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Dual-comb photothermal spectroscopy

Qiang Wang® 26™ Zhen Wang® 3©*, Hui Zhang'2, Shoulin Jiang?, Yingying Wang®, Wei Jin* &
Wei Ren@® 3™

Dual-comb spectroscopy (DCS) has revolutionized optical spectroscopy by providing
broadband spectral measurements with unprecedented resolution and fast response. Pho-
tothermal spectroscopy (PTS) with a pump-probe configuration offers a highly sensitive gas
sensing method, which is normally performed using a single-wavelength pump laser. The
merging of PTS with DCS may enable a spectroscopic method by taking advantage of both
technologies, which has never been studied yet. Here, we report dual-comb photothermal
spectroscopy (DC-PTS) by passing dual combs and a probe laser through a gas-filled anti-
resonant hollow-core fiber, where the generated multi-heterodyne modulation of the
refractive index is sensitively detected by an in-line interferometer. As an example, we have
measured photothermal spectra of acetylene over 1 THz, showing a good agreement with the
spectral database. Our proposed DC-PTS provides opportunities for broadband gas sensing
with super-fine resolution and high sensitivity, as well as with a small sample volume and
compact configuration.
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ptical frequency combs (OFCs) have significantly pro-

moted the development of many research fields in the

past decades such as time and frequency metrology!?,
attosecond science?, optical communication*, and precision
spectroscopy>®. This light source presents an optical spectrum
composed of a set of evenly spaced and phase-coherent laser lines.
The combination of broad spectral bandwidth and high spectral
resolution makes OFCs particularly suitable for high-precision
molecular spectroscopy and multi-species gas detection. Among
different OFC-based spectroscopic methods’-12, dual-comb
spectroscopy (DCS) provides a versatile approach to Fourier
transform interferometry without any moving parts, leading to
many advantages such as high resolution, short acquisition
time, high signal-to-noise ratio (SNR), and free from size
constraints.

DCS is widely studied for gas absorption spectroscopy that a
high-bandwidth photodetector is used to measure the comb
transmission through the gas medium. This technique requires a
long mutual coherence time for averaging and a long light-gas
interaction path to enhance the detection sensitivity. The mutual
coherence time between two combs has approached 1860 s with
the feed-forward locking technique!3. Although DCS has been
demonstrated with different kinds of comb sources, most studies
used a short single-pass gas cell with high-concentration gas
samples just for demonstration purposes!4-18. It is possible to
increase the effective path length using a multipass gas cell or an
optical cavity!219. However, the multipass cell requires large
mirrors and has a bulky size. The optical loss per reflection also
limits the use of low-power OFCs20, In comparison, an optical
cavity can increase the optical path by orders of magnitude with
less optical loss. Cavity-enhanced dual-comb spectroscopy has
been reported with ultra-high sensitivity!221:22, which requires
complex optical setup and feedback control electronics to achieve
the so-called two-point locking!!. The spectral bandwidth may
also be constrained by the dispersion of the cavity mirrors. Hence,
new strategies are demanded for DCS that can achieve broad-
band, high-resolution and ultrasensitive detection in a compact
system. Photoacoustic spectroscopy (PAS), an indirect absorption
detection method, has been recently explored by several research
groups using OFCs?3-26. Based on a Fourier transform spectro-
meter with a comb source, researchers measured broadband
photoacoustic spectra of methane using a micro-cantilever?324,
Very recently, dual-comb PAS has been demonstrated for mea-
suring acetylene?> and polymer films?°.

Interestingly, photothermal spectroscopy (PTS) is another
important method widely used for gas sensing?’-30, In PTS, the
modulated light absorption generates periodic heating of a gas
sample, resulting in the modulation of gas refractive index (RI).
As the RI modulation is proportional to the laser intensity, it is
promising to achieve ultra-high sensitivity by use of a hollow-core
fiber (HCF) with a small mode field diameter (MFD). For
instance, by using a hollow-core photonic bandgap fiber with a
MFD of 11um, an optical intensity of ~40kWcm™2 can be
obtained for an input power of 15mW27. A pump-probe con-
figuration is often adopted for PTS, where the pump laser-
induced RI modulation is sensitively detected by an inter-
ferometer with a probe laser. Since the first adoption of HCFs in
PTS with a Mach-Zehnder interferometer?’, different types of RI
detection schemes have been reported including heterodyne
interferometer28, Fabry-Pérot interferometer??, and mode-phase-
difference method3°. Additionally, when the pump laser wave-
length is tuned away from the absorption line, or the gas sample
is non-absorbing (i.e., zero gas like nitrogen), PTS has zero output
if the system is properly designed, and thus behaves as a
background-free detection method?®-3!. Rather than performing
photothermal detection with a single-wavelength pump laser, PTS
combined with the dual-comb source has the potential to achieve
a compact gas sensor with background-free, ultra-high sensitivity,
and broadband detection, which has never been realized
previously.

In this work, a technique of dual-comb photothermal spec-
troscopy (DC-PTS) is reported. We use an electro-optic dual-
comb source to generate the photothermal RI modulation, which
is sensitively detected by an in-line Fabry-Pérot interferometer
(FPI). Such a highly versatile all-fiber sensing configuration is
described in detail. Our experimental results reveal the current
DC-PTS can provide tooth-resolved photothermal measurements
of the (v; + v3) band of acetylene (C,H,), spanning over 1 THz.
With an average optical power of 15mW for the dual-comb
source, we achieve a minimum detection limit of 8.7 ppm C,H,
over the coherent averaging time of 1000s. To our knowledge,
this is the first demonstration of broadband photothermal
detection using frequency combs.

Results

Theory. Figure 1 presents the concept of the proposed DC-PTS.
We use dual electro-optic frequency combs as the pump source
for the proof-of-concept demonstration. The two combs with a
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Fig. 1 Principle of dual-comb photothermal spectroscopy (DC-PTS). FPI Fabry-Pérot interferometer, SMF single-mode fiber, HCF hollow-core fiber, f,, f; 2
repetition frequencies of the two frequency combs, FFT Fast Fourier Transform. Two frequency combs heterodyne against each other to provide a set of
amplitude modulations at the down-converted evenly-spaced frequencies. The combs and a probe laser are coupled into a FPI formed by a HCF
sandwiched by two solid-core SMFs. The refractive index of the target gas in the HCF is modulated by the pump comb source, leading to the phase
modulation of the probe laser. The output of the probe laser from the FPI is used to retrieve the multi-heterodyne photothermal signal by Fourier transform.
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Fig. 2 Schematic of the DC-PTS setup. ECDL external cavity diode laser, AOM acousto-optic modulator, EOM electro-optic modulator, EDFA erbium-
doped optical fiber amplifier, DCF dispersion compensation fiber, PD photodetector, WDM wavelength division multiplexer, PC polarization controller, FPI
Fabry-Pérot interferometer, LPF low-pass filter, HPF high-pass filter, DAQ data acquisition with 16-bit vertical resolution, SMF single-mode fiber. Inset:
scanning electron microscope (SEM) image of the cross-section of the hollow-core anti-resonant fiber (HC-ARF), and the schematic interface between
HC-ARF and SMF. The detailed structure of the FPI is described in Methods section. The pump combs and the probe laser are delivered into the FPI via a
WDM. The FPI output of the probe laser carrying the phase modulation information is picked up by the WDM and a circulator (Circulator3). The low-
frequency component of the photodetector signal (PD2) is used to lock the probe wavelength to the quadrature point of the interference fringe via a laser
servo to obtain the largest frequency-to-amplitude conversion factor (see Supplementary Fig. S2). The PC is used to optimize the contrast of interference
fringes. The high-pass filtered time-domain photothermal interferograms are digitized continuously at a sampling rate of 1 MS/s and directly Fourier
transformed to retrieve the spectrum. Spectral average in the frequency domain is applied to improve the SNR. Note that the DAQ card and all the radio-

frequency synthesizers are referenced to a rubidium clock.

set of discrete evenly-spaced and phase-coherent optical fre-
quency components, f, ; and f, ,, can be expressed by

fn,l = n'fr,l +f0 +f5htft,1 (1)

fn.Z =n 'fr,2 +f0 +fshift‘2 (2)

where 1 (0, £1, +2, etc.) is the comb line index; f,; and foip; (=1
and 2) are the repetition rate and optical frequency shift,
respectively; f, is the optical carrier frequency which is identical
for the two combs when they are generated from the same source.

In DCS, one frequency comb heterodynes against the other to
down-convert the optical frequencies into the radio frequency
(RF) spectrum, which can be detected by a high-bandwidth
photodetector. The difference of the two repetition rates and the
difference of the optical frequency shifts determine the RF comb
spacing and the center frequency of the RF spectrum,
respectively. In this study, we tune the down-converted RF
combs to a scope of tens of kHz so that the photothermal effect of
gas-phase analyte can be efficiently excited after absorbing the
comb light. The multi-heterodyne signal composes of distin-
guishable beatnotes between pairs of comb teeth at the radio
frequency v,

vn:’fn,l _fn,Z}:n'Afr—’—Afshiﬂ (3)

where Af,=f,; - f.2 and Afgip = fonir1 — fonipr2- Hence, the nth
comb line is modulated at the frequency v, acting as the n'
amplitude-modulated pump laser. If this comb line is absorbed by
the gas medium, the gas density (or refractive index) is modulated
at the respective radio frequency v,,. As a result, a probe laser that
is made collinear with the pump combs experiences a phase
modulation at v, When the comb lines that can be absorbed by
the gas molecules pass through the gas medium, the complex
phase modulation signal can be detected by an optical

interferometer and Fourier transformed to a photothermal
spectrum.

As introduced previously, it is quite attractive to perform PTS
in a HCF due to its highly efficient light-gas interaction and the
significantly increased light intensity within the hollow core of a
um-sized MFD. For gas absorption by the n pair of comb teeth,
the induced phase modulation for the probe laser along the HCF
can be expressed by Jin et al.2”

A$, =k ALYP,,,, , 4

where k" is a coefficient inversely proportional to the cross-
section area of the HCF mode field; A is the peak absorption
coefficient; L is the length of the HCF; ¥ is the normalized line-
shape function of the absorption feature; Fpumpm is the square root
of a product of the optical power for the nth pair of comb teeth
propagating through the HCF.

Experimental setup. Figure 2 depicts the experimental setup of
DC-PTS based on an all-fiber electro-optic dual-comb source.
The two combs generated from the same continuous wave (CW)
external-cavity diode laser (ECDL) are designed with repetition
rates of 500 MHz and 500.0001 MHz, and optical frequency shifts
of 25 MHz and 25.03 MHz, respectively (see Methods section).
The dual-comb light is divided into two branches, one of which is
used as the photothermal pump. A portion of the comb light is
monitored by a photodetector to provide a synchronous reference
for normalizing the possible non-uniform comb intensity dis-
tribution over a broad bandwidth (see Methods section). The FPI
used in this work consists of a 1572-nm probe laser, and a
hollow-core anti-resonant fiber (HC-ARF) sandwiched by two
single-mode fibers (SMFs). The HC-ARF also acts as a gas cell
with a length of 7cm, an air core diameter of 28 pum and a
diameter of holey region of 56 um, providing a gas sampling
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Fig. 3 Representative DC-PTS signal of C;H, measured at the central
frequency of 195.444 THz. a Time-domain photothermal interferograms
recorded by the FPI. b Fourier-transformed photothermal multi-heterodyne
signal of 2% C,H, and pure N, for a measurement time of 100 ms. The
inset shows the corresponding dual-comb reference spectrum recorded by
the photodetector PD1. ¢ Normalized dual-comb photothermal spectrum of
C,H, for a measurement time of 10's. The residual between the
measurement and spectral fitting is plotted at the bottom panel.

volume of only 0.17 uL. The densely packed beatnotes centered at
30 kHz have a frequency span from 15 kHz to 45 kHz and a line
spacing of 100 Hz, over which the FPI has a relatively high and
flat-top response (see Supplementary Fig. SI).

We choose C,H, as an example to demonstrate the DC-PTS
concept. Firstly, a gas mixture of 2% C,H,/N, is introduced to the
HC-AREF and the optical carrier frequency of the comb source is
tuned to 195.444 THz. All the measurements are conducted at
1 bar and 296 K. Figure 3a shows the representative time-domain
interferograms. The bursts reproduce with a periodicity of 10 ms,
corresponding to the repetition frequency difference of the dual-
comb source. Figure 3b shows the Fourier-transformed photo-
thermal signal of C,H,, showing a comb-line-resolved spectrum
over 15-45 kHz. One can easily distinguish two strong absorption
lines P(15) and P(14) centered at ~25 kHz (195.42 THz in optical
domain) and ~41kHz (195.50 THz in optical domain), respec-
tively; as well as two relatively weak lines at ~21kHz
(195.40 THz) and ~35.4kHz (195.47 THz), respectively. It is of
interest to observe one single comb line at 30 kHz, which is
located at the far wing of the P(15) line. This comb line derives
from the beatnote of the residual carrier CW lasers, leading to a
much higher intensity than any other bilateral beatnotes. Such an
influence can be mitigated by normalizing the direct photo-
thermal measurement with a reference multi-heterodyne dual-
comb signal, or by employing a pair of electro-optic modulators
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Fig. 4 Variation of the DC-PTS amplitude with gas concentration. The
DC-PTS system shows an excellent linear response with an R? value of
0.999. Inset: representative DC-PTS spectra of C,H, with different
concentrations.

(EOMs) with higher extinction ratios. We choose the former
method in this study due to its simpler implementation. The inset
graph of Fig. 3b presents the multi-heterodyne dual-comb
spectrum that is simultaneously recorded by the photodetector
(PD1 in Fig. 2). Dividing the direct DC-PTS signal by the
reference multi-heterodyne dual-comb spectrum, we can also
mitigate the influence of the non-uniform intensity distribution of
the comb source over broadband. In order to obtain the
absorption features based on the HITRAN database, Fig. 3c
depicts the normalized C,H, spectrum for a measurement time of
10s, which is in good agreement (R? value of 0.998) with the
absorption spectral fitting using the HITRAN database3?. The
relative residual around the absorption peak at 195.42 THz is
below 5%, which may be caused by the spectral fitting
uncertainty. The Voigt profile commonly used for line-shape
calculations neglects higher order effects such as line mixing and
speed dependence33. The possible drift of the ECDL wavelength,
which induces a frequency shift of comb teeth in each beatnote,
may also cause spectral distortion during the averaging process.
The fringe noise observed in the residual is believed to be caused
by the optical interference effect of the FPI (see Supplementary
Fig. S3).

Linear response and broadband detection. We then evaluate the
sensor response by measuring C,H,/N, mixtures with different
concentrations. A stronger absorption line P(11) is targeted by
tuning the central frequency to 195.764 THz. A dual-comb power
of 15mW is delivered to the HC-AREF in this test. Different gas
mixtures are generated by diluting the certified 2% C,H,/N, with
N, using a gas dilution system. The variation of the amplitude of
the DC-PTS signal with C,H, concentration is plotted in Fig. 4,
showing an excellent linear relationship (R? value of 0.999).

By tuning the ECDL frequency in a step-wise manner and
stitching 15 sequential spectra, the current electro-optical dual-
comb spans more than 1 THz. For the gas sample of 2% C,H,/N,,
each DC-PTS measurement with normalization is conducted for
a measurement time of 100s, and then the spectral stitching is
applied to obtain the entire spectra shown in Fig. 5. The
rovibrational lines of the (v; + v3) band of C,H, are well-resolved
in this spectral range, showing a good agreement with the
simulated spectrum using the HITRAN database32.
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Discussion

The reported results reveal that the DC-PTS system provides a
way of dual-comb spectroscopic measurements. It is of interest to
discuss the possible methods of obtaining a higher SNR so that
the DC-PTS can become more feasible for trace gas detection.

Firstly, the dependence of the DC-PTS signal on the pump
power is studied. Here the pump power is measured at the cou-
pler output of the two combined combs. By adjusting the pump
power between 1 mW and 15 mW using a fiber-optic attenuator,
Fig. 6 plots the corresponding amplitude of the DC-PTS signal of
1% C,H,/N, and the noise level measured for 10 s. The amplitude
increases linearly with power, while the noise remains almost
unchanged. The commercial EDFA with a higher gain has
achieved an output power of 1.5 W for gas sensing>*. Considering
the comb power of 15mW used in this work, we expect to
increase the sensitivity by two orders of magnitude.

We further investigate the SNR by varying the measurement
time. The definition of SNR can be found in Methods section.
Figure 7 illustrates that the SNR increases linearly with the square
root of time from 10 ms up to 100 s, and further increases until
the maximum recording duration of 1000 s with a slight deviation
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Fig. 7 Variation of the SNR of 2% C,H, with the measurement time. The
measurement SNR is defined as the ratio of the peak magnitude of the PTS
response to the standard deviation of noise in the non-absorption range.

Insets: typical DC-PTS spectra measured at 10 ms and 1000 s, respectively.

from the ideal trend line. Such a slight deviation may derive from
the phase noise of combs caused by low-frequency temperature
variation and mechanical vibration. For a mixture of 2% C,H,/N,,
the current DC-PTS system achieves a SNR of ~1100 at the
measurement time of 100s, and ~2300 at 1000 s. Hence, a mini-
mum detection limit (MDL, 10) of 8.7 ppm is determined for the
dual-comb power of 15mW, the fiber length of 7 cm, and the
measurement time of 1000 s (see Methods section). It should be
noted that such a long-term averaging method may be not suitable
for applications that require a fast time response.

Finally, we mention several other methods that can further
enhance the system performance. For the electro-optic combs
used in this work, it is feasible to change the comb spacing by
tuning the repetition rate of the electrical pulse used for driving
EOMs. We expect a repetition frequency of up to 5 GHz, which is
mainly limited by the bandwidth of the pulse generator. A higher
SNR can be obtained by increasing the repetition frequency as the
power of each comb tooth rises with the increased line spacing,
given a constant average power. However, we must consider a
tradeoff between the measurement SNR and spectral resolution in
actual spectroscopic measurements. Additionally, we use an HC-
ARF with a length of only 7cm in this work. As the phase
modulation can be accumulated with the fiber length shown in
Eq. (4), it is possible to increase the SNR by simply using a longer
HCF. It has been recently reported that silica HC-ARFs have
achieved a record low transmission loss of 0.28 dB/km in the C
and L bands®. Hence, we expect to enhance the dual-comb
photothermal signal by another two orders of magnitude if a 10-
m-long HC-AREF is used for the FPI, considering its negligible loss
of pump comb power. Note that the optical interference effect of
the FPI may cause fluctuations of the PTS signal. Although the
amplitude variation in the current study is <5% (see Supple-
mentary Fig. $3), it could become serious when the FPI is exposed
to external disturbance such as temperature variation and
mechanical vibration. This issue can be possibly mitigated by
applying a broadband anti-reflection (AR) coating to the two fiber
facets over the wavelength range of comb light so that a FPI is not
formed for the pump. Meanwhile, the probe wavelength can be
selected beyond the spectral range of the AR coating so that the
reflections for the probe are still relatively high to form a FPI with

| (2022)13:2181 | https://doi.org/10.1038/s41467-022-29865-6 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a reasonable interference fringe contrast for the detection of
photothermal phase (or RI) modulation.

In summary, we report the concept and proof-of-principle
demonstration of DC-PTS using an electro-optic dual-comb
combined with an in-line FPI. Because of the inherently high
mutual coherence of this dual-comb source and the exquisite
frequency agility, the dual-comb generates the multi-heterodyne
modulation of the RI of the gas sample in the HC-ARF. A
moderate optical span of hundreds of GHz is mapped to the
frequency response range of the FPI. The photothermal spectra of
C,H, pumped by the dual-comb source can be obtained by the
Fourier transform of the interferograms generated from the FPI
within a short measurement time, i.e., as short as 10 ms in this
work. The spectra of C,H, over 1 THz are stitched by simply
tuning the optical frequency of the ECDL. We achieve an MDL of
8.7 ppm for the dual-comb power of 15 mW and fiber length of
7 cm. Several strategies for further improving the SNR are dis-
cussed. Hence, our study opens a opportunity to realize broad-
band, high-resolution and sensitive gas detection. Although
demonstrated for electro-optic combs, we believe it is quite
promising to apply our technique for mid-infrared combs gen-
erated from micro-resonators3®, quantum cascade lasers3’, and
interband cascade lasers’® with extra merits of stronger gas
absorption and reduced size for integration.

Methods

Electro-optic dual-comb source. For the generation of electro-optic dual-comb, a
CW-ECDL is divided into two branches via a 50:50 fiber coupler and then each
branch is connected in parallel to an acousto-optic modulator (AOM), which shifts
the frequency of the CW laser by 25 MHz and 25.03 MHz, respectively. These two
frequency-shifted optical beams are intensity modulated by two EOMs, driven by
50-ps pulses at slightly different repetition frequencies of 500 MHz and

500.0001 MHz, respectively. The electrical pulses have peak-to-peak amplitudes of
about 6.7 V. The generated optical pulse trains are amplified by EDFAs and sub-
sequently counter launched into a single 1-km nonlinear optical fiber with high
normal dispersion (dispersion of —130 ps nm~! km~!, and low dispersion slope of
—0.15 ps nm~2 km™!) for spectral broadening. The broadened combs are separated
by a pair of circulators (Cirlulatorl and Circulator2 shown in Fig. 2) at each end of
the nonlinear fiber. The dual combs are mixed and split into two beams by a
coupler for photothermal pumping and normalization purposes, respectively.

In-line Fabry-Pérot interferometer. By manually aligning a HCF to an input SMF
pigtail and an output SMF pigtail, a FPI can be formed by natural reflections at the
two joints between the HCF and SMFs, with a total insertion loss of 1.2 dB. The
relative position between facets of the two kinds of fibers is finely adjusted to
achieve a maximum contrast of interference for the probe laser. For gas inlet and
outlet, both joints have a gap of 1-2 um and are sealed within a T-shaped glass tube
(inset graph of Fig. 2). The HCF also acts as a gas cell in the interferometer. We use
a HC-ARF with a length of 7 cm instead of the commercial hollow-core photonic
band-gap fiber (HC-PBF). Such a new fiber exhibits a relatively larger air core
(28 um) to facilitate the gas loading and the total gas consumption is only 0.17 L.
The mode purity of the HC-ARF is much better and mode interference noise is
essentially avoided by careful alignment of the input SMF and the HC-ARF.

Photothermal spectrum normalization. The direct DC-PTS signal is shown in
Fig. 3b. However, the photothermal effect is proportional to the pump comb power
shown in Fig. 6. Thus, the original DC-PTS signal is convolved by the effects of the
non-flat FPI response (see Supplementary Fig. S1) and the non-uniform power
distribution of comb lines. Based on the tooth-to-tooth mapping relationship, the
direct DC-PTS signal is normalized to the intensity of the dual-comb spectrum and
the response of the FPL

Definition of SNR and MDL. The SNR is defined as the peak value of the retrieved
P(11) line divided by the standard deviation of the signal in the range of

195.77 — 195.80 THz, where the absorption of C,H, is minimal. The radio-
frequency scale is converted to an optical scale based on the frequency compression
factor of f,/Af, =5 x 106, as well as the knowledge of the optical carrier frequency.
The MDL is obtained by evaluating the SNR of the measured DC-PTS signal for
the C,H, sample with a calibrated concentration.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support the plots within this paper and other findings of this study are
available on Zenodo (https://doi.org/10.5281/zenodo.6362609). All other data used in
this study are available from the corresponding authors upon reasonable request.

Code availability

No original codes have been developed for this article. Whereas a simple Matlab program
used to compute the Fourier transforms is available from the corresponding authors
upon reasonable request.

Received: 23 November 2021; Accepted: 5 April 2022;
Published online: 21 April 2022

References

1. Udem, T., Holzwarth, R. & Hansch, T. Optical frequency metrology. Nature
416, 233-237 (2002).

2. Cundiff, S. T. & Ye, J. Colloquium: femtosecond optical frequency combs. Rev.
Mod. Phys. 75, 325-342 (2003).

3. Baltuska, A. et al. Attosecond control of electronic processes by intense light
fields. Nature 421, 611-615 (2003).

4. Torres-Company, V. & Weiner, A. M. Optical frequency comb technology for
ultra-broadband radio-frequency photonics. Laser Photon. Rev. 8, 368-393
(2014).

5. Grinin, A. et al. Two-photon frequency comb spectroscopy of atomic
hydrogen. Science 370, 1061-1066 (2020).

6. Maddaloni, P., Bellini, M. & de Natale, P. Laser-Based Measurements for Time
and Frequency Domain Applications: A Handbook (CRC Press, 2013).

7. Picqué, N. & Hiansch, T. W. Frequency comb spectroscopy. Nat. Photon. 13,
146-157 (2019).

8. Coddington, I, Newbury, N. & Swann, W. Dual-comb spectroscopy. Optica 3,
414-426 (2016).

9. Foltynowicz, A., Ban, T., Maslowski, P., Adler, F. & Ye, J. Quantum-noise-
limited optical frequency comb spectroscopy. Phys. Rev. Lett. 107, 233002
(2011).

10. Thorpe, M. J., Moll, K. D, Jones, J. J., Safdi, B. & Ye, J. Broadband cavity
ringdown spectroscopy for sensitive and rapid molecular detection. Science
311, 1595-1599 (2006).

11. Thorpe, M. J. & Ye, J. Cavity-enhanced direct frequency comb spectroscopy.
Appl. Phys. B 91, 397-414 (2008).

12. Bernhardt, B. et al. Cavity-enhanced dual-comb spectroscopy. Nat. Photon. 4,
55-57 (2010).

13. Chen, Z., Yan, M., Hinsch, T. & Picqué, N. A phase-stable dual-comb
interferometer. Nat. Commun. 9, 3035 (2018).

14. Suh, M.-G,, Yang, Q.-F,, Yang, K. Y,, Yi, X. & Vahala, K. J. Microresonator
soliton dual-comb spectroscopy. Science 354, 600-603 (2016).

15. Ideguchi, T., Poisson, A., Guelachvili, G., Picqué, N. & Hinsch, T. W.
Adaptive real-time dual-comb spectroscopy. Nat. Commun. 5, 3375 (2014).

16. Villares, G., Hugi, A., Blaser, S. & Faist, J. Dual-comb spectroscopy based
on quantum-cascade-laser frequency combs. Nat. Commun. 5, 5192 (2014).

17. Zhao, X. et al. Picometer-resolution dual-comb spectroscopy with a free-
running fiber laser. Opt. Express 24, 21833-21845 (2016).

18. Ycas, G. et al. High-coherence mid-infrared dual-comb spectroscopy spanning
2.6 to 5.2 um. Nat. Photon. 12, 202-208 (2018).

19. Muraviev, A. V., Smolski, V. O., Loparo, Z. E. & Vodopyanov, K. L. Massively
parallel sensing of trace molecules and their isotopologues with broadband
subharmonic mid-infrared frequency combs. Nat. Photon. 12, 209-214
(2018).

20. Yan, M. et al. Mid-infrared dual-comb spectroscopy with electro-optic
modulators. Light Sci. Appl. 6, 17076 (2017).

21. Zhang, W., Chen, X., Wu, X,, Li, Y. & Wei, H. Adaptive cavity-enhanced dual-
comb spectroscopy. Photon. Res. 7, 883-889 (2019).

22. Hoghooghi, N. et al. Broadband coherent cavity-enhanced dual-comb
spectroscopy. Optica 6, 28-33 (2019).

23. Sadiek, I, Mikkonen, T., Vainio, M., Toivonen, J. & Foltynowicz, A. Optical
frequency comb photoacoustic spectroscopy. Phys. Chem. Chem. Phys. 20,
27849-27855 (2018).

24. Karhu, J. et al. Broadband photoacoustic spectroscopy of 14CH, with a high-
power mid-infrared optical frequency comb. Opt. Lett. 44, 1142-1145 (2019).

25. Wildi, T., Voumard, T., Brasch, V., Yilmaz, G. & Herr, T. Photo-acoustic dual-
frequency comb spectroscopy. Nat. Commun. 11, 4164 (2020).

6 | (2022)13:2181] https://doi.org/10.1038/s41467-022-29865-6 | www.nature.com/naturecommunications


https://doi.org/10.5281/zenodo.6362609
www.nature.com/naturecommunications

ARTICLE

26. Friedlein, J. T. et al. Dual-comb photoacoustic spectroscopy. Nat. Commun.
11, 3152 (2020).

27. Jin, W, Cao, Y., Yang, F. & Ho, H. L. Ultra-sensitive all-fibre photothermal
spectroscopy with large dynamic range. Nat. Commun. 6, 7767 (2015).

28. Yao, C, Gao, S., Wang, Y., Jin, W. & Ren, W. Heterodyne interferometric
photothermal spectroscopy for gas detection in a hollow-core fiber. Sens.
Actuat. B Chem. 346, 130528 (2021).

29. Waclawek, J. P., Bauer, V. C., Moser, H. & Lendl, B. 2f-wavelength modulation
Fabry-Perot photothermal interferometry. Opt. Express 24, 28958-28967
(2016).

30. Zhao, P. et al. Mode-phase-difference photothermal spectroscopy for gas
detection with an anti-resonant hollow-core optical fiber. Nat. Commun. 11,
847 (2020).

31. Yao, C. et al. MIR-pump NIR-probe fiber-optic photothermal spectroscopy
with background-free first harmonic detection. IEEE Sens. J. 20, 12709-12715
(2020).

32. Gordon, I. E. et al. The HITRAN2016 molecular spectroscopic database. J.
Quant. Spectrosc. Radiat. Transf. 203, 3-69 (2017).

33. Rieker, G. B. et al. Frequency-comb-based remote sensing of greenhouse gases
over kilometer air paths. Optica 1, 290-298 (2014).

34. Wu, H. et al. Quartz enhanced photoacoustic H,S gas sensor based on a fiber-
amplifier source and a custom tuning fork with large prong spacing. Appl.
Phys. Lett. 107, 111104 (2015).

35. Jasion, G. T. et al. Hollow core NANF with 0.28 dB/km attenuation in the C
and L bands. Optical Fiber Communication Conference p Th4B.4 (Optical
Society of America, 2020).

36. Shen, B. et al. Integrated turnkey soliton microcombs. Nature 582, 365-369
(2020).

37. Hugi, A, Villares, G,, Blaser, S., Liu, H. C. & Faist, J. Mid-infrared frequency
comb based on a quantum cascade laser. Nature 492, 229-233 (2012).

38. Bagheri, M. et al. Passively mode-locked interband cascade optical frequency
combs. Sci. Rep. 8, 3322 (2018).

Acknowledgements

This research was supported by the National Natural Science Foundation of China
(NSEC) (62005267, Q.W.; 51776179, W.R.), Strategic Priority Research Program of
Chinese Academy of Sciences (XDA17040513, XDA22020502, Q,W.), General Research
Fund (14209220, W.R.) from the University Grants Committee, Innovation and Tech-
nology Fund (MHP/049/19, GHP/123/19GD, W.R.) from the Innovation and Technol-
ogy Commission, Scientific Instrument Developing Project of the Chinese Academy of
Sciences (YJKYYQ20190037, Q.W.), the Second Comprehensive Scientific Investigation
of the Qinghai-Tibet Plateau (2019QZKK020802, Q.W.).

Author contributions

QW., ZW., and W.R. conceived the idea, designed the experiments, discussed the results
and prepared the manuscript. Q. W. built the systems and conducted the experiments.
Z.W. assisted in building the systems and conducting the experiments. H.Z. completed
the spectral analysis. S.J. and W.J. fabricated the fiber-based interferometer. Y.W. pro-
vided the hollow core anti-resonant fiber. Q.W. and W.R. supervised and coordinated the
project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-29865-6.

Correspondence and requests for materials should be addressed to Qiang Wang ,Zhen
Wang or Wei Ren.

Peer review information Nature Communications thanks the other anonymous
reviewer(s) for their contribution to the peer review of this work. Peer review reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:2181 | https://doi.org/10.1038/s41467-022-29865-6 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-022-29865-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Dual-comb photothermal spectroscopy
	Results
	Theory
	Experimental setup
	Linear response and broadband detection

	Discussion
	Methods
	Electro-optic dual-comb source
	In-line Fabry-Pérot interferometer
	Photothermal spectrum normalization
	Definition of SNR and MDL

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




