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ARTICLE INFO ABSTRACT

Keywords: Photoacoustic spectroscopy (PAS) using two optical combs is a new-born technique, offering appealing features,
Phof”amus“c including broad optical bandwidths, high resolutions, fast acquisition speeds, and wavelength-independent
;)p“ifl frequency comb photoacoustic detection, for chemical sensing. However, its further application to, e.g., trace detection, is
pectroscopy

jeopardized due to the fundamentally and technically limited sensitivity and specificity. Here, we take a different
route to comb-enabled PAS with acoustically enhanced sensitivity and nonlinear spectral hole-burning defined
resolution. We demonstrate dual-comb quartz-enhanced PAS with two near-infrared electro-optic combs and a
quartz tuning fork. Comb-line-resolved multiplexed spectra are acquired for acetylene with a single-pass
detection limit at the parts-per-billion level. The technique is further extended to the mid-infrared (for
methane), enabling improved sensitivity. More importantly, we measure nonlinear dual-comb photoacoustic
spectra for the 12CoHy v + v band P(17) transition with sub-Doppler pressure-broadening dominated homo-
geneous linewidths (e.g., 45.8 MHz), hence opening up new opportunities for Doppler-free photoacoustic gas

Mid-infrared
Gas sensing

sensing.

1. Introduction

Spectroscopic gas sensing has broad applications, ranging from trace
detection to medical analysis [1,2]. Dual-comb spectroscopy (DCS) with
photoacoustic (PA) detection (aka dual-comb PAS) [3,4] has recently
brought new opportunities to these demanding applications. By har-
nessing two optical combs of slightly different line-spacings for scan-free
Fourier-transform spectroscopy [5], DCS offers a unique solution for
optimizing the trade-off among spectral resolutions, optical bandwidths,
and measurement times, thus being advantageous in broadband mo-
lecular spectroscopy [6], transient chemical analysis [7] and
high-resolution atmospheric sensing [8], and holding much promise for
hyperspectral holography [9] and biomedical imaging [10]. Particu-
larly, the multiplexing capacity of DCS, accompanied by the superior
spectral resolving power (without the physical constraints) [5], allows
molecular absorption lineshapes to be measured simultaneously on a
comb line-by-line basis, benefiting accurate spectral analysis. PA
detection of periodic thermal expansion pressure waves, induced by
modulated light absorption of the molecules, with a sound transducer,
dodges the limitations of direct photo-detection of light absorption

regarding detector spectral responsivity, light background, and sample
volume. Recent advancement in optical comb technology offers an un-
matched light source [11], featuring evenly spaced narrow-linewidth
comb lines in a super-broad spectrum (e.g., a single comb covering
3-27 um) [12], hence being capable of interrogating almost any
fundamental ro-vibrational lines of the molecules. However, despite the
promising future, dual-comb PAS, a newborn technique, faces funda-
mental and technical challenges, preventing its application to, e.g., trace
gas analysis. For instance, in the first demonstration [4], the sensitivity
(at parts-per-million or ppm level) was limited by the microphone and
the excitation of vibrational overtones. Also, the molecular spectra
suffered from significant non-instrumental linewidth broadening, over-
shadowing the potential of DCS for Doppler-limited or even sub-Doppler
measurements.

Intrinsically improving the spectral specificity calls for an effective
means of differentiating inhomogeneously broadened and blended mo-
lecular lines. Nonlinear saturated absorption spectroscopy is a spectral
hole-burning technique, widely used for Doppler-free spectroscopy [13,
14], which has been evolving with the comb technology for multiplexed
precision spectroscopy [15], and with nanophotonics for, e.g.,
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bio-sensing with super spectral resolutions [16]. However, the
hole-burning phenomenon in the gas phase only becomes significant as
the homogeneous pressure collision broadening effect is far less prom-
inent than Doppler broadening. This requires considerably low sample
pressure, unfavorable for transmitting (through a collision-induced
ro-vibrational to translational relaxation) and detecting the sound [17].

A powerful solution for improving PA detection, as also pointed out
in reference [4], is quartz-enhanced PAS (QEPAS), a technique relying
on acoustic resonance with a low-cost quartz tuning fork (QTF) [18,19].
As an acoustic quadrupole, a QTF has excellent environmental noise
immunity and, as a mechanical damped oscillator, its resonance rises
with reduced pressure (due to less energy loss). Also, because of the high
Q-factor of a QTF (e.g., ~10°), QEPAS can be extremely sensitive to gas
concentrations (typically at the parts-per-billion or ppb level) [20], even
without optical enhancement (restraining excitation wavelengths). The
ultra-narrow QTF resonance bandwidth (less than a few Hz), however,
limits the spectral acquisition predominantly in the way of frequency
sweeping [18-21]. Comb-enabled multiplexed QEPAS, allowing for
frequency self-calibrated simultaneous measurements of absorption
lineshapes for accurate molecular fingerprinting, is missing. Besides,
mid-infrared DCS [6,22], accessing strong fundamental molecular
transitions, is promising, and its integration with a QTF for sensitivity
enhancement is even more intriguing [23,24], but has yet to be verified.
Furthermore, sub-Doppler nonlinear saturated QEPAS is undeveloped,
leaving an open space for exploration.

In this paper, we integrate linear and nonlinear dual-comb technol-
ogy with QEPAS to address the above issues. We demonstrate for the first
time saturation spectroscopy with the sharp QTF resonance enhance-
ment, which may lead to new opportunities for PA gas sensing with a
sub-Doppler resolution.

2. Theory

Our demonstration is built on the newly developed concept of dual-
comb PAS [3,4] (Fig. 1(a)). A series of paired comb lines (each from a
comb) at frequencies fg) (the index i = 1, 2 denotes the two combs and n
=0, + 1, &+ 2,.,) is absorbed by the molecules, generating PA waves at
the paired lines’ beat frequencies Af, = [f{ -f2|, in which way the
absorption is encoded into the PA waves. A one-to-one correspondence
between the acoustic frequencies (AF), Af,, and the optical frequencies
(OF), ﬁ,l) (zﬁz)), is established, provided Af, < < fg).

The PA waves are detected simultaneously with a QTF. Generally,
the QTF can be modeled as a damped oscillator [18]:

dx(r) . dx(r)

+h——=+kx(t) = F(1) (@)

M
dr? dr

where x(t) represents the pressure wave induced displacement, h the
acoustic losses, M the mass, and k the stiffness of the quartz resonator.
With the dual-comb excitation, the driving force (F(t)) is given by the
superimposed pressure waves, which is different from the conventional
cases with single-wavelength excitation [18-21]. The solution of this
equation may be understood in the Fourier-transformed AF domain as a
sum of discrete frequency components, x(f)= Y A(Afy)'Q(Afy), where
the intensity of the nth PA wave A(Afy)= P(f?) a(f) is determined by
the excitation power (P) and the molecular absorption coefficient ().
The QTF response function, Q(f), typically has a Lorentz shape with the
resonance frequency, fo, and the bandwidth, Afg. The vibrational to
translation relaxation effect is not considered, assuming the relaxation
rate is fast enough (>>fg). Due to the piezoelectric effect, the QTF
converts the displacement, x(f), into an electrical signal S(f). The signal
at f = fo may be expressed as [18]:

QePeq
Soc=———.
= fo

With Q~10° (depending on the sample gas and pressure), ultra-

(2)
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Fig. 1. Dual-comb quartz-enhanced photo-acoustic spectroscopy. (a) Photo-
acoustic (PA) waves generated by molecules absorbing pairs of comb lines
respectively from two optical combs. (b) The PA waves, whose frequency
components (PA lines) form a third comb in the acoustic frequency (AF)
domain, are detected by a quartz tuning folk (QTF). (c) Experimental setup.
ADM, acoustic detection module; BS, beamsplitter; L, lens (f=100 mm); PD,
photo-detector.

sensitive PA detection may be achieved.

To measure the absorption lineshape (i.e., a(f)), one must cram all
the PA lines (as illustrated in Fig. 1(b)) into the sharp QTF resonance
profile by reducing the difference between the line spacings of the two
combs. For achieving the comb-line-defined resolution and precision, a
measurement time of t,>N/Afq is needed (N the total PA line number).
The longer the measurement takes, the finer the resolved lines are,
provided the combs’ mutual coherence time t. > ty,. A single measure-
ment may take tens of seconds, for instance, to barely resolve a moderate
number (N =100) of PA lines for Afg of a few Hz. This raises the
challenge for the dual-comb coherence compared to using a microphone
(typically with a bandwidth of several hundred Hz). Fortunately, the
advancement in comb technology satisfies this demand [11]. For the
sake of simplicity, we choose two mutually-coherent electro-optic (EO)
combs for our proof-of-concept experiments.

3. Material and methods

The experimental setup is sketched in Fig. 1(c). A homemade dual EO
comb generator and an off-the-shelf acoustic detection module (ADM)
are utilized. Our approach to the EO combs is simple: a continuous-wave
laser (frequency: f.w) is split equally into two parts, each passing
through an acoustic-optic modulator (driven frequency: () ~100 MHz)
and subsequently an intensity modulator (modulation frequency: f).
Consequently, two optical combs, each containing a set of comb lines at
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O = £ 40 /D are generated. Apart from the simplicity, we
emphasize the tunability and mutual coherence of the combs. The
continuous-wave laser, constantly monitored by a wavemeter (WA-
1650, Burleigh), 1is tunable from 186.21 to 197.23 THz
(1520-1610 nm), a wide spectral range for sensing important hydro-
carbons and carbon oxides, and the comb line-spacings, ri), from 9 kHz
to 1 GHz, satisfactory for high-resolution spectroscopy. The dual-comb
relative coherence time exceeds 10s. Combined with a 50:50 fiber
coupler, the two combs are amplified with an erbium-doped fiber
amplifier (EDFA) before being launched into the ADM (ADMO1, Thor-
labs) for gas sensing.

Inside the ADM, the combs are absorbed by the molecules, yielding
PA waves at Afy = Afaom+1"Af;, which resemble the third comb with a
center at Afyom= lfg,)mfg%),ﬂ and a line-spacing of Af, = lfﬁl)—fﬁz)|. All the
waves are, ideally, in resonance with two micro-tubes placed on either
side of a QTF (i.e., the on-beam configuration [18]). The effective
acoustic coupling between the micro-tubes and QTF leads to a high-Q
factor > 12000 at fo= 12467.8 Hz. The detection signal is amplified
by an integrated pre-trans-impedance amplifier and then
Fourier-transformed into a AF spectrum, which can be a posteriori
calibrated on the OF axis, using a scaling factor, ff/Af;, and a shift to
the comb center frequency, few-+fiom, where Af; < <fD and Afaom< <
a},)m For reference, a small portion (<5 %) of the dual-comb light, before
entering the ADM, is detected by a photodetector. For spectral mea-
surements, the PA signal and reference are digitized with a 16-bit
acquisition card (ATS9626, AlazarTech) at a sample rate of 50 kHz.
Besides, the radio-frequency signal generators for the EO combs and the
digitizer are referenced to a hydrogen maser with frequency stability of
10713 in 1 5. Also, the light beam is aligned properly (not touching the
QTF prongs and the micro-tube walls) to minimize photothermal
background. The setup is detailed in Supplement 1.

4. Results
4.1. Near-infrared measurements

Fig. 2(a) exemplifies the time-domain traces recorded with 2 %
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Fig. 2. Experimental results. (a) Recorded dual-comb traces for the PA signal
and the reference. (b) Fourier-transform spectrum of the PA signal, displayed on
both the AF and optical frequency (OF) axes. The spectrum corresponds to the
V1 + v band P(9) line of 12C,H,. The enlarged dual-comb PA lines are shown in
the inset. The AF resolution is 0.11 Hz for boxcar apodization.
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12C2H2 (diluted in Ny) at room temperature (295 K) and one atmo-
spheric pressure (~10° Pa). The gas volume is ~7 cm®. The total light
power inside the ADM is 3.5 mW. The PA signal is obtained by tuning fey
to0 195.895 THz (1530.37 nm), close to the P(9) ro-vibrational line of the
overtone v; + v3 band of 12CyH,, and by setting Af; = 0.5 Hz, Afaom = fo,
and £ = 1 GHz. The comb parameters are set so that the PA lines lie
within Afg (<4 Hz at 10° Pa). In Fig. 2(a), the reference interferometric
sequence is produced by the multi-heterodyne detection of the two
combs (spectral width ~30 GHz). The PA trace differs from the refer-
ence because of optical bandwidth reduction since only the comb lines
being absorbed (absorption bandwidth ~6 GHz) contribute to the PA
signal. The comb-line-resolved PA spectrum is displayed in Fig. 2(b).
The instrumental lineshape is imprinted on the PA lines (Fig. 2(b) inset),
hence hardly affecting the absorption lineshape measurement.

A frequency-calibrated spectrum for another transition (the P(17)
line) of the v; + v3 band of 2 % 12C2H2 (in Ny) is shown in Fig. 3(a). For
this measurement, the combs (f.,,=195.255 THz), with total power of
100 mW, are set near the transition frequency with adequate line-
spacings () = 1 GHz, Af; = 0.25 Hz). The measurement takes 100 s.
The spectrum (dark blue dots) in Fig. 3(a) is plotted using the PA line
maxima normalized to a thermal background obtained with pure Ny (i.
e., the product of the dual-comb power spectrum and the QTF resonance
profile). The spectrum represents five neighboring ro-vibrational tran-
sition lines of 12C2H2, whose assignments can be found in reference [25].
The line positions and their logarithmic linestrengths are schematically
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Fig. 3. Multiplexed dual-comb spectra with high sensitivity. (a) Normalized
spectrum, showing multiple molecular transitions nearby the P(17) line of the
12C,H, 11 + v3 band. The spectral resolution is set by the comb line-spacing of
1 GHz. The HITRAN simulation curve is superimposed on the experimental
data. The residuals between the data and HITRAN are displayed in green. (b)
Linear dependence of the PA spectral signal on 2C,H, concentrations. The error
bars are evaluated from ten separate measurements. The inset displays the
spectrum for 50-ppb 12C,H, (in Ny) and the thermal background.
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depicted as the gray lines in Fig. 3(a), the strongest of which is the P(17)
line (linestrength of 6.67 x10~2! cm/molecule). A simulation curve
(red), using the line parameters from the HITRAN database [26], is also
displayed. Our experimental data agree well with the simulation within
3 %, quantified by the standard deviation of their residuals (solid green
squares in Fig. 3(a)). The multiplexing capacity of DCS benefits QEPAS
for simultaneously measuring molecular absorption lineshapes.

Fig. 3(b) plots the peak of the PA signal versus '2CoH, concentra-
tions. The linear fitting indicates excellent linearity with R? = 0.998.
The inset displays an AF spectrum measured with 50-ppb 12C,H, (for the
P(17) line). The absorption lineshape is hardly distinguishable from the
background (the gray curve) due to a limited signal-to-noise ratio (SNR).
Subtracting the background from the signal (Fig. (b) inset), we estimate
the SNR for the single-pass excitation to be ~6, which leads to a noise-
equivalent concentration (NEC) of 8.3 ppb, three orders of magnitude
lower than that of using a microphone (e.g., 10 ppm achieved for a
similar linestrength within 1000 s) [4]. Notably, such sensitivity is ob-
tained without optical enhancement (such as using optical cavities,
hollow-core fibers, or multi-pass cells), making the system simple,
robust, and easy to use. Also, the linear dynamic range, calculated by the
ratio of the maximum non-saturation concentration (10% ppm) for a
fixed dual-comb power (P = 270 mW) and the NEC, exceeds 105, which
is mainly limited by the electronics and the digitizer. In the experiment,
the minimum detectable absorption coefficient, o, is 4.13 x 107°
cm ™}, calculated from the HITRAN database. For the number of spectral
elements N = Afo/Af; (=16) and t;, =100s, the normalized noise
equivalent absorption (NNEA) coefficient, defined as P'(xmin'\/ tm/N, is
0.7 x 107 em 'W'Hz /2, a decent value comparing to that of
frequency-swept QEPAS (e.g., ~10~° em~1"WHz 1’2 for acetylene gas
[181).

4.2. Mid-infrared spectra

It is of interest to implement our setup in the mid-infrared region,
where sensitivity can be boosted with stronger absorptions and where
sensitive photo-detection is challenging. To that end, we convert the
near-infrared combs into the 3.3-pm (specifically 3.14-3.55 pym or
84.53-95.55 THz), using difference frequency generation (DFG) in a 10-
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Fig. 4. Mid-infrared dual-comb experimental setup and results. (a) The EO
combs, combining with a continuous-wave laser at 1064.01 nm (line-
width~10 kHz within 1 ms) on a diachronic mirror (DM), is launched into a 10-
mm-long PPLN crystal, generating mid-infrared light around 3.3 ym via dif-
ference frequency generation (DFG). The mid-infrared light, spectrally filtered
by a long-pass filter (cutoff at 2.4 um), is then focused, with a BaF, lens
(f=50 mm), into the ADM for spectral measurements. Inside the ADM is 12CH4
mixed with N, at a total pressure of 10° Pa and temperature of 295 K. (b) The
mid-infrared PA signal depends linearly on the '2CH, concentration. The inset
displays the dual-comb PA spectrum of the sub-level A{" line of the vs-band P
(7) manifold for 12CH, of 5 ppm and a background measured with pure Nj.
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mm-long periodically poled lithium niobate (PPLN) crystal pumped with
a 1-W single-frequency laser emitting at 1064 nm (Fig. 4(a)). This
approach for mid-infrared comb generation is well known [5,22], so we
leave the detail to Supplement 1.

For demonstration, the tetrahedral ASD line of the vsz-band P(7)
manifold of 12CH, is measured, considering its relatively strong line-
strength (8.41 %x1072° c¢m/molecule). The other components in this
manifold are isolated due to the limited detection bandwidth. Fig. 4(b)
confirms the PA spectral peak linearly (R? =0.998) depending on the
12CH4 concentration (diluted in Ny). The inset in Fig. 4(b) exemplifies a
mid-infrared dual-comb PA spectrum (blue) for 2CH4 of 5 ppm,
measured with Af, = 0.5 Hz and £ = 0.5 GHz, and a thermal back-
ground (gray) which is negligible due to the weak mid-infrared power
(~0.08 mW). The SNR is 10, resulting in a NEC of 0.5 ppm. With o
=5.23 x 107® em™!, we obtained a NNEA coefficient of 0.26 x 10~°
em WHz VY 2, which is reasonably lower (also better) than the near-
infrared result.

4.3. Saturated QEPAS with dual-combs

Finally, we demonstrate saturation spectroscopy based on the pump-
probe configuration (Fig. 5(a)). A high-power single-frequency pump
laser saturates a transition for molecules in a specific velocity group,
consequently causing hole burning (i.e., the Bennett hole, shown in
black) on the Doppler-broadened absorption profile (gray curve).
Conventionally, the hole, with a Doppler-free homogeneous lineshape,
can be spectroscopically probed using a frequency-swept continuous-
wave laser [13,14] or an optical comb [15]. Here, it is probed differ-
ently, using the dual-combs with PA detection. Gas pressure is vital for
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Fig. 5. Schematic diagram of saturated dual-comb QEPAS. (a) Spectral-hole
burning with a strong pump laser. (b) The saturation signal with a homoge-
neous lineshape is separated from the Doppler background in the AF domain.
The QTF resonance profile is sharpened and slightly shifted at low pressure
(Supplement 1). The changes are considered in the measurement. (c) Experi-
mental diagram. IM, intensity modulator; EDFA, erbium-doped fiber amplifier;
Iso, optical isolator; Col, fiber collimator. The pump beam is a narrow-linewidth
single-frequency laser (intensity modulated at f;;,oq) and the probe beam is the
dual-combs. The beat frequency of the center lines of the two combs is Af,om,
set by the two acoustic-optical modulators, each for an EO comb.
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both the spectral hole-burning and PA detection. The hole can be
sharpened and enhanced by reducing the pressure (narrowing the
pressure-broadening linewidth), which, however, damps the sound
waves. This difficulty may be alleviated by using a QTF with improved
detection sensitivity due to the increased resonance at low gas pressure
(because the acoustic losses of the oscillating QTF are reduced).
Furthermore, for extracting the weak signal, the pump laser is intensity
modulated at a small frequency, fmoa (<fg), and the center of the
dual-comb beat notes (Afyom) is set as Afaom+fmod =fo, so that the PA
signals with and without Doppler broadening can be separated in the AF
domain (Fig. 5(b)). Due to the narrow bandwidth of the QTF, only the
saturation signal around fg (affected by both the pump and probe
beams) can be recorded. Noises outside the bandwidth would be sup-
pressed, hence benefiting the SNR. This strategy of intermodulation has
long been used for weak signal detection in nonlinear spectroscopy [17]
and works effectively in our case.

In this experiment, a narrow-linewidth continuous-wave laser (E15,
NKT photonics; linewidth <1 kHz within 0.1 ms) is employed as a seed
laser (Fig. 5(c)), whose output is split equally into two beams, one for
seeding the EO combs and the other for the pump source. The pump laser
is modulated at fi0q (=3 kHz, with a duty ratio of 50 %) via a fiber-
coupled intensity modulator, subsequently amplified by an EDFA, and
finally sent to the ADM from the opposite direction of the dual-comb
port. Two free-space isolators are used to block the counter-
propagating beams. The pump power in the ADM is 230 mW, and the
combs 30 mW for 200 comb lines (i.e., 150 pW per comb line). See
Supplement 1 for more details.

Fig. 6 exemplifies a Doppler-free spectrum for the v; + v3 band P(17)
line of pure 12C,H, at 200 Pa. The spectrum (dots) is measured at a
comb-line-defined resolution of 10 MHz (i.e., fﬁn =10 MHz) within
200 s. We notice that the QTF bandwidth decreases to ~0.35 Hz at
200 Pa. As a countermeasure, Af; is further reduced to 0.02 Hz. There-
fore, the effective OF bandwidth that we can measure is 0.35//Af; Hz
(=175 MHz). A Lorentz fit (red curve) of the data shows a homogeneous
linewidth of 45.8 4+ 1.0 MHz, within the allowed OF bandwidth. This
saturation signal is evidenced by the fact that it disappears by blocking
either of the counter-propagating beams and the fact that it is extremely
sensitive to the pump laser frequency f}, (= few). The signal is optimized
by tuning f to 195,254.543 GHz, when the hole burning occurs near
the dual-comb spectral center (foy + a{,)m) so as to be acoustically in
resonance with the QTF. Note that the hole is pumped and probed at
different optical frequencies, implying that the recorded line center (f;,;)
deviates from the center of the P(17) transition, fp;7. Their relationship
can be described as fi,r = fp17 + (fp - fp17) kp/kpr, Where k;, and ky,; are the
wave vectors for the pump and the dual-comb probe beams respectively.
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Fig. 6. Doppler-free spectrum measured with dual-comb QEPAS. The comb line
maxima are plotted with dots. The comb-line-determined resolution is 10 MHz.
The experimental profile, for the 12C,H, 1y + v5 band P(17) line, is fitted by a
Lorentz function. The standard deviation of the residuals is 3 %. The offsets for
the AF and OF axes are 12,467.8 Hz and 195,254.643 GHz, respectively.
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For the collinear counter-propagating beams (k, = -kp;), the P17 line
position is given by fp17 = (fpr+fp)/2 = (for+few)/2, where f,; can be
obtained from the fitting. The line position may be measured precisely,
provided f. is calibrated to, e.g., a self-referenced frequency comb,
rather than the wavemeter (an absolute accuracy >10 MHz) used in our
experiment. Nevertheless, we emphasize on the high spectral resolution
achieved here. The recorded homogeneous linewidth (45.8 MHz), an
order of magnitude narrower than the Doppler-broadening limit
(~470 MHz), manifests the feasibility of dual-comb QEPAS for sub-
Doppler spectroscopic gas sensing.

There are also two things to note about this experiment. Firstly, the
main contributors to the recorded linewidth include pressure broad-
ening (18 MHz for 90 kHz/Pa) [27], transit-time broadening (~4 MHz)
[28], and the frequency drift of the seed laser during the measurement
(which is about + 10 MHz measured by heterodyning with another
continuous-wave laser). The frequency instability could be improved by
stabilizing the seed laser against a self-referenced comb or an optical
cavity. In such a case, further reducing the pressure would ideally lead to
a narrower linewidth but would also cause problems. For instance, this
would challenge the combs’ mutual coherence due to the narrowing
QTF resonance bandwidth. Also, the vibrational to transitional relaxa-
tion (depending on the gas species) would become too slow to match the
QTF resonance frequency, hence disqualifying the PA detection.
Accessing rotational transitions of the molecules with fast relaxation
rates [18] (by using terahertz or far-infrared combs) and improving the
dual-comb coherence with phase-control schemes [29] may alleviate
these problems. Secondly, the optimized NEC we achieved with data
averaging is 0.2 %. However, if necessary, the sensitivity could be
further improved with optical resonance cavities [30] or multi-pass
cavities [3] at the expense of increased system complexity.

5. Discussion

In most cases, QEPAS is performed with frequency-tunable lasers
[31-36] (primarily quantum cascaded lasers for accessing the mid- and
far- infrared or even THz regions). Compared to frequency-tunable
QEPAS, there may be a few benefits of using dual-combs. For instance,
it benefits optical frequency calibration. For our EO combs, the cali-
bration can be performed simply by measuring the cw laser frequency. A
commercial wavemeter will provide the accuracy required for most
applications. Meanwhile, the signal generators set the comb
line-spacings precisely, without taking further measures. It also renders
instrumental lineshape effects negligible for comb-line resolved spec-
troscopic measurements.

On the other hand, a drawback of our scheme is the QTF bandwidth
narrowing the single-shot spectral range, in which only a single mo-
lecular line or multiple neighboring lines are measured in a single
measurement, and also limiting the acquisition speed. This drawback
may be alleviated using QTF arrays [20]. Currently, this general issue of
QEPAS limits our method to stationary measurements, but the method
offers an exciting opportunity for QEPAS to work with optical combs
[37]. The advances in frequency combs, respecting spectral coverages
[10], pulse peak intensities [11], coherent times [29] and diverse plat-
forms (e.g., portable fiber combs, on-chip microresonators [38], semi-
conductor lasers [39], etc.), may benefit QEPAS for precision
measurements [40], for nonlinear spectroscopy, and for spectroscopic
sensing at wavelengths where frequency-controlled lasers may not be
available.

With the wavelength-independent acoustic sensor, our method is
suitable for sensing a variety of gas species whose absorption lines are
located within the combs’ spectral range. Meanwhile, the sensitivity of
the current setup is at the ppb level. However, we believe that with high-
coherence (e.g., coherent time longer than 1000s [29]) watt-level
combs, and enhanced optical cavities (e.g., with 10°-fold sensitivity
enhancement [30]), our approach may lead to multiplexed spectral
sensing at parts-per-trillion level or below.
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Finally, regarding nonlinear spectroscopic measurements, we must
mention that SA effects have been investigated for QEPAS [24,33-36].
For instance, gas sensing was performed for CO at SA conditions for
theoretically and experimentally studying the impacts of SA effects on
the overall performance of intra-cavity QEPAS [24]. A multilinear
regression algorithm using the SA information of methane was also re-
ported for properly evaluating gas concentrations for gas mixtures [34].
However, in most cases, optical saturation effects were avoided to
maintain a linear relationship between the PA signal and gas concen-
trations [33-36]. To our knowledge, nonlinear SA spectroscopy has not
been carried out with QEPAS. Since QEPAS has been demonstrated as an
economical and powerful tool for gas sensing with a broad scope of
applications, such as trace detection, environmental monitoring, breath
diagnostics, and so on, it is of great interest to investigate its potential for
nonlinear spectroscopy. For instance, measuring molecular absorption
lines at sub-Doppler resolutions may improve the spectral specificity for,
e.g., identifying isotopes with similar spectral signatures.

6. Conclusions

Here, we have explored multiplexed high-resolution QEPAS with
optical frequency comb and dual-comb technology for the first time.
Comb-line-resolved spectral measurements for 12C2H2 and 12CH4 have
been demonstrated in near- and mid-infrared regions, respectively. More
importantly, saturated dual-comb QEPAS, enabling sub-Doppler spec-
troscopic measurements, could potentially improve the specificity for
chemical sensing. Like other types of QEPAS, our method has merits,
including wavelength-independent detection, high sensitivity (e.g.,
~8.3 ppb for acetylene), small sample volume (~7 cm®), and high
practicality, which are important for gas sensing applications, including
trace detection.
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