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Mid-infrared dual-comb spectroscopy is of great interest owing to the strong spectroscopic features of trace gases,
biological molecules, and solid matter with higher resolution, accuracy, and acquisition speed. However, the
prerequisite of achieving high coherence of optical sources with the use of bulk sophisticated control systems
prevents their widespread use in field applications. Here we generate a highly mutually coherent dual mid-
infrared comb spectrometer based on the optical–optical modulation of a continuous-wave (CW) interband
or quantum cascade laser. Mutual coherence was passively achieved without post-data processes or active carrier
envelope phase-locking processes. The center wavelength of the generated mid-infrared frequency combs can be
flexibly tuned by adjusting the wavelength of the CW seeds. The parallel detection of multiple molecular species,
including C2H2,CH4,H2CO,H2S, COS, and H2O, was achieved. This technique provides a stable and robust
dual-comb spectrometer that will find nonlaboratory applications including open-path atmospheric gas sensing,
industrial process monitoring, and combustion. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.422397

1. INTRODUCTION

Thanks to their unprecedented frequency accuracy and stability
as low as 10−18 [1], optical frequency combs (OFCs) have revo-
lutionized optical frequency metrology by linking microwave
and optical frequencies [2,3] and have provided new opportu-
nities due to the evenly spaced hundreds of thousands of
narrow-linewidth teeth as encountered in molecular spectros-
copy [4–6], imaging [7,8], and biochemical research [9].
Several direct frequency comb spectrometers have been devel-
oped by combining a single OFC with various methods, such as
interferometry [10,11], dispersive elements [12,13], and fre-
quency filtering [14]. Dual-comb spectroscopy (DCS), using
two coherent OFCs with slightly different repetition rates, in-
tegrates many strengths of conventional Fourier-transform
spectroscopy and tunable laser spectroscopy into a single plat-
form [15]. The spectral resolution and accuracy of DCS are
only determined by the laser sources rather than the instru-
ments. To date, DCS has innovated many other spectroscopy
techniques such as time-resolved spectroscopy [16], coherent
Raman spectroscopy [17,18], photoacoustic spectroscopy
[19], cavity-enhanced spectroscopy [20,21], and two-photon
spectroscopy [22,23]. However, DCS also doubles the

challenges of the requirements to the frequency stability of
two such OFCs, which can be solved by actively controlling
the frequencies of both OFCs, i.e., the repetition frequencies
and carrier-envelope offset frequencies, by use a self-reference
scheme or a frequency reference to cavity-stabilized continuous-
wave (CW) lasers with hertz-level linewidth [24]. The active con-
trol processes are generally achieved using phase-locked loops with
fast intracavity actuators, such as the current modulation of the
pump laser diode, acousto-optic modulators, and piezoelectric
transducers [25,26]. Recently, Chen et al. devised a novel scheme
to achieve mutually coherent DCS using the feed-forward control
through an acousto-optic frequency shifter. This scheme gets rid
of the modulation of laser cavity and has been demonstrated both
in near-infrared and mid-infrared DCS [27–29].

Nowadays, the development of DCS aims at the extension
of the wavelength region and the practical applications of DCS
in field environments [5,30,31]. Among all the spectral do-
mains, most molecules built the strong fundamental vibrational
transitions in the mid-infrared region. However, limited by the
gain media, mid-infrared sources are generated mainly based on
nonlinear processes, such as difference frequency generation
(DFG) sources [32], optical parametric oscillators [33,34],
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chip-scale microresonators [35], interband or quantum cascade
lasers (ICLs or QCLs) [36,37], and supercontinuum broadened
sources [38,39]. Many promising proof-of-principle experi-
ments have demonstrated their intriguing potentials for the
generation of mid-infrared DCS. The spectral elements in-
volved in these schemes should be precisely controlled to obtain
stabilized mid-infrared comb teeth, but often at the cost of
complexity and the demand of a well-maintained laboratory
environment. The current trend of achieving fieldable DCS
is to design systems with built-in passive mutual coherence,
which get rid of the control of a significant freedom, carrier-
envelope phase (CEP). The intrapulse DFG or the DFG
between two pulse trains sharing common near-infrared oscil-
lators can directly generate mid-infrared DCS with zero-offset
CEP [40,41]. Generally, the supercontinuum technique is
often implemented to reach the required frequency range for
the DFG process. Ycas et al. achieved a mid-infrared zero-offset
DCS source spanning 2.6–5.2 μm based on the DFG process
[42]. Besides, the mode-locked common-cavity oscillators are
another choice, which can simultaneously deliver two pulse
trains with a stable repetition rate difference [43,44]. However,
the direct output spectra cannot reach beyond 3 μm, limited by
the gain medium. The slow fluctuations of the cavity length
also prevent the long-term stability of the systems. Recently,
Nathalie Picqué’s group first developed a novel near-infrared
DCS via an electro-optic modulation of a common near-
infrared CW diode, and then the operating wavelength range
was extended into mid-infrared domain by combining DFG
process [45,46]. Although the direct output spectral range is
limited by the bandwidths of electro-optic modulators
(EOMs), the characteristics of the frequency agility and the
flat spectral range still attract a great deal of attention.
Recently, we achieved a near-infrared DCS via the modulation
of a CW laser, which shows good passive mutual coherence
with coherent time up to 100 s [47]. To promote the develop-
ment of fieldable DCS, more efforts should be applied to
achieve mid-infrared DCS with a broadband spectral range
and robust structure.

In this paper, we develop and demonstrate a broadband
mid-infrared DCS based on its built-in passive mutual coher-
ence. By the optical-optical modulation of a CW ICL or QCL,
instead of using EOMs [45], the generated optical-optical
modulated frequency combs (OMFCs) achieved the output
spectral coverage over 400 nm in the mid-infrared domain, and
the output power was synchronously amplified to 400 mW in
the process. The robust mid-infrared sources have the potential
for broadband spectroscopy in the lossy and fieldable environ-
ments. Besides, the spectral range of these sources can be tuned
flexibly by replacing the operating wavelengths of mid-infrared
CW lasers, even to the far-infrared region. The mutual coher-
ence can be well maintained in the full spectral range. The
measurements of multiple gas species, including C2H2,CH4,
H2CO, H2S, COS, and H2O, were performed to verify
the capability and sensitivity for broadband molecular spectros-
copy in the experiment. Finally, the frequency accuracy of
our mid-infrared DCS was also analyzed for long-term stable
operation.

2. PRINCIPLE

Commercial ICLs or QCLs have achieved beam emissions from
2.5 to 24 μm. Mid-infrared OFCs based on multimode oper-
ating ICLs or QCLs are investigated to achieve a future inte-
grated comb sensor [35,48]. The number of comb teeth is
generally limited to several hundreds, which hinders its appli-
cations for broadband and high-resolution spectroscopy. Here
we extend the concept of OMFC, proposed in our previous
work on near-infrared OMFCs [47] to the mid-infrared region.
As shown in Fig. 1, the mid-infrared CW laser is pulsed and
amplified by a near-infrared femtosecond pump source in the
optical parametric amplification (OPA) process. In the time do-
main, the CW-seeded OPA process can be explained as the
optical–optical modulation process of a CW signal. The
modulation frequency is determined by the repetition rate
f rep of the pump source. The generated mid-infrared pulses
can be expressed as f 1 � f cw � n × f rep (n is an integer),
while they are passively referenced to the frequency of the
CW laser f cw. Thus, the mid-infrared OMFC is formed with-
out any active CEP control processes once the repetition rate of
the pump source is stabilized. The number of comb teeth of the
generated OMFCs can reach 104 or more. When a common
mid-infrared CW QCL is used to generate two OMFCs with
slightly different repetition rates, passive mutual coherence be-
tween the two mid-infrared combs is achieved. The scheme can
be further extended to other wavelength DCS by replacing the
operating wavelength of the CW QCL seed. Typically, far-
infrared DCS is expected to be obtained by combining appro-
priate crystals, such as CdSiP2 [48] and OP-GaAs [49].

3. RESULTS AND DISCUSSION

The experimental setup of the mid-infrared DCS is shown in
Fig. 2(a). Two near-infrared Yb-doped femtosecond pump
sources served as the pump source for the OPA processes,
whose repetition rates (f rep1,2 � ∼108 MHz) were loosely ref-
erenced to a common rubidium (Rb) clock at a low feedback
bandwidth of 30 Hz. A tunable CW QCL (3.71–3.9 μm,
Daylight, TLS-SK-41038-HHG, less than 5 MHz linewidth
for an integration time of 100 ms) or a distributed feedback
CW ICL (fixed operating wavelength of 3.37 μm,

Fig. 1. Schematic of an individual mid-infrared OMFC. A mid-in-
frared CW ICL/QCL is combined with a near-infrared femtosecond
laser, whose repetition rate f rep is locked. Then they are injected into
an optical parametric amplifier (OPA). Thus, the mid-infrared OMFC
is formed after the OPA process. In the process, the CW signal is
pulsed and amplified. The generated mid-infrared pulse sequence in-
herits the frequency f cw of the ICL/QCL, and its repetition rate is
determined by the pump source in the optical frequency domain.
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Nanoplus, NP-ICL-3370-TO66-HC, less than 3 MHz line-
width) was used as the seed for mid-infrared comb generation.
The CW seed was equally split into two OPAs, which used
identical 25 mm long MgO-doped periodically poled lithium
niobate (PPLN) crystals (CTL Photonics, fan-out grating,
25.0–30.5 μm). Subsequently, mid-infrared OMFCs were ob-
tained. The output power and spectra obtained directly from
the OPAs differed for various crystal periods and CW wave-
lengths. The maximum output power and spectral coverage ex-
ceeded 400 mW and 400 nm, respectively, which enabled the
further achievement of supercontinuum broadening in a highly
nonlinear fiber (HNLF) or waveguide. More detailed discus-
sions about their noise characteristics and spectral tunability
can be found in our previous works [50,51]. To investigate
the absorption information of the gas mixture, the two mid-
infrared OMFCs were combined and then passed through a
multipass gas cell (Labs � 76 m path length, AMAC-76LW
from Aerodyne). A balanced HgCdTe detector (QubeDT sys-
tem) was used to acquire the heterodyne signal, and its output
was fed into a 12 bit analogue-to-digital acquisition card (Alazar
Tech, ATS9350). To remove the fluctuation of the repetition
rate offset of the two OMFCs and obtain the mode-resolved

DCS, an adaptive sampling signal, extracted by introducing
a CW laser as the frequency intermedium, was used as the ex-
ternal clock to resample the mid-infrared heterodyne signal
[48,52]. In addition, experimental works without the adaptive
sampling method were also performed. The data acquisition
process was triggered by a sharp falling edge of the interfero-
gram, which can be treated as an elementary data phase correc-
tion [4,53]. The comparison results with and without the
adaptive sampling method showed negligible differences for
the spectral measurement of gases at a total pressure of
1 atm as shown in Fig. 7 (Appendix A). This indicates that
compared to full-referenced DCS, our DCS without the adap-
tive sampling method can provide adequate precision for most
practical applications in open-path environments (typically at
1 atm pressure), including combustion, exhaust emissions of
the engines, and atmospheric monitoring.

To evaluate our mid-infrared DCS, the tunable CW QCL
was initially used as the seed, and its operating wavelength was
set as 3.85 μm. The repetition rate offset of the pump sources
was set to 600 Hz to achieve a single spectral measurement of
∼400 nm. An optical filter composed of a mid-infrared reflec-
tive diffraction grating and a slit was introduced to adjust the

Fig. 2. Mode-resolved DCS spectra. (a) Schematic of the DCS setup. Two OMFCs were combined and then passed through a multipass gas cell.
After spectral filtering, the heterodyne signal was detected by a balanced HgCdTe detector retrieved to an optical domain. BS, beam splitter; G, mid-
infrared grating. (b) Typical detector signal with multiple interferograms. (c) Retrieved DCS spectrum. One hundred spectra, each with a recording
time of ∼1 s, were averaged. The top scale is the corresponding optical frequency. (d) Zoomed plot reveals mode-resolved gas absorption lines. The
red curve is the gas absorption profile computed from the HITRAN database. (e) Individual comb teeth, centered at 30 MHz in the RF spectrum,
show a prefect cardinal-sine shape with an FWHM of 1.4 Hz.
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measured spectral range. A typical detector signal with multiple
interferograms is shown in Fig. 2(b). A continuous data stream
of 100 s was recorded and then divided into 100 parts. The 100
parts, each with a recording time of 1 s, were averaged. The
averaged interferogram was fourfold zero filled to interpolate
the spectrum [27]. The spectrum obtained after the Fourier
transform without other post-data processes is depicted in
Fig. 2(c). The peak signal-to-noise ratio (SNR) was calculated
to be 490 at approximately 80 THz. The average SNR across
the entire spectrum from 78.2 to 87.6 THz is 180. The figure
of merit, defined as SNR ×M∕T 1∕2, is ∼1.57 × 106 Hz1∕2,
where M (8.7 × 104) is the number of comb teeth and T
(100 s) is the measurement time. The noise-equivalent absorp-
tion coefficient at 1 s time-averaging per comb line, defined as
�Labs × SNR�−1�T∕M �1∕2, is ∼2.5 × 10−8 cm−1 Hz−1∕2. The
enlarged plots in Figs. 2(d) and 2(e) reveal a clear cardinal-sine
shape, which is the expected instrumental line shape in a non-
apodized spectrum. The dips in Fig. 2(d) represent mode-
resolved gas absorption profiles of CH4, C2H2, and H2S.
The spectral resolution, determined by the repetition rates

of the pump sources, is 108 MHz. The red curve, computed
from the HITRAN database, agrees well with the experimental
results. The FWHM of individual heterodyne comb teeth is
∼1.4 Hz in the radio-frequency (RF) domain (∼250 kHz in
the optical domain), which indicates the mutual coherence be-
tween our OMFCs.

Figure 3(a) shows a typical optical spectrum retrieved from a
single interferogram coherently averaged at N ave � 240,000
times when the wavelength of the QCL was 3.72 μm. Here
the repetition rate offset of the pump sources was set as
2.4 kHz, and the nonaliasing spectral range was ∼100 nm. The
multipass gas cell was filled with a gas mixture (1.7%CH4,
2.2%C2H2, and 5.5%H2S) in N2 buffer gas at a total pressure
of 4 mbar. The overall background spectrum was removed by
fitting the spectral baseline to extract the gas absorption lines as
shown in Fig. 3(b). The theoretical results of different gases
from the HITRAN database are represented using different
color curves. All the absorption lines from CH4,C2H2, and
H2S are consistent with the theoretical profiles as shown in
Figs. 3(c)–3(f ). The FWHM of the Doppler-broadened

Fig. 3. DCS spectra of a mixture of gases. (a) Optical spectrum retrieved from a single interferogram coherently averaged 240,000 times.
(b) Comparison results of the extracted gas absorption lines (blue line) and the theoretical profiles from the HITRAN database (light grey curve
forH2O, magenta curve forH2S, violet curve for C2H2, and red curve for CH4). (c)–(f ) Portions of the gas absorption lines of (b). The olive scatter
represents the residual between the measured results and absorption profiles of these four gases from the HITRAN database.
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rovibrational lines is ∼250 MHz. After comparison with the
theoretical profiles, the concentrations and compositions of
the gas mixture can be derived. All the absorption lines from
H2O in the measured spectral range can be observed, which
could be attributed to the residual water vapor in the gas cell.
The concentration of H2O was calculated to be 6%, according
to the gas absorption strength. There are some unexpected ab-
sorption lines that cannot be inferred from the open gas infor-

mation of the HITRAN database. Portions of the unknown gas
absorption lines, which may originate from impurities in the
gas mixture, are shown in Figs. 3(e) and 3(f ). The experimental
results demonstrate the full potential of our DCS system for the
quantitative analysis of gas species and concentrations.

Our mid-infrared DCS has the well spectral tunability by
adjusting the PPLN periods or the operating wavelength of
the common CW laser. As shown in Fig. 4, a spectral coverage

Fig. 4. Tunable DCS spectra. (a) Measured spectra by scanning PPLN periods and adjusting the operating wavelength of the common CW laser.
(b) Comparison between extracted gas absorption lines of (a) and the theoretical gas absorption profiles from theHITRAN database. The gaps are due
to the electronical filter with a bandwidth of 2–48MHz in the data acquisition processes. The weak spectral intensity and the low-frequency noises of
the mid-infrared detector result in the deviations of the absorption intensity near the two gaps. (c) Portions of gas absorption lines of five gases.
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ranging nearly from 3.3 to 4.0 μmwas achieved by stitching the
measured DCS spectra, each of which was averaged in a time of
100 s. Here the DCS spectra seeded by QCL were measured
mainly by adjusting the operating wavelength of the CW laser
at a step of ∼50 nm. For the ICL seed operating at a fixed
wavelength of 3.37 μm, the spectral tuning was achieved by
scanning the crystal periods. Owing to the low injected CW
power of ∼5 mW of the ICL, the relative intensity noise in-
creased dramatically for the parameter fluorescence in the OPA
processes [54]. This resulted in the degradation of the spectral
SNR compared to that of the QCL seed, whose injected power
is usually ∼100 mW. The violet curve in Fig. 4(a) shows a fig-
ure of merit of ∼4.1 × 105 from 3.38 to 3.43 μm. The mode-
resolved spectra at different frequency regions are shown in
Fig. 8 (Appendix B), revealing the good mutual coherence of
our OMFCs. The extracted gas absorption lines obtained when
the gas cell is filled with the molecular gases C2H2,CH4, and
H2S at a total pressure of 10 mbar are shown in Fig. 4(b).
Portions of different gas absorption lines are shown in
Fig. 4(c). The unexpected absorption lines of rare COS, which
is generally treated as an impurity in the gas mixture, are ob-
served near 3.45 μm. The components of the gas mixture were
estimated to be 0.55% C2H2, 1.6% CH4, 5% H2S, 6% H2O,
and 0.014% COS. By introducing well-designed chirped
PPLN waveguides, broadband mid-infrared sources can be di-
rectly obtained by improving the phase-match bandwidth [55].
A preliminary experimental result demonstrated a mid-infrared
source ranging from 1.8 to 4.2 μm as shown in Fig. 9
(Appendix C), in which a chirped PPLN crystal with a
25 mm length was used. These results demonstrate the poten-
tial of our scheme for octave-spanning mid-infrared DCS.

Mid-infrared DCS can be used for highly sensitive molecu-
lar detection owing to the strong rovibrational absorption lines.
Here we used our DCS to detect H2CO gas (which is one of
the main harmful gases) with parts-per-million (ppm)-level
concentration. High levels of exposure to H2CO can
cause cancers as announced by the US Department of
Health and Human Services in 2011 [56]. The World
Health Organization (WHO) set an indoor air permissible con-
centration value of 0.08 ppm (0.1 mg∕m3) of H2CO for all
30 min periods lifelong in 2010 [57]. In the experiment,
the gas cell with a path length of 76 m was filled with
2.5 ppm H2CO at a total pressure of 83 mbar. As shown in
Fig. 5(a), the DCS spectrum, filtered by adjusting the slit be-
fore the mid-infrared detector, was measured with an average
time of 10 s. In Fig. 5(b), the maximum absorption intensity of
the extracted absorption lines was ∼10%, and these absorption
lines agree well with the theoretical results. The standard
deviation of the residuals, limited by the residual baseline fluc-
tuations in the retrieved spectrum, is ∼0.32%. The 1 − σ sen-
sitivity of H2CO is considered as the concentration level when
the absorption intensity of absorption lines in the measurement
spectral region equals the value of ∼0.32% [5]. According to
the simulation results in open-path environments, the 1 − σ
sensitivity of H2CO is calculated to be ∼0.04 ppm in a mea-
surement time of 10 s, which is lower than the permission con-
centration level of 0.08 ppm. Moreover, narrowing the
measured spectral range or increasing the measurement time

can further improve the sensitivity due to the higher SNRs.
These results demonstrate the potential of our mid-infrared
DCS for the sensitive measurement of harmful gases.

In the experiment, the commercial CW ICL/QCL was kept
relatively stable by controlling the operating current and tem-
perature. The frequency fluctuations of the CW seeds result in
the entire frequency shift of the mid-infrared OMFCs, which
also mainly influences the frequency accuracy of our DCS. In
this study, we used a mid-infrared wavelength meter (Bristol
771B, 0.75 pm accuracy) to measure the optical frequency
of the CW seeds. The standard deviation of the frequency fluc-
tuations of the QCL was ∼3.5 MHz, recorded with a single
measurement time of ∼0.4 s and a total measurement time
of 30 min, whereas that of the ICL was ∼5.0 MHz, as shown
in Fig. 10 (Appendix D). The measured results are comparable
to those of the frequency accuracy of the wavelength meter,
which was assessed by measuring the frequency of a narrow-
linewidth near-infrared CW diode (1560 nm, OEwaves, line-
width ∼10 Hz) referenced to an Er-doped fiber comb based
on an f -2f structure [26]. If necessary, the mid-infrared CW
laser can be further referenced to an optical clock or a stabilized
frequency comb [24]. For further evaluation of the influence of
our CW frequency shifts on the absorption spectrum measure-
ment, the portion of absorption lines of the gas mixture of
C2H2,CH4, and H2S was properly fitted to extract the center
frequency as shown in Fig. 6(a). The total pressure of the 76 m
multipass cell was 10 mbar at 296 K. The residual between the
measured spectrum and its fit has a standard deviation of 0.7%,

Fig. 5. DCS spectra of H2CO at a ppm-level concentration.
(a) Retrieved DCS spectra of H2CO. (b) Comparison between the
measured results and theoretical profile from the HITRAN database.
The standard deviation of the residual is ∼0.32%.
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which shows a good agreement. The optical frequency was re-
trieved from the RF domain according to the CW frequency
calibrated by the center frequency of one of the gas absorption
lines and the repetition rates referenced to a Rb clock. The stat-
istical distribution of 10 continuous frequency measurements
for the 12CH4 P�10�F�3�2 line position is shown in Fig. 6(b), in
which the CW frequency was treated as a constant in the total
measurement time of 100 s. The measured statistical uncer-
tainty of the center frequency is ∼6.1 MHz. For the
Gaussian fit, the inherent fit uncertainty of the center of the gas
absorption lines can be theoretically expressed as σf �
ΔνFWHM∕�SNR ×

ffiffiffiffiffiffiffiffiffi
N pnt

p �, where ΔνFWHM � ∼300 MHz
is the FWHM of P�10�F�3�2 and N pnt � ΔνFWHM∕f r,s is
the number of measured points across the FWHM [40,58].
The value is calculated to be σf � 0.79 MHz for the gas ab-
sorption line P�10�F�3�2 . The SNR and f r,s (repetition rate of
OMFC) are 220 and 108 MHz, respectively. Compared to the
FWHM of the absorption lines P(10)F�3�2 , which is slightly
broader than the Doppler-broadened linewidth of ∼275 MHz,
the influence of CW frequency shift on the measurements of
gas concentration and components can be negligible in our
experiment. On the other hand, the continuous operation test-
ing in a combustion lab demonstrated the practical applications
of our DCS in industrial environments as shown in
Visualization 1. The studies of the field-programmable gate

array (FPGA) real-time averaging of our DCS were also carried
out. These results have highlighted the full potential of our
OMFC concept for future compact mid-infrared DCS sensors
for nonlaboratory applications.

4. CONCLUSION

We proposed and demonstrated a broad mid-infrared DCS
based on the OMFC technique, passively referenced to a
common commercial CW QCL or ICL. Mutual coherence
was established without any fast feedback circuits or post-phase
corrections, which is favorable for simplifying the architecture
and improving the robustness of the DCS. The direct output
spectral range reached several hundred nanometers with an
average output power exceeding several hundred milliwatts
(mW), which can be applied in nonlinear spectroscopy or lossy
measurement environments. By introducing a PPLN wave-
guide, an octave-spanning spectrum is expected to be achieved.
Furthermore, the scheme can be extended to the far-infrared
region, whereas the OMFC concept has been demonstrated
in the near-infrared domain [48]. On the other hand, the mea-
surements of multiple gas species such as H2CO at a ppm
concentration were performed. The long-term stability, high-
spectral SNR, and rapid measurement capacity of our
DCS were effectively verified, which equal or exceed the
high-performance mid-infrared Fourier-transform spectrome-
ters [10,15,59]. With continued development, we anticipate
that our optical–optical-modulated DCS with high robustness,
coherence, and stability will become a deployable spectroscopic
tool offering great resolution and sensitivity in fundamental
physics studies and field applications in the future.

APPENDIX A: REAL-TIME COHERENT
AVERAGING

Real-time coherent averaging was performed based on an
FPGA module. The data acquisition process was triggered
by a sharp falling edge of the interferogram to remove the pos-
sible time jitter, which can be treated as an elementary phase
correction [53]. As shown in Visualization 1, the refresh rate is
determined by the coherent averaging number and repetition
rate difference of our DCS. Typically, the refresh rate can ex-
ceed kilohertz (kHz), and the single measured spectral range
can reach several hundred nanometers. This surpasses tradi-
tional spectral measurement techniques, such as Fourier-trans-
form spectrometry. As shown in Figs. 7(a)–7(c), the
comparative results with and without the adaptive sampling
method showed little difference for the measurement of
10% CH4 at a total pressure of 1 atm and an optical path
length of 30 cm. This result indicates that our DCS without
the adaptive sampling method is precise enough for most prac-
tical spectral measurements usually performed in a field envi-
ronment (1 atm pressure). The averaging result obtained by the
FPGA module with a total time of 1 h exhibits an expected
evolution of the average SNR with time as shown in
Fig. 7(d). No saturation in the trend of the increasing SNR
was observed. These results demonstrate the potential of our
OFMCs for compact, robust, and deployable mid-
infrared DCS in the future.

Fig. 6. Line parameter measurements. (a) Portions of the gas ab-
sorption lines of the gas mixture of C2H2,CH4,H2S. Gaussian pro-
files (red curves) are used to fit the measured results (blue dots). The
standard deviation of the residual between the measurement and its fit
is calculated to be ∼0.7%, which includes the statistical and residual
baseline noise. (b) Statistical distribution of 10 continuous measure-
ments of the 12CH4 P�10�F�3�2 line center frequency. The error bar of
each measurement is the standard error of the fitted line position
parameter. The horizontal red line represents the average center fre-
quency (80,355,670.1 MHz), which has been subtracted from each
measured frequency for clarity.
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APPENDIX B: MID-INFRARED FREQUENCY-
AGILE DCS

To verify the frequency agility of our OMFCs, the original
streams at different injected CW wavelengths as shown in
Fig. 4, in which the adaptive sampling signal was used as
the external clock of the acquisition card, were divided into

100 parts and averaged. The 100 parts, each with a recording
time of 1 s, were averaged. The averaged interferogram was
fourfold zero filled to interpolate the spectrum. Portions of
the mode-resolved structures at different CW operating wave-
lengths are shown in Fig. 8. The relative linewidth of the indi-
vidual heterodyne teeth in the full spectral range is measured to
be ∼1.4 Hz. The dips in Fig. 8 are due to the absorption of the
gas mixture; they are consistent with the absorption profiles
computed from the HITRAN database. These results demon-
strate the mutual coherence of our OMFCs at different injected
CW wavelengths. The scheme can be further applied to other
spectral regions by replacing the CW QCL at other operating
wavelengths.

APPENDIX C: OCTAVE SPECTRUM OF OMFCS

Broadband mid-infrared DCS is of great importance for the
parallel measurement of multiple gas species. The output spec-
tral range of our OMFCs was limited by the phase-matching
bandwidth of the fan-out grating PPLN. In this study, we
achieved the spectral broadening of our OMFCs by introduc-
ing a cascade OPA process and combining the supercontinuum
technique. As shown in Fig. 9(a), a long-pass filter (Thorlabs,
FEL1300) was used to obtain the near-infrared idler after the
CW-seeded OPA process, which was simultaneously generated
along with the mid-infrared OMFC. The near-infrared idler
was injected into a 1.5 m long polarization-maintaining fiber
(PM1550), in which the pulse duration was compressed into
∼40 fs [60]. It was then spliced into a 10 cm long HNLF to
achieve supercontinuum broadening. The output, which
served as the signal, was pumped by the residual pump
energy in the next OPA process. Thus, the supercontinuum

Fig. 7. (a) Comparison of results with and without the adaptive
sampling method at a measurement time of 10 s. A 30 cm optical
path cell is filled with 10% CH4 in N2 buffer gas at 1 atm pressure.
The standard clock indicates that the constant internal clock of data
acquisition card served as the acquisition clock. (b), (c) Zoomed plots
of (a) reveal the little difference between the two results. (d) Evolution
of the average spectral SNR as a function of the measurement time
without the adaptive sampling clock. The FPGA module triggered
by the falling edge of the interferograms exported the data files at time
intervals ∼1 s. Each file represents the averaged results of 600 inter-
ferograms. In the experiment, 3600 files, including 3600 × 600 inter-
ferograms, were obtained and then averaged. A power law fit with an
exponent of 0.499(3) indicates that the SNR is proportional to the
square root of the measurement time, which is expected for coherent
averaging.

Fig. 8. Mode-resolved DCS spectra at different CW operating
wavelengths. The red curves show the profiles computed from the
HITRAN database using experimental parameters.

Fig. 9. (a) Schematic of the spectral broadening of the OMFC. The
generated near-infrared idler after the OPA process, which was first
spectrally broadened, served as the signal in the next OPA process.
Broadband mid-infrared pulses were obtained when a chirped
PPLN crystal was used in the OPA process. HWP, half-wave plate;
PBS, polarizing beam splitter; DM, dichroic mirror; PPLN, periodi-
cally poled lithium niobate crystal; LP, long-pass filter; HNLF, highly
nonlinear fiber; D, delay line; APPLN, aperiodically poled lithium
niobate crystal; Ge, AR-coated germanium window. (b) Measured
mid-infrared spectrum after the cascade OPA processes.
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broadening of the near-infrared idler was achieved. The output,
which served as the signal, was pumped by the residual pump
energy in the next OPA process. A chirped PPLN crystal with a
length of 25 mm was used during this process. The period is
changed from 32.0 to 23.0 μm at steps of 0.1 μm. After the
OPA process, a spectrum from 1.8 to 4.2 μm was generated as
shown in Fig. 9(b). Further optimization of the structure can
produce an octave spectrum [55]. We can infer that broad mid-
infrared OMFCs can be directly generated by introducing well-
designed PPLN waveguides during the OPA process.

APPENDIX D: FREQUENCY ACCURACY OF
OMFCS

The frequency accuracy of the common mid-infrared CW
seeds directly determined the frequency accuracy of our
DCS. Here we used a mid-infrared wavelength meter
(Bristol 771B, 0.75 pm accuracy) to measure the optical fre-
quency of the two CW seeds. The frequency accuracy of
the wavelength meter is guaranteed by continuous calibration
with a built-in He–Ne laser. To further evaluate the inherent
accuracy of the wavelength meter, the optical frequency of a
near-infrared CW diode (1560 nm, OEwaves, linewidth
∼10 Hz), referenced to a stabilized frequency comb [26],
was initially measured. The calibration of the absolute fre-
quency of the near-infrared comb locked by an f -2f architec-
ture was performed against a Rb clock. The measured standard
deviation of the near-infrared CW laser was 9.4 MHz, recorded
with an averaging single measurement time of ∼0.4 s and a
total measurement time of 30 min as shown in Fig. 10(a),

which represents the 1 − σ inherit frequency accuracy of our
wavelength meter near 1560 nm. Subsequently, we used a
mid-infrared wavelength meter to measure the frequencies of
the CW ICL and QCL. It should be noted that the mid-infra-
red wavelength meter is more accurate in the longer wavelength
region. The measured standard deviations of the frequency
fluctuations of the QCL and ICL were ∼3.5 MHz and
∼5.0 MHz, respectively, as shown in Figs. 10(b) and 10(c).
The frequency jumps in Fig. 10(b) can be due to mode hop-
ping of the ICL. We can consider the frequency shifts of our
two mid-infrared CW seeds to be almost less than 10 MHz at a
measurement time of 30 s, which is comparable to the inherent
frequency accuracy of the wavelength meter. Compared to the
FWHM of the absorption lines in our experiment, the influ-
ence of the frequency shift of our mid-infrared CW seeds can
be neglected for measuring gas concentration and components.
In addition, the monitoring of the CW frequency in real-time
during the experiment can effectively avoid the possible mode
hopping of our CW seeds.
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