ω0

[51]. In the second line of the equation, the first term ac-
counts for harmonic and sum frequency generation, while
the second term is responsible for difference frequency
generation or optical rectification. We numerically inte-
grate Eq. (2) to model the propagation of a few-cycle
pulse centered at 1.55 µm through a 1-mm PPLN crys-
tal, subject to a Gaussian focusing profile, with results
summarized in Fig 1(e). The locations of the spectral
peaks from the model agree well with experimental data,
as do the relative bandwidths.

The bandwidth generated (300–500 nm) in the MIR is
limited by group velocity dispersion elongating the pulse
(112 fs2/mm at 1.55 µm) and the phasematching band-
width for a single poling period. Instead, by using crys-
tals with a chirped poling period (aperiodic poling), we
show how to significantly increase the QPM bandwidth
[52]. To implement a chirped poling period, we use a
fanout PPLN [53] tilted at approximately 45 degrees,
such that the pulse experiences different poling periods
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FIG. 4. Dual-comb spectroscopy. (a) Two MIR combs with ∆frep = 50 Hz (20 ms interferograms) combine on a 50/50
CaF2 beamsplitter. One combined beam is directly detected on a MCT detector to provide a reference spectrum. The offset
frequencies (f0) are also detected from this detector. By tuning and locking the oscillator f0 away from the DCS heterodyne that
resides in an RF band between 27 and 50 MHz, we avoid interference between the two signals. The other beam is sent through
a 15 cm-long gas cell and detected on a second MCT detector. The Fourier transform of the time-domain signal is shown
in the inset. (b) Acetone dual comb spectroscopy. Experimental (blue) and predicted (red) spectra. (c)-(d) OCS dual-comb
spectroscopy. The inset in (c) shows data recorded with comb-tooth resolution. The zoomed-in portion of the OCS data in (d)
highlights good agreement over absorbances ranging 0.02 to 0.5 in only 90 seconds of averaging. The small absorption features
are evidence of the 16O12C34S isotopologue.

as it passes through the crystal. Through these chirped
grating periods, we generate bandwidths >1000 nm (Fig
2(a)). The chirp, and thus the generated bandwidth, is
limited by the crystal angle in the current implementa-
tion. A chirp of the opposite sign results in a signifi-
cantly more modulated spectrum. Using Eq. (2) and
grating chirp profiles shown in the inset of Fig 2(b), we
reproduce the experimental spectra (Fig 2(b)). With an
optimized PPLN chirp profile (Fig 2(b), red dashed line)
our modeling shows it is possible to cover the entire 3-
5 µm spectral region in a single pass, allowing for the
simultaneous probing of many molecular species [22].

Our modeling also illustrates a means to generate ul-
trashort MIR pulses. We numerically investigate the
temporal structure of the MIR comb, using the chirped
PPLN profile defined by the red dashed line in Fig 2(b).
We separately Fourier transform the NIR and MIR por-
tions of the spectrum (Fig. 3(c)) at each propagation
point to obtain the corresponding temporal intensity pro-
files (Fig. 3(a) and (b)). The temporal structure of the

MIR pulse at the output of the PPLN is shown in blue
in Fig. 3(d), with the spectral phase shown in the black
dashed line in Fig. 3(e). Our simulations indicate that
the pulses can be fairly well compressed simply by prop-
agation through 0.5 mm of bulk Ge (Fig. 3(d), red curve,
and Fig. 3(e), red dashed curve). This would yield a 30
fs MIR pulse with duration limited by third-order disper-
sion.

To highlight the stable and tunable nature of the
MIR light, we perform gas-phase dual-comb spectroscopy
(DCS) [42] on acetone and carbonyl sulfide (OCS) us-
ing two of these intra-pulse DFG sources. Details of
the experimental setup are shown in Fig 4(a). Broad
bandwidth spectral stability of the MIR combs, as re-
quired for precise absorbance baseline determination, is
shown in the infrared spectrum of acetone (Fig 4(b)).
We fill the gas cell by placing a few drops of liquid ace-
tone into the cell and sealing it, resulting in atmospheric
pressure-broadened acetone vapor. We average interfer-
ogram acquisitions over approximately 5 minutes, and
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time-domain apodization to 200 µs brings the effective
resolution to 0.3 cm−1 (10 GHz). These data only re-
quire a linear baseline correction to agree with the model,
provided by the Pacific Northwest National Laboratory
(PNNL) Infrared Database [54]. The additional noise on
the blue side of the spectrum is due to a power drop off
in the optical spectrum.

We benchmark the combined bandwidth, resolution,
and sensitivity of our systems with the infrared spec-
troscopy of a dilute OCS sample (67 µbar OCS in 67
mbar N2) (Fig 4(c)–(d)). A low background pressure in
the cell allows us to look at narrow absorption features
less impacted by pressure broadening. For these data, we
use the full 20 ms interferogram, providing a resolution
of 0.003 cm−1 (100 MHz), while only averaging over 1.5
minutes of data. The data presented in the inset of Fig
4(c) averages a string of five consecutive interferograms
(100 ms acquisition) to measure with comb-tooth reso-
lution. The model comes from the HITRAN database
[55]. We are able to accurately reproduce the spectral
envelope (Fig 4(c)), as well as match individual lines in
both magnitude and line center (Fig 4(d)).

In this measurement, we achieve a peak frequency-
domain SNR, normalized to 1 second of averaging, of 76
Hz1/2. Accounting for ≈ 2 THz of optical bandwidth
around 2060 cm−1, we find a figure-of-merit (FOM),
defined as the product of SNR and number of comb
teeth, of 1.3 × 106 Hz1/2 [42]. For a 15-cm interaction
length, this corresponds to a noise-equivalent absorbance
of 8.8 × 10−4cm−1Hz−1/2. With this performance, the
minimum detectable concentration of OCS is 40 ppb·m
Hz−1/2, taking into account the enhancement in sensitiv-
ity due to measuring many features simultaneously [43].
This is comparable with other recent measurements in
this wavelength region [22, 30, 56]. Our demonstrated
sensitivity is particularly compelling, especially when ac-
counting for the large optical bandwidths, short inter-
action length, and small footprint (<0.25 m2) employed
here in contrast to prior work.

In summary, we used the χ(2) interaction of few-cycle
near infrared pulses in a PPLN crystal to generate op-
tical frequency combs spanning 3 µm to 5.5 µm. The
offset frequency, which is directly generated as a con-
sequence of cascaded nonlinear processes, is stabilized
with <100 as precision. The frequency combs are sub-
sequently used for broad bandwidth and high-resolution
dual-comb spectroscopy with ppb sensitivity. We have
further shown how to engineer the periodic poling to gen-
erate frequency combs with 40 THz bandwidth that sup-
port few-cycle MIR pulses. These pulses are interesting
candidates for parametric amplification and further use
in studying phenomena sensitive to the carrier-envelope
phase [57].
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A. Scrinzi, T. W. Hänsch, and F. Krausz, Nature 421,
611 (2003).

[3] A. Schliesser, N. Picqué, and T. W. Hänsch, Nature
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