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We present the first implementation of mid-infrared dual-comb spectroscopy with an optical parametric oscillator.
Methane absorption spectroscopy was demonstrated with a resolution of 0.2 cm™! (5 GHz) at an acquisition time of
~10.4 ms over a spectral coverage at 2900-3050 cm™!. The average power from each individual mid-infrared comb
line was ~1 pW, representing a power level much greater than typical difference-frequency-generation sources.
Mid-infrared dual-comb spectroscopy opens up unique opportunities to perform broadband spectroscopic measure-
ments with high resolution, high requisition rate, and high detection sensitivity. © 2013 Optical Society of

America
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The mid-infrared (mid-IR) region, defined here as from
2.5 to 25 pm (4000 — 400 cm™1), contains the fundamental
rovibrational absorption bands of many molecules and is
often referred to as the molecular fingerprint region.
High-resolution spectroscopy in this region employs
Fourier-transform infrared (FTIR) spectrometers as the
tools of choice for the identification of molecular species,
quantitative analysis of complex mixtures, the investiga-
tion of dynamic systems, biological and biomedical spec-
troscopy, microspectroscopy, and hyperspectral imaging
[1]. Conventionally, mid-IR FTIR spectroscopy is con-
ducted with a thermal light source (e.g., a Globar) and
a spectrometer based on a Michelson interferometer con-
taining a scanning mechanical delay line. However, the
use of spatially incoherent thermal light sources limits
the detection sensitivity of FTIR techniques and their
applicability in free-space sensing or microspectroscopy
due to their low spectral brightness and poor direction-
ality. In addition, the acquisition rate and spectral reso-
lution of traditional FTIR spectrometers are limited,
respectively, by the velocity and displacement of the
scanning mechanical delay line used in these systems.
Mode-locked lasers are broadband optical sources
possessing exceptional spatial coherence, and when con-
figured in the mid-IR region they have been shown to be
promising sources for FTIR spectroscopy [2]. Such laser
sources inherently support high detection sensitivity, are
compatible with the use of multipass cells for trace gas
sensing, and enable long-range open-path sensing and
FTIR microspectroscopy. In the frequency domain, adja-
cent longitudinal cavity modes of a mode-locked laser
are separated by a precise interval in both frequency
and phase, forming a frequency comb. In a dual-comb
spectrometer, two laser frequency combs with slightly
different comb-line spacings (or pulse repetition rates,
Jrep) and stabilized carrier-envelope-offset (CEO)
frequencies (f cro) are heterodyned after passing through
a sample, yielding a down-converted radio-frequency
(RF) comb encoding information about the absorption
experienced by the combs [3-11]. This RF comb mani-
fests itself as an interferogram, analogous to that
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obtained using a mechanically scanning Michelson FTIR
spectrometer, but the absence of moving parts in a dual-
comb spectrometer overcomes the speed and resolution
limitations of its conventional counterpart. The resolu-
tion is only limited by the comb-line interval (the pulse
repetition frequency), and the recording time is the
inverse of the difference in the pulse repetition
frequencies.

Until now, only a limited number of dual-comb spec-
troscopy experiments were conducted in the mid-IR
region, and all such systems were implemented with
low-efficiency and low-power difference frequency gen-
eration frequency combs [3,4,8]. Recently, we introduced
a new dual-comb source comprising a single synchro-
nously pumped optical parametric oscillator (OPO)
driven by two independent lasers [12,13] and capable of
producing two asynchronous—but otherwise identical—
mid-IR pulse sequences. Here, we describe the first
application of this system to mid-IR dual-comb spectros-
copy, from which high-resolution absorption spectra of
methane were obtained in the spectral range of
2900-3050 cm™! with an acquisition rate of 96 Hz.

The asynchronous mid-IR comb sources were based
on the scheme detailed in [13]. Two independent pump
sources of identical design and performance, but slightly
different repetition rates, were combined on a 50:50 di-
electric beam splitter. Each source was composed of a
fiber amplifier seeded by a mode-locked Yb:KYW laser.
The average power, center wavelength, 3 dB spectral
bandwidth, and pulse width of each pump source were
2.5 W, 1058 nm, 18 nm (4.82 THz), and ~3 ps, respec-
tively. The output from the beam splitter was used to
pump an OPO incorporating a 20 mm long magnesium
oxide-doped periodically poled lithium niobate (MgO:
PPLN) crystal, generating two idler channels of broad-
band mid-IR pulses. The high group-delay dispersion of
the OPO cavity, mainly contributed by the MgO:PPLN
crystal, made it possible for two optical pulse sequences
of nearly identical wavelengths but with different repeti-
tion rates to be resonant simultaneously [13]. These asyn-
chronous mid-IR pulse sequences left the OPO through a

© 2013 Optical Society of America
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curved resonator mirror and possessed excellent spatial
overlap. The average power, center wavelength, -3 dB
spectral bandwidth and pulse width of each mid-IR idler
channel were 100 mW, 3313 nm, 172 nm (4.70 THz), and
~3 ps respectively. The pulses from both idler channels
were strongly chirped, with a duration-bandwidth prod-
uct of 14.

The layout of the mid-IR dual-comb spectrometer is
shown in Fig. 1. The repetition frequency of one channel
was stabilized to a 100 MHz RF reference source, while
the repetition-frequency difference (Af) between the two
channels was free-running at 96 Hz (unlocked). The CEO
frequencies of both channels were also free-running.
The asynchronous mid-IR pulse sequences passed
through a 20 cm cell, containing a 1 atm mixture of nitro-
gen with a low concentration (~0.7%) of methane. The
signal was detected by a thermoelectrically cooled MCZT
(HgCdZnTe) photovoltaic detector with a bandwidth of
100 MHz. In the time domain, one mid-IR pulse sequence
is sampled by the other with a slightly different pulse rep-
etition rate, at a sampling interval of Af/ fep, forming a
time-domain interferogram. In the frequency domain, the
laser frequency lines from the two asynchronous combs
heterodyne with each other, generating an RF comb with
a comb spacing of Af. After Nyquist filtering by a 50 MHz
low-pass filter, the time-domain signal was sampled by a
high-resolution 14 bit data acquisition card with a 50 MHz
bandwidth at a sampling rate of 100 MSamples/s.

The detected time-domain interferogram is shown in
Fig. 2. The intense spikes are the interferograms corre-
sponding to the temporal overlap of two pulses, and
these repeat with a period of 10.4 ms (1/Af). One of
the mode-locked Yb:KYW seed lasers was running in a
double-pulse mode, and this behavior was transferred
to the mid-IR pulse sequence in the OPO. Thus, the inter-
ferogram shows two bursts in each period, with two
series of bursts with a period of 10.4 ms and separated
from each other by 5.8 ms. A Fourier transform was

Detector signal (arbitrary)

0 50 100 150
Time (ms)

Fig. 2. Time-domain interferogram (Af = 96 Hz). One of the
mid-IR pulse sequences operated in a double-pulse mode.
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Fig. 3. Fourier-transform spectrum expressed in the RF
(lower axis) and optical (upper axis) domains.

performed over a single interferogram to reveal the
RF comb (the lower axis in Fig. 3), which was scaled
to the optical domain with a scaling factor of
JSrep/Af = 1.04 x 10%, as shown by the upper axis in Fig. 3.
We implemented a 0.2 ms time window over the inter-
ferogram, so the transformed spectrum shown in Fig. 2
had a resolution of 5 kHz for the RF spectrum and 5 GHz
(0.2 cm™) for the optical spectrum. Spectra with much
higher resolution but lower signal-to-noise ratio (SNR)
could be achieved from the same interferogram by use
of a broader time window.

Shown in Fig. 4 are normalized optical spectra, ob-
tained from four single measurements, and a spectrum
obtained by averaging over eight measurements. It is
clear that useful spectroscopic data are accessible from
just a single interferogram, but also that the SNR can be
improved significantly by averaging. It is noteworthy that
the acquisition rate was 96 Hz; an individual measure-
ment was completed within a time duration of

— Single measurement (Res = 0.2 cm'1)
—— Averaged over 8 measurements

Absorption (linear unit)
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Fig. 4. Normalized methane absorption spectra for single
measurements (top 4 traces, black) and an averaged spectrum
(bottom trace, blue).
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Fig. 5. Comparison between the measured and simulated ab-
sorption spectrum (fitting parameters: 0.65% methane at 1 atm;
20 cm cell; resolution = 0.2 cm™).

10.4 ms, and within 1 min, 5760 measurements could be
conducted, implying a potential enhancement of 75 times
in the spectral SNR over a single measurement [1]. In this
experiment, since the CEO frequencies of the dual mid-IR
combs were neither stabilized or monitored in real time,
information about the absolute optical frequency was not
directly available from the Fourier transform. Rather, we
obtained the absolute optical frequency by aligning the
frequencies in the @ branch of the methane absorption
spectrum to the known value at 3317 cm™!. Another op-
tion to determine the absolute optical frequency is by us-
ing passive optical filters with known central frequencies
as frequency references [14].

Shown in Fig. 5 is a comparison between the measured
methane absorption spectrum (averaged over eight inter-
ferograms) and the simulated spectrum, based on the
HITRAN database and a methane concentration of
0.65% at 1 atm with a resolution of 0.2 cm™!. The agree-
ment between the experimental and simulated spectra is
excellent for the P branch, while we believe the discrep-
ancy in the @ branch is due to experimental uncertainties
in the normalization procedure we used.

Dual-comb spectroscopy can be understood as a form
of multiheterodyne spectroscopy in which the beat be-
tween laser-frequency comb 1 (f; =fcgo1 + 71Mep1)
and laser-frequency comb 2 (fy = fcroz2 + Maf rep2) geN-
erates a downshifted RF comb f =f,—fs = 6 + NAf,
where 6 = foro1 —fcro2 represents the difference be-
tween the CEO frequencies of the two channels. To fully
exploit the potential of mid-IR dual-comb spectroscopy, 6
must be stabilized [5,8] or monitored [7,10,11], thus en-
abling precise determination of the absolute optical fre-
quency, ensuring high spectral resolution for resolving

each individual comb tooth and facilitating higher SNR
through the application of intensive coherent averaging.
In this work, § was free-running; however, the accurate
alignment between the P-branch spectrum and simulated
data implies that 6§ was passively stable during the 0.2 ms
interferogram window. Further work to implement a
dual-comb spectroscopy measurement with a fully stabi-
lized system [15] is in progress.

In summary, we have reported the first dual-comb
asynchronous spectroscopy with an OPO operating in
the important mid-IR molecular fingerprinting region.
The average power of the individual mid-IR comb line
was approximately 1 pW, representing a huge improve-
ment over previously reported mid-IR dual-comb sys-
tems. These initial results demonstrate the benefits
and practicality of mid-IR dual-comb OPO spectroscopy
in terms of scanning speed, resolution, SNR, and spectral
coverage.
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