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Abstract We demonstrate mid-infrared dual-comb spec-
troscopy with an optical parametric oscillator (OPO)
toward real-time field measurement. A singly resonant
OPO based on a MgO-doped periodically poled lithium
niobate (PPLN) crystal is demonstrated. Chirped mirrors
are used to compensate the dispersion caused by the opti-
cal cavity and the crystal. A low threshold of 17 mW has
been achieved. The OPO source generates a tunable idler
frequency comb between 2.7 and 4.7 pm. Dual-comb
spectroscopy is achieved by coupling two identical Yb-
fiber mode-locked lasers to this OPO with slightly differ-
ent repetition frequencies. A measured absorption spec-
trum of methane is presented with a spectral bandwidth of
300 cm™!, giving an instrumental resolution of 0.4 cm™!. In
addition, a second OPO containing two MgO-doped PPLN
crystals in a singly resonant ring cavity is demonstrated. As
such, this OPO generates two idler combs (average power
up to 220 mW), covering a wavelength range between 2.7
and 4.2 pm, from which a mid-infrared dual-comb Fourier
transform spectrometer is constructed. By detecting the
heterodyned signal between the two idler combs, broad-
band spectra of molecular gases can be observed over a
spectral bandwidth of more than 350 cm™!. This special
cavity design allows the spectral resolution to be improved
to 0.2 cm~! without locking the OPO cavity, indicating that
this OPO represents an ideal high-power broadband mid-
infrared source for real-time gas sensing.
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1 Introduction

Laser absorption spectroscopy plays an important role
in a variety of applications including industrial process-
ing control, biomedical research, frequency metrology,
and environmental monitoring. Due to the development
of new laser sources and novel technologies, measure-
ment performances continue to improve dramatically in
terms of sensitivity, signal-to-noise ratio (SNR), spectrum
bandwidth, frequency accuracy, and acquisition speed.
Although the research on laser spectroscopy flourishes,
it is still a challenge to achieve high-performance broad-
band measurements in a single experiment over a second
timescale. Conventionally, Fourier transform spectroscopy
(FTS) is the solution for such broadband measurements,
from visible to far-infrared [1]. However, due to the mov-
ing mechanical part in the spectrometer and the low bright-
ness of the light source, minutes to hours acquisition time
is needed to reach a high spectral resolution and high SNR.
On the other hand, wavelength modulation and frequency
modulation spectroscopy based on continuous-wave (CW)
lasers are typical techniques for sensitive trace gas detec-
tion with possible measurement time of 1 s. However,
within these approaches, only a small portion of the wave-
length region can be covered, limiting these methods for
real-time applications of multi-gas detection [2]. Since its
invention in the late 1990s, frequency combs have revolu-
tionized optical frequency metrology [3], but also provide
new opportunities for other applications, especially for
gas detection based on laser absorption spectroscopy [4].
A single optical frequency comb source can be treated as
a coherent superposition of hundreds of thousands of CW
lasers, and it is noted to be an ideal source for laser spec-
troscopy in terms of high spectral power, broad spectral
bandwidth, high coherence, and frequency accuracy [5].
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Several demonstrations of direct frequency comb spectros-
copy (DFCS) have been reported, employing a single fre-
quency comb laser source combined with various detection
methods [6-15]. Among them, a quantum-noise-limited
absorption sensitivity of 1.7 x 107'2cm™! per spectral
element at 400 s of acquisition time is achieved, based on
a cavity-enhanced DFCS combined with a fast-scanning
Fourier transform spectrometer [8]. The development of
dual-comb FTS overcomes the disadvantages caused by the
moving mechanical part in a conventional FTS and gives
an opportunity for simultaneous measurement of dispersion
and absorption spectra of gas samples [16-22]. Due to the
requirement of optical frequency stability, most experimen-
tal work on frequency comb sources has been performed
in metrology laboratories. Although the operation of an
optically coherent frequency comb outside the metrology
laboratory has been demonstrated [23], it is still a long way
before dual-comb spectroscopy could be used in realis-
tic field measurements. One proposed solution is adaptive
real-time dual-comb spectroscopy, which opens a door for
real-time field measurement [24]. In this case, tight locking
of both dual-comb sources is not needed due to the applied
phase correction of the recorded interferogram and com-
pensation for the jittering of the repetition frequencies. The
advantage is that an alignment-free averaging process of
the retrieved spectra is allowed and that the complexity of
the signal processing is simplified, increasing the SNR dra-
matically. As such, most demonstrations of this technique
have been done in near-infrared region.

Extension of the wavelength region of the optical fre-
quency comb source is an ongoing research field for differ-
ent applications both in industrial and in academic fields,
as most commercial frequency comb sources cannot go
beyond 2 wm. To date, frequency comb sources can be
extended to the extreme ultraviolet [6], mid-infrared [25—
31], and terahertz regions [32, 33]. Specifically, for trace
gas sensing applications, the wavelength region between 2
and 20 pm is of great interest, as gases, liquids, and sol-
ids have unique absorption and dispersion features in this
region, associated with their molecular rotational-vibra-
tional transitions. For mid-infrared dual-comb spectros-
copy, the light sources are mainly based on different fre-
quency generation (DFG) and optical parametric oscillation
[34-36]. The advantage of DFG sources is that the offset
frequency of the comb is passively locked to zero and that
only the stabilization of the repetition frequency needs to
be considered for mid-infrared frequency comb genera-
tion. DFG-based dual-comb systems have provided accu-
rate spectral measurements around 3.4 wm [34]. However,
microwatt power levels and the relatively narrow spectral
bandwidth of the DFG source can limit its spread in appli-
cations such as real-time multi-compound detection in
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complex gas mixtures. In addition, it is not possible to lock
the DFG comb source to a cavity to increase the sensitivity.

In this paper, we demonstrate two different OPO-based
dual-comb systems, both offering hundreds of milli-Watts
of mid-infrared output power. Both systems have high
potential to be integrated to a cavity-enhanced method, to
increase the detection sensitivity [15, 37]. The two-crystal
OPO cavity has shown to be a reliable source for rapid
broadband, and mid-infrared absorption and dispersion
measurements.

2 Theories
2.1 Dual-comb Fourier transform spectroscopy

The method of dual-comb spectroscopy has been pro-
posed by Schiller [16] in 2002. Similar to the conventional
Fourier transform spectrometer, the approach is based on
the principle of down-converting optical frequencies, but
without any moving mechanical components. The princi-
ple of the spectrometer, depicted in Fig. 1, involves two
comb sources with slightly different repetition frequencies
(frep,1 and frep2). For simplicity, assume that frep1 > frep,2
and frep,1 = frep2 + 6. One source (comb 1) is used to
probe a gas sample. Afterward, it is combined with the
second comb source on a beam splitter. The heterodyned
signal is therefore a comb in the radio frequency domain,
which can be detected with a fast infrared detector. The
acquired signal in the time domain is called an interfero-
gram. The complex spectra containing the absorption and
dispersion information of the gas sample are obtained by
performing fast Fourier transform (FFT) algorithm. The
frequency representations of the two frequency combs are
given by:

Sl = Nfrep1 + 01
fn2 = nfrep2 +f02

in which n stands for the mode number of the comb line;
frepk and fo are the repetition frequency and offset fre-
quency of comb k (k = 1, 2), respectively. The electric field
for each comb can be expressed as:

Ei(f) = ZAn,ke—'“”fmk)’ +cc

n

A, is the amplitude of the nth mode of the comb source
k and c.c is the conjugate complex. Referring to Fig. 1,
Comb 1 experiences both attenuation and phase shift due
to absorption and dispersion in the gas sample. These
interaction effects induce a factor which can be written as
e N —i0() where a(f) is the amplitude attenuation at fre-
quency f and ¢ (f) is the phase shift of the electric field.
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Fig. 1 Principle of dual-comb FTS. One frequency comb (comb 1) is
passing through a gas cell filled with gas sample and, afterward, inter-
feres with a second frequency comb (comb 2) with a different repeti-
tion frequency. The heterodyned signal is detected by a fast infrared
detector. This interference down-converts the spectrum from the opti-
cal frequency domain to the radio frequency (RF) domain, which is

After transmission through the gas cell, the electric field of
comb 1 can therefore be expressed as:

Ei(t) = ZAn’le_an.l_i¢n,le_i(Zan,l)t +ec

n

where o, and ¢, are, respectively, the attenuation and
phase shift that comb 1 experiences at the frequency f;,.
The electric field of two sources can be summed up as:

Ei()+E@) = ZAn’le_an,l_ﬂpn,le_i(277fn,1)t

n

+ ZAn,ze_i(Z”f;'l)t +c.c
n

The intensity on the detector will then be as follows:
Iy(t) < [E1(t) + E2(D] x [E1 (1) + E2(D)]*

where I, () is the intensity measured by the detector if only
the beating between one tooth n of comb 1 with one tooth n
of comb 2 is considered. ,(¢) can be further expressed as:

1,(t) « ZAﬁ,le—z%»' +42,
n

+2A,,1Ap e % cos[2m (n8 + fo,1 — fo2)t + dn.1]

From this expression, only the last part is of interest as it
contains the full complex spectral information of the tar-
geted sample at different frequencies, while the first sum
is projected onto zero frequency. It is also noted that the
cosine transformation of the intensity function I,(¢) can

Radio Frequency Domain

the Fourier transform of the time-domain interferogram. The scaling
factor of the down-conversion is dependent on the detuning of the
repetition frequencies between the two combs. The absorption and
dispersion spectra are revealed by calculating the fast Fourier trans-
form (FFT) of the acquired data

Pump Idler Pump

Frequency Frequency

Fig. 2 Schematic of a typical ultra-fast optical parametric oscillator:
pump laser (blue) pumps the nonlinear crystal. The signal beam (yel-
low) is resonating in the cavity, whereas the idler (red) is enhanced to
be ejected by the resonator mirrors

resolve the information of both amplitude attenuation and
phase shift. After recording the background signal when
the gas cell is empty, the absorption and dispersion spectra
of the gas sample can be retrieved.

2.2 Femtosecond optical parametric oscillator

Optical parametric oscillators are attractive sources to gen-
erate high-power mid-infrared light [38], which is essential
for a variety of research areas, such as spectroscopy, semi-
conductor analysis, photochemistry, and remote sensing.
An optical parametric oscillator is a coherent light source
based on optical parametric amplification in a specific
nonlinear crystal. Figure 2 shows the schematic of a typi-
cal femtosecond OPO. A pump photon (pump) is split into
two lower-frequency photons (signal and idler) due to the
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Fig. 3 Schematic of how the signal combs are generated and syn-
chronized by the pump comb. Detailed discussion can be found in the
contents

second-order nonlinear susceptibility of the crystal, defined
as optical parametric generation (OPG). Combined with
an appropriate resonator around the crystal to establish an
optical feedback, oscillation can occur for only signal or
both signal and idler, resulting in singly or multiply reso-
nant OPOs. Differing from continuous-wave-laser-pumped
OPOs, the design of a femtosecond OPO has several spe-
cial requirements [39, 40]. Firstly, the cavity length of the
OPO should match the repetition rate of the pump pulses;
in other words, the resonating pulses are passively syn-
chronized to the pump pulses (the cavity length can also be
chosen to match a multiple of the repetition rate to gener-
ate high-repetition-rate mid-infrared pulses). Secondly, the
length of the nonlinear crystal is crucial as there is tempo-
ral walk-off between the pump and the signal waves in the
crystal; the intra-cavity dispersion caused by the crystal
and the mirrors needs to be compensated, since the pulse
broadening effect caused by the dispersion reduces the effi-
ciency of the optical parametric oscillation.

Figure 3 gives a simplified representation on how the
signal frequencies are generated and synchronized by the
pump comb. For simplicity, only three successive comb
lines (colored in black, red, and blue) from the pump are
drawn. The signal frequencies for perfect phase-matching
are presented as the dotted three comb lines, together with
their parametric gain bandwidths. In practice, there are
hundreds of thousands of signal comb lines and their para-
metric gain bandwidths which are overlapping. For femto-
second pump lasers, the duration of the pulse for which all
combs lines are in phase is tens of femtoseconds, causing
MW peak power of the pulse, which is needed for effi-
cient nonlinear generation. In the frequency domain, all
the depleted pump comb lines contribute to each individual
signal comb line because all of the signal parametric gain
bandwidths are overlapped. The free spectral range (FSR)
of the OPO is equal to the FSR of the pump, as is the case
for a synchronized OPO. The synchronization is inherently
determined by the group velocity of the signal pulses, indi-
cating that the signal frequencies can be tuned by chang-
ing the cavity length due to the fact that the group veloc-
ity is determined by the central wavelength of the signal
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Fig. 4 Experimental setup of the singly resonant OPO, p, s, i: pump,
signal, and idler beams; M1, M?2: curved mirrors (R = 100 mm); f1:
focusing lens (f = 75 mm); f2: collimating lens (f = 75 mm); CM1,
CM3: chirped mirrors, —100 fs2 per bounce at 1,500 nm; CM2, CM4:
chirped mirrors, 20 fs® per bounce at 1,500 nm
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light. One consequence of this is that a single OPO can be
pumped by two mode-locked lasers with slightly differ-
ent repetition frequencies, as long as the two signals have
slightly different group velocities. This difference in group
velocities is determined by the difference in central wave-
lengths between the two pump depletions; hence, it is pos-
sible to employ a single OPO for mid-infrared dual-comb
spectroscopy. In the following two sections, we introduce
two experimental setups with a single OPO for mid-infra-
red dual-comb spectroscopy.

3 Dual-comb FTS with a single-crystal OPO
3.1 Configuration of the single-crystal OPO

The experimental setup of the OPO is depicted in Fig. 4.
The pump laser (Menlo System, Germany) is a femtosec-
ond Yb-fiber laser composed of a seed oscillator, an ampli-
fier, and a compressor, emitting at a central wavelength of
1,040 nm (9,615 cm’l), delivering up to 2 W of average
power with 80 fs optical pulse duration (30 nm or275cm™!
spectral width at 1/e value). The repetition frequency of
the pump laser (90 MHz) is stabilized by synchronizing its
10th harmonic to a frequency generator (SMB100A), offer-
ing a single sideband phase noise of 128 dBc at 1 GHz.
The pump beam is focused onto the PPLN crystal inside
the cavity with a focusing lens (f = 100 mm). The 5-mm-
long MgO:PPLN crystal (Covesion, UK) is temperature-
stabilized and has nine poling periods, ranging from 27
to 31 wm. Both end facets of the PPLN crystal are anti-
reflective (AR) coated (R < 1.5% at 1,064 nm, R < 1%
at 1,400-1,800 nm, and R < 6% at 2,600—4,800 nm). The
cavity is designed to be synchronously pumped; therefore,
the cavity length is about 1.7 m long. The folded X-shape
cavity consists of two curved mirrors (radius of curvature
100 mm, AR coated at 1,064 nm and 3,650-4,850 nm,
and high-reflective [HR] coated at 1,350-1,500 nm) and
four flat, chirped mirrors (HR coated at 1,370-1,750 nm,
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Fig. 5 a Spectral intensity distribution of the idler light using seven
poling periods, ranging from 27 to 31 pwm, resulting in a wavelength
coverage between 2750 and 4750 nm. For the various periods, the
measured threshold of the OPO is indicated (stars and right axis). b
Instant idler wavelength coverage (at a single period of the crystal)
for five different cavity lengths changed within a distance of 3 um

Layertec GmbH, Germany). To compensate for the group
velocity dispersion (GVD) of the signal pulses traveling
inside the cavity, introduced by the crystal and the curved
mirrors, the chirped mirrors have a second-order disper-
sion of approximately —100 fs?> (CM1 and CM3) and 20 fs?
(CM2 and CM4) per bounce at 1,500 nm. For each round-
trip, they introduce —240 fs2 at 1,500 nm. The OPO idler
light is emitted collinearly to the residual pump beam,
and a dichroic mirror (LaserOptik GmbH, R > 99.9% at
1,064 nm and R < 1% at 3,200-3,900 nm, not shown in
the figure) is used to separate both.

The spectral properties of the OPO are analyzed by a
rapid-scanning Fourier transform spectrometer (Bruker
Vertex 70), which offers a spectral resolution of 0.16 cm™!
(4.8 GHz). Idler spectra, recorded at a resolution of 2cm™!,
are illustrated in Fig. 5a, for the available seven poling
periods of the PPLN crystal. The maximum spectral width
of the idler is 300 nm (272 em~ !, 1 /e value), centered at
3.3 pm. In the same panel, the OPO threshold for the dif-
ferent periods is shown. To achieve low threshold with nar-
row pulse duration, the crystal length and the intra-cavity
dispersion management are crucial. The PPLN crystal has
very large positive GVD in the signal wavelength region
that causes prominent pulse-broadening effects. The GVD
mismatch in the crystal between pump and signal pulses

OPO. The repetition frequencies of the two lasers have been synchro-
nized with a difference of Afie, = 185Hz. The OPO generates two
idler beams probing the sample gas. The heterodyned signal between
two idlers can be detected by a single, Peltier-cooled, fast IR detector.
The FFT of the interferogram in the RF domain is an image of the
recorded optical spectra of both idlers

also causes a less efficient parametric process for this
crystal length. With the 5-mm-long crystal, a very low
threshold of 17 mW is obtained around 3.5 pwm. With this
crystal period and a maximum pump power of 1.6 W, the
idler power reaches 250 mW, representing a pump-to-idler
conversion efficiency of 16%. At longer wavelengths, the
threshold increases, due to the reduced reflectivity of the
cavity mirrors for the signal light and the increased absorp-
tion in the PPLN crystal [41, 42].

The fastest way to tune the wavelength of the OPO is
to change the cavity length. The effect of the cavity length
tuning on the optical spectrum is depicted in Fig. 5b. Each
spectrum 1is the instantaneous laser emission for a given
crystal period and given cavity length. As the OPO is syn-
chronously pumped by a broadband source, while chang-
ing the cavity length over a few microns, the signal (and
therefore also the idler) will shift in frequency to maintain
the same round-trip time for the pulses in the cavity, cor-
responding to the repetition rate of the pump source. The
variation in the shape of the spectrum has two origins: the
variations in the mirror GVD across the tuning range and
the lasing effect among various transverse modes within
the OPO. Meanwhile, a variety of non-phase-matched,
higher-order mixed waves between pump, signal, and idler
are emitted along with the signal (s) and idler (7).

3.2 Experimental setup of the FTS

Combining a femtosecond OPO with a Fourier spec-
trometer shows great ability to record broadband mid-
infrared spectra with high SNR. However, recording
time and spectral resolution are limited by the features
of the spectrometer and such a system may appear
bulky or inconvenient for practical applications. The
use of mode-locked lasers allows spectra to be recorded
using real-time dual-comb spectroscopy. Interferences
between two independent laser sources, with slightly
different repetition frequencies, provide beat notes in

@ Springer
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Fig. 7 Recorded single-shot interferogram within 16 s, containing
the absorption information of methane. The inset shows the signal
within the middle burst
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Fig. 8 Spectra of methane (0.1% CHg4, 100 mbar, path length 30 cm).
Red curve Power spectrum from a single-shot experiment within
16 ws; Blue curve Averaged spectrum for 0.4 s

the radio frequency domain, which is a down-converted
image of the optical spectrum. The setup of the spec-
trometer, which has been developed parallel with the
work described in [35], is presented in Fig. 6. It consists
of two independent femtosecond Yb-fiber lasers pump-
ing a single OPO cavity. The repetition rates of both
pump lasers are synchronized to the same frequency
generator (R&S, SMB100A). The repetition rate differ-
ence is set to be 185 Hz. As the singly resonant OPO is
a passive light converter, the output of the OPO consists
of two collinearly overlapped idler beams. Both beams
are probing the gas sample before interfering on a sin-
gle detector (Vigo, PVI-4TE). The interferogram is low-
pass filtered (up to 50 MHz) and sample at a frequency
of 150 MHz using a fast data acquisition card. A FFT of
the recorded signal gives a down-converted image of the
optical spectrum.
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3.3 Results

Figure 7 is an illustration of the recorded interferogram, and
the retrieved spectra are depicted in Fig. 8, obtained when
the absorption cell is filled with methane (CHy) at a con-
centration of 0.1% in nitrogen (pressure 100 mbar, 30 cm
path length). Within 16 s, a 300 cm ™! wide spectrum was
recorded with a spectral resolution of 0.4 cm™!. Taking into
account the spectral resolution and recording time, the SNR
of a single spectrum (SNR = 8), and the repetition rate dif-
ference between the lasers, the noise equivalent absorption
sensitivity (1 s averaging per spectral element) is calculated
to be 1.1 x 103ecm~' Hz=/2 (6.1 x 1077 cm~! Hz~!/2
considering only the recording time). The spectrum shown
in Fig. 8 (blue curve) is obtained by averaging over 26
single-shot spectra, improving the SNR by a factor of 5
(square root of the averaged times) [43]. Although the sys-
tem gives a potential for application of accurate absorption
spectroscopy in the future, the dispersion information of
the sample is not accessible. Besides, the visible nonlin-
ear effect when pulses from two mode-locked lasers over-
lap cannot be avoided. The nonlinear effect can be directly
observed from the interferogram in Fig. 7: A slow varying
envelope is superimposed on the big burst of the interfero-
gram. To our knowledge, the mechanism of this effect is
not fully understood; the distorted interferogram may cause
problems for further signal processing. In the following
section, a new concept in OPO cavity design is introduced
avoiding these issues.

4 Dual-comb FTS with a two-crystal OPO
4.1 Experimental setup

To solve the issues mentioned in the previous section, a
two-crystal OPO within a ring cavity is introduced; more
details of this OPO can be found in [36]. Within the OPO,
two 5-mm-long PPLN crystals are used for optical fre-
quency conversion to generate two idlers that are spatially
separated. To establish the resonance of the signal pulses,
a 3.4-m-long cavity composed of six chirped mirrors is
designed to be synchronously pumped at 1,040 nm. The
spectral range of the idler in this configuration extends
from 2,300 to 3,600 cm™! by tuning the poling periods of
the crystal. The spectral bandwidth for a single period is
400 cm™L centered at 3,080 cm™L; at this point, the full
range of vibrational transitions of methane can be found.
The experimental setup of the dual-comb spectrometer
is shown in Fig. 9. The implementation of the repetition
frequency locking is for the sake of long-term frequency
stability while the offset frequencies of the two combs are
free-running. The repetition frequencies of the two pump
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Fig. 9 Experimental setup of the dual-comb FTS. Two Yb-fiber
mode-locked lasers are coupled to a singly resonant ring cavity OPO.
Repetition frequencies are synchronized to a reference frequency syn-
thesizer. The OPO generates two spatially separated idler beams. One
idler beam (i/) probes the gas sample in a 10-cm-long single-pass
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Fig. 10 Snapshot of all emitted visible light measured from the
output of the ring cavity OPO along with residual pump (p), leaked
signal (s) , and generated idler (i). The vertical axis is a logarithmic
scale. Blue curve Measured spectrum when OPO is off-resonance;
Red curve Measured spectrum when OPO is on-resonance

lasers are both locked by synchronizing to a frequency
synthesizer with a difference of 201.25 Hz between them.
This locking scheme simplifies the signal processing as
every two successive interferograms have a constant time
delay. One idler beam (il) transmits through a 15-cm-long
cell and is recombined with the second idler beam (i2) at a
beam splitter. The focused light can be detected by a Pel-
tier-cooled fast infrared detector, giving the heterodyned
signal for further Fourier analysis. A field-programmable
gate array (FPGA) board is used for real-time digital signal
processing and establishing a high throughput data stream-
ing from the FPGA board to the computer storage for
post-processing.

4.2 Results
Figure 10 illustrates a spectrum of the light from the output

of the two-crystal OPO recorded with a visible light opti-
cal spectrum analyzer (OSA). The most dominated mixing

4 SV 2

cell (Gas cell) and is recombined with the second idler beam (i2) at
the beam splitter. Both overlapped beams are focused, and the hetero-
dyned signal is detected by a Peltier-cooled fast infrared detector. The
FFT of the detected signal is calculated by a field-programmable gate
array (FPGA) board, giving a spectral image of the gas sample
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Fig. 11 a Apodized time-domain interferogram of methane (CHy)
acquired in 36 ps. b Power spectrum calculated from the recorded
apodized interferogram

signals are the sum frequencies of pump and signal (p + s),
pump and idler (p + i), and doubling frequency of pump
(2p). These by-products, which exhibit powers of several
milliwatts, can be used for stabilization of the mid-infrared
frequency comb, while a photonic crystal fiber (PCF) is
used to extend the pump wavelength to cover the sum fre-
quency between pump and idler [26]. By detecting the off-
set frequency of idler directly, a electronic feedback can be
established, applying a high feedback voltage on the PZT
attached to one mirror of the OPO cavity.

To demonstrate mid-infrared dual-comb spectroscopy, a
single-pass cell is filled with methane (CH4, 1% in nitro-
gen, 1 bar pressure, 15 cm path length). To impede higher-
order transversal modes in the OPO cavity, two apertures
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are placed inside the OPO cavity. These apertures cause
significant diffraction losses for the higher-order modes.
This is beneficial for heterodyned detection since the two
output idler beams should have an optimal spatial overlap,
which can be achieved when both beams are in the TEMgy
mode [36]. From the fast infrared detector, the heterodyned
signal is low-pass filtered (up to 50 MHz) and sampled
at 250 MHz. The experiment is performed when the two
pump lasers are lasing at 2 W average power each, corre-
sponding to a generated 200 mW mid-infrared light meas-
ured at each output port of the OPO. Figure 11a shows an
apodized interferogram recorded within 36 s, and we
can see that the nonlinear effect observed in the previous
experiment does not exist anymore. The interferogram has
an asymmetrical structure because only one idler is prob-
ing the sample, and dispersion information can be retrieved
from this asymmetrical structure.

Figure 11b presents the corresponding Fourier trans-
form power spectrum of the interferogram with a RF reso-
lution of 15 kHz. The FPGA board streams the digitized
real-time signal to the computer during 0.1 s (25M samples
at 16-bit amplitude resolution) for post-averaging. Con-
cerning the spectral stability of the system, in the case of
femtosecond fiber lasers, the line width of the free-running
offset frequency is normally hundreds of kilohertz. For
an OPO-based mid-infrared frequency comb, the stabil-
ity of the free-running offset frequency is worse due to the
optical resonator open to air fluctuations. This frequency
instability causes troubles when the RF spectra need to
be averaged to increase the SNR, as every RF component
retrieved from the FFT calculation does not always repre-
sent the same optical frequencies due to the instability of
the offset frequency. The consequences are the broadening
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effect of the absorption lines and a frequency shift of the
retrieved RF spectrum. In our case, to process the data, the
20 spectra calculated by the interferograms within 0.1 s
are averaged after the alignment of the absorption peaks.
In Fig. 12, the upper panel shows the measured absorp-
tion spectrum (blue curve) with 0.1 s averaging after back-
ground removal, which is normalized to compare with the
HITRAN database (red curve). The P, Q , and R branches
of the v3 vibrational transitions of methane can clearly be
observed between 2,850 and 3,200cm ™}, giving a band-
width of more than 350 cm™! and a resolution of 0.2 cm™.
The noise equivalent absorption sensitivity (1 s averaging
per spectral element) calculated from the absorption signal
is 6.2 x 107%cm~'Hz1/2 (5.3 x 1077 em~ ' Hz~1/2 con-
sidering only the recording time). The achieved sensitivity
is limited due to the usage of the short single-pass cell and
the single infrared detector. The implementation of a cav-
ity-enhanced technique and auto-balanced detector can dra-
matically increase the efficient optical pass length and the
SNR. Quantum-noise-limited results were achieved in the
case of direct frequency comb Fourier transform spectros-
copy [8]. The difference in repetition frequencies, acquisi-
tion rate, and the amount of data points for FFT calcula-
tion determines the resolution of the retrieved spectra and
the recording time. The lower panel of Fig. 12 shows the
dispersion information retrieved from the same measure-
ment, which is immune to the intensity fluctuations of the
idler, as the intensity fluctuations do not affect the phase
information within the two idlers combs. The spectral reso-
lution can be improved by either increasing the difference
between two repetition frequencies, or calculating more
data points for each interferogram, but the trade-off is a
lower SNR. To increase SNR, an auto-balanced detector is
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an option; otherwise, the spectra need to be averaged over
time to improve the SNR.

4.3 Discussion

The proposed two-crystal OPO cavity has several advan-
tages for dual-comb spectroscopy. Both generated idlers
originate from the same OPO cavity experiencing identi-
cal disturbances, such as mirror vibrations and air or oven
temperature fluctuations. As a consequence, the common
OPO cavity cancels out much of the instability compared
to using two separate OPOs as dual-comb sources. The
frequency of idlers can be expressed by fi1 = fpl - fsl and
fi2 = fp2 - fs2 for comb 1 and comb 2, respectively. The
frequency of one beating note between two idlers can then
be caleulated as f!' —f2 = (f} —f}) — (fil —f2), which
simplifies to Af; = Afp — Afs. As commercial pump lasers
have good short-term stability, the instability of the radio
frequency spectra is mainly due to the term of Af;. The cav-
ity fluctuation affects the central wavelengths of two sig-
nal combs in a similar manner, offering a better frequency
stability of Af; than using two separate OPOs when the
two offset frequencies are free-running. Moreover, the two
signal beams resonating in the optical cavity are counter-
propagating and do not affect the generation of the two
idler beams. Besides, in comparison with an OPO cavity
using a single PPLN crystal for dual-comb spectroscopy,
the two-crystal OPO generates two idler beams which are
spatially separated, offering an opportunity to measure both
absorption and dispersion spectra of gas samples simulta-
neously. To improve the performance of the spectrometer
and to allow a longer averaging time, the offset frequen-
cies of both two combs need to be stabilized, which is a
challenging work. A fully stabilized dual-comb system will
make possible the realization of real-time, sensitive multi-
gas detection. It is worth mentioning that the fast recording
time of such mid-infrared spectrometer will be beneficial
for observation of molecular interaction Kinetics [44].

5 Conclusion

We have demonstrated for the first time broadband, mid-
infrared dual-comb spectroscopy measuring absorption and
dispersion spectra in gas phase simultaneously with a band-
width of more than 350 cm™! (2,850- 3,200cm™}) and a
spectral resolution of 0.2 cm™!. Two different configurations
of OPO are tested for dual-comb spectroscopy. The proposed
two-crystal, ring cavity OPO exhibits a variety of advantages
including access to the dispersion information of samples
when compared with a single-crystal OPO. The 0.1-s-aver-
aged results give a dramatic improvement in SNR over a
single-shot experiment. The measurement of the optical

phase shift due to the target gas sample can offer a variety of
advantages over measurements based on absorption sensing.
For instance, the linear relationship between the dispersion
spectrum and the sample concentration is beneficial; on the
contrary, the absorption saturates with increasing concentra-
tion [45, 46]. For dual-comb-based spectrometers, as well as
for Michelson-based Fourier spectrometers, the dispersion
signal is, to some extent, immune to the intensity fluctua-
tions of the light sources and can provide more reliable and
accurate background free data than measuring the absorp-
tion signal [43, 47]. This advantage is due to the fact that
the intensity noise is related to the square of the amplitude
of the laser light, while the phase noise is mainly dominated
by the frequency stability of the lasers. For a fully stabilized
system, the intensity noise dominates compared to the phase
noise, indicating the advantages of dispersion measurement.
These initial results presented in this paper give a promise
for field measurement such as breath analysis and environ-
mental monitoring with advantages of broad bandwidth, fast
acquisition time, and high sensitivity.
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