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A B S T R A C T

Quartz tuning fork (QTF)-based techniques of photoacoustic spectroscopy and thermoelastic spectroscopy play a
significant role in trace gas sensing due to unique high sensitivity and compactness. However, the stability of
both techniques remains plagued by the inevitable and unpredictable laser power variation and demodulation
phase variation. Herein, we investigate the phase change of a QTF when integrating both techniques for
enhanced gas sensing. By demonstrating harmonic phase-sensitive methane detection as an example, we achieve
stable gas measurement at varying laser power (2.4–9.4 mW) and varying demodulation phase (− 90–90◦).
Besides, this method shows more tolerance to resonant frequency drift, contributing to a small signal fluctuation
of ≤ 6.4 % over a wide modulation range (>10 times of the QTF bandwidth). The realization of harmonic-phase
detection allows strengthening the stability of QTF-based sensors in a simple manner, especially when stable
parameters, such as laser power, demodulation phase, even resonant frequency, cannot always be maintained.

1. Introduction

Trace gas sensing with high sensitivity and high robustness is
imperative in numerous applications such as industrial production
safety [1,2], environmental monitoring [3–5] and respiratory analysis
[6,7] Among a large panorama of available technologies, optical
detection highlights itself with promising sensitivity, robustness, and
versatility. Quartz-enhanced photoacoustic spectroscopy (QEPAS), as a
representative indirect absorption spectroscopy technique, was firstly
proposed in 2002 [8]. The acoustic wave generated by a modulated laser
beam absorbed by the analyte is converted into electrical signal by a
quartz tuning fork (QTF) based on its piezoelectric properties.
Light-induced thermoelastic spectroscopy (LITES) was firstly proposed
byMa et al. in 2018 [9]. Unlike QEPAS, the modulated laser carrying gas
absorption information directly focuses on the QTF surface, producing
modulated localized heating, which generates thermoelastic expansion
of the quartz crystal and, in turn, piezoelectric charge distribution on the
quartz prongs. The use of QTFs as transducers not only has important
advantages of exquisite simplicity, compact size, and low cost, but also

enables signal conversion from acoustic waves or thermoelastic expan-
sions at its resonant mode, which contributes to a high sensitivity by
intrinsically isolating most accompanying noise outside its narrow
bandwidth. QTF-based sensors have proven promising prospect as
highly competitive candidates for the sensitive detection of various
inorganic and organic trace gases [10–18].

Recent years have witnessed remarkable progress in QTF-based
spectroscopy, such as the analysis of resonance modes [19,20], the
optimization of optical path structure [21–24], all-fiber QEPAS [25–27],
customized QTFs [28,29], etc. Subsequently, many new QTF-based
technologies have emerged to achieve high performance in gas
sensing. For instance, Wang et al. developed a gas sensor based on
doubly resonant PAS, in which the acoustic and optical waves are
simultaneously enhanced using combined optical and acoustic resona-
tors in a centimeter-long configuration, and finally achieved a
state-of-the-art NEA of 5.7× 10− 13 cm− 1 [11] and a minimum detection
limit down to 10 ppb for caustic sulfuretted hydrogen [30]. Wei et al.
reported the development of a dielectric/metallic film-coated QTF with
high responsivity and extended working spectral range across
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1.65–10.34 μm, demonstrating intriguing possibility in spectroscopic
systems [31]. Qiao et al. developed a trace gas detection technique of
quartz-enhanced photoacoustic-thermoelastic spectroscopy, which
makes full use of the laser power passing through the QEPAS system to
irradiate the root of the same QTF for enhanced performance by
simultaneously exciting its thermoelastic effect [32].

For both QEPAS and LITES, the signal amplitude is positively asso-
ciated with laser power. Although this specific characteristic provides a
simple way to improve the sensing sensitivity by directly employing
state-of-the-art high-power laser sources [33–35], the laser fluctuation
or intensity noise could also be introduced into signal in practical
implementation. Stabilizing the optical power remains challenging,
especially for remote sensing after long-distance transmission with
inevitable and irregular scattering, transmission loss, and even unstable
instrument operation. This is a decisive obstacle limiting the promotion
and development of QTF-based sensors for applications in harsh envi-
ronments. Usually the fluctuations caused by laser intensity can be
simply compensated by using a photodetector or an optical power meter
[36], however, at the expense of extra detection errors, high-cost, and
complexity. In addition, with the simultaneous measurement of the first
(1 f) and the second (2 f) harmonic signals of a single or two QTFs, 2 f/1 f
method can eliminate the instability of light intensity [37,38]. None-
theless, the frequency mismatch between the two QTFs or/and the
obvious responsivity attenuation of a QTF when its narrow bandwidth
embraces two separate frequencies have to be fully considered. In
addition, the variation of demodulation phase is another factor that
affects the measurement precision of QEPAS and LITES technologies.
Although the phase of the frequency reference generated by the circuit is
relatively stable in laboratory, the phase of the photoacoustic or
light-induced thermoelastic signal could be fluctuated by other factors in
practical applications, such as temperature variation [39] and the
presence of gas interference [40]. Hence, the demodulation phase needs
to be re-optimized to maintain its stability. The method of using
orthogonal references to obtain the modulus of signal is adopted to
avoid such influences [41], however, at the cost of expensive and
complex circuits, and reduced signal amplitude.

In this work, we report another alternative route to a high immunity
to laser power fluctuation and demodulation phase variation by
demonstrating harmonic phase-sensitive detection of QTF signal, which
comprises photoacoustic and thermoelastic components of a single QTF
for enhanced response. In addition to inheriting the aforementioned
advantages of traditional QTF-based methods, this strategy also has a
high immunity to demodulation phase instability. As an example, we
demonstrate stable phase demodulation from a fluctuant 1 f signal for
trace CH4 sensing, even at a large laser power variation of 6 dB
(2.4–9.4 mW) and a varying demodulation phase from − 90◦ to 90◦. We
also experimentally investigated the influence of QTF resonant fre-
quency drift on the phase signal, showing a more stable performance
compared to the widely used QTF-based sensors with intensity
demodulation.

2. Working principle

Fig. 1 illustrates the fundamental concept of the first harmonic phase
angle (1f-PA, abbreviated as θ1f) of quartz-enhanced photoacoustic-
thermoelastic spectroscopy. Initially, a modulated laser beam traverses
the gap between the two prongs of a QTF to stimulate photoacoustic
signal. The beam is then reflected by a concave reflector and focuses on
the root of the same QTF (point A in Fig. 3 (d)) for maximum light-
induced thermoelastic signal generation [42,43]. The synergy of both
regimes forms the QTF output, which is then mixed with the in-phase
and quadrature references, respectively, at the laser modulation fre-
quency to retrieve the first harmonic phase, i.e., the θ1f signal, after
arctangent process.

For most QTF-based gas sensing, wavelength modulation spectros-
copy with harmonic detection has been well established and widely used
due to its high signal-to-noise ratio. Modulation applied on the
commonly used diode lasers usually involves a low-frequency linear
scanning current and a rapid sinusoidal dither, which simultaneously
modulates the laser intensity I0 and frequency ν [44]:
{
I0 = I0[1+ i1cos(2πfmt + φ1) ]

ν = ν0 + ν1cos(2πfmt)
(1)

where fm is the modulation frequency, I0 and i1 are the average intensity
and relative intensity modulation amplitude (normalized by I0), ν0 and
ν1 are the central laser frequency and its modulation amplitude, φ1 is the
phase shift between intensity modulation and frequency modulation.

With the Beer-Lambert law considered, the photoacoustic signal can
be expressed as [45]:

SPA = GPAI0l1α(ν) (2)

where GPA is the conversion coefficient of the photoacoustic signal to
QTF piezoelectric voltage, l1 is the effective absorption length of pho-
toacoustic signal, including the path length inside the acoustic resonator
and the gap between the two prongs of the QTF. α(ν) is the absorption
coefficient, which can be expanded into Fourier cosine series [46]:

α(ν) = α(ν0+ ν1cos(2πfmt)) =
∑∞

k=0
Hk(ν0, ν1)cos(2πfmt)

(3)
where Hk is the kth Fourier coefficient [44].
After photoacoustic excitation, the laser focuses back on the same

QTF. Thus, the thermoelastic signal has a phase delay φ2 because of the
extra laser transmission path. Therefore, the laser intensity I’0 and fre-
quency ν’ for thermoelastic signal excitation can be expressed as:
{
Iʹ0 = I0[1+ i1cos(2πfmt + φ1 + φ2)]

νʹ = ν0 + ν1cos[2πfmt + φ2]
(4)

In the case of thin absorption, the thermoelastic signal can be
expressed as [31]:

Fig. 1. Principle of harmonic phase-sensitive quartz-enhanced photoacoustic-thermoelastic spectroscopy.
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STE = GTEIʹ0[1 − l2α(ν́ )] (5)

where GTE is the conversion coefficient of the thermoelastic signal to the
QTF piezoelectric voltage, l2 is the effective absorption length of ther-
moelastic signal, including the length of laser beam passing through the
gas chamber and the inner length when the laser beam reenters into the
gas chamber after reflection. α(ν’) is the absorption coefficient of the
target gas, which can be expanded into Fourier cosine series:

α(νʹ) = α(ν0+ ν1cos(2πfmt+φ2)) =
∑∞

k=0
Hk(ν0, ν1)cos(2πkfmt+ kφ2) (6)

where Hk is the same as that in Eq. (3).
The superposition of the photoacoustic and thermoelastic signals

constructs the final QTF output as

S = SPA + STE (7)

The X and Y components of its first harmonic signal, namely X1f and
Y1f, can be obtained by demodulating S using a pair of orthogonal homo-
frequency references.
⎧
⎪⎪⎨

⎪⎪⎩

X1f =
GPAI0
2

XPA1f +
GTEI0
2

XTE1f

Y1f =
GPAI0
2

YPA1f +
GTEI0
2

YTE1f

(8)

the details of YPA 1f YTE 1f, XPA 1f, XTE 1f are described in Appendix A. And
the corresponding first harmonic phase, θ1f, can be retrieved by using
arctangent operation:

θ1f = tan− 1
(
Y1f
X1f

)

(9)

By combing the first set of equations in Appendix A, Eqs. (8); (9), we
rearrange the formula in arctangent form to separate the phase between
frequency reference and laser frequency modulation, φ3. The expression
of θ1f can be shown as

θ1f = tan− 1
{

tan(φ3) − tan(θʹ
1f )

1+ tan(φ3) ∗ tan(θʹ
1f )

}

= φ3 − θʹ
1f (10)

where θ’
1f can be expressed as:

θʹ
1f = tan

− 1(
GPAYPA01f + GTEYTE01f

GPAXPA01f + GTEXTE01f
) (11)

where YPA01f , YTE01f , XPA01f , XTE01f are the expressions of YPA 1f, YTE 1f, XPA 1f,
XTE 1f, respectively, when φ3 equals to zero. The details of YPA0 1f, YTE0 1f,
XPA0 1f, XTE0 1f are described in Appendix A.

In Eq. (11), all the parameters are constant once the system is
assembled, except for the absorption-related Fourier absorption co-
efficients, i.e., Hk. That is, phase change can only be generated by gas
absorption. Scanning the central laser frequency across the absorption
feature enables us to know the harmonic-phase spectroscopic response
to laser-gas molecule interaction. In the implementation, selection of
peak-to-peak value of θ1f to determine the signal amplitude inherently
eliminates φ3, allowing the phase measurement independent from the
demodulation phase as well as the laser power. Usually, the values of
GPA and GTE, for the same QTF, are both affected by frequency fm by a
similar proportion. Hence, the influences of GPA andGTE variation, in the
case of resonant frequency drift, might counteract each other to a certain
extent. This characteristic could in turn improve the immunity of θ1f
sensors to environment changes, such as operation temperature [13]
and pressure [28] that could change the QTF resonant frequency.

3. Experimental setup

Fig. 2 depicts the schematic of the quartz-enhanced photoacoustic-

thermoelastic setup for phase-sensitive detection of trace gas. A
distributed feedback laser (DFB) laser with a center wavelength around
1653.73 nm, targeting methane measurement as an example, is
employed as the laser source, which is driven by a commercial laser
diode controller (LDC502, Standford Research Systems). The laser
scanning and modulation parameters are determined by a software-
based function generator using a multifunctional data acquisition card
(DAQ) (USB-6356, NI). A fiber collimator couples the wavelength
modulated laser from fiber into free space. Two convex lenses further
shape the beam so that the laser can pass through a resonance tube
(length, 4.7 mm; inner diameter, 0.6 mm), for enhancing the acoustic
wave, and a QTF successively without touching any surfaces. After the
QTF, the laser beam focuses back on the QTF by a concave reflector,
which can maximize the thermoelastic signal by adjusting the laser spot
on the root between the two fork prongs [42,43]. The blue box in the
Fig. 2 indicates the boundary of gas cell. The piezoelectric signal
induced by the synergy of photoacoustic and thermoelastic effect is
amplified with a home-made trans-impedance preamplifier before
digitization. The QTF signal acquisition as well as the laser controller is
governed by the same DAQ driven by a home-developed LabVIEW
program, which also integrates several subVIs for subsequent data
averaging and phase demodulation. To a certain extent, the QTF works
like a photodetector when performing LITES. Hence, similarly, the re-
sidual amplitude modulation of a diode laser could generate a back-
ground that pedestal on the signal [39,44,47]. Differently, the immunity
to laser power or/and demodulation phase fluctuation can be main-
tained thanks to the θ1f process (see Appendix B) for the baselines.

4. Experimental results

4.1. Parameter optimization of θ1f signal

Due to the narrow bandwidth of a QTF, it is necessary to characterize
its resonant frequency for the best performance before performing gas
sensing. By filling the gas cell with CH4/N2 of a fixed concentration, we
measured the responses of the first harmonic intensity (1f) and the first
harmonic phase angle (θ1f) to the modulation frequency as illustrated in
Fig. 3(a). Its resonant frequency of f0=32.7649 kHz and bandwidth of
Δf=5.6 Hz are determined by analyzing the frequency-response curve of
1 f conforming to a Lorentzian shape. It is worth noting that the θ1f
response curve shows a relatively flat profile because of the phase
retrieval process (Eq. (11)) in which the QEPAS and LITES response
curves could be counteracted to a certain extent. The uneven part is
probably caused by a mismatch between photoacoustic and thermo-
elastic responses. We further experimentally verified this hypothesis by
separately measuring the frequency responses of photoacoustic and
thermoelastic 1 f signals with the normalized results shown in Fig. 3(b).
The residual between the photoacoustic and thermoelastic 1 f curves is
nearly consistent with the frequency response shape of the θ1f signal.
Lorentzian fitting to the curves in Fig. 3(b) shows that the photoacoustic

Fig. 2. Schematic of the experimental setup. DFB laser, distributed feedback
laser; QTF, quartz tuning fork; DAQ, data acquisition card.

M. Hu et al.



Photoacoustics 38 (2024) 100633

4

1f response has a resonant frequency of f0-PA=32.7652 kHz and a
bandwidth of ΔfPA=5.06 Hz, while the 1 f thermoelastic response has a
resonant frequency of f0-TE=32.7648 kHz and a bandwidth of
ΔfTE=5.45 Hz. Usually, the QTF resonator model equates the two tuning
fork prongs to two freely vibrating masses coupled at the root. This
model demonstrated that different forces on the two prongs of QTF
cause changes in the amplitude ratio of the two prongs and finally affect
the resonant frequency of QTF [48,49]. Therefore, the slight differences
(0.4 Hz in resonant frequency and 0.39 Hz in bandwidth) in our case are
likely due to the photoacoustic excitation close to the tip and/or the
thermoelastic excitation at the root are not strictly located in the middle
of two prongs, resulting in inconsistent response of the two prongs. In
order to preliminarily verify this, we manually shifted the hit point from
the maximum thermoelastic excitation one (point A, shown in Fig. 3(d))
to points B and C. The observation of frequency responses (Fig. 3(c))
shows that the excitation separation causes a resonant frequency shift of
~0.3 Hz and a bandwidth change of ~0.5 Hz even only thermoelastic
excitation exists. This feature offers the possibility of adjusting the

bandwidth and resonant frequency of the thermoelastic signal by the
laser spot position.

In Fig. 3(a), within the modulation range of 70 Hz
(32,730–32,800 Hz), i.e., over 10 times of the Δf for 1 f, the maximum
influence of frequency shift on θ1f is ≤ 6.4 %. On the contrary, the 1 f
signal is dramatically reduced by 96 % under the same conditions. That
is to say, the proposed θ1f method holds more tolerance to resonant
frequency shift, which has been a long-standing issue for practical
application of traditional QTF-based sensors. Further decreased influ-
ence can be expected if inconsistency between the photoacoustic and
thermoelastic frequency responses could be suppressed by finely
adjusting the position of the acoustic wave and light-induced thermo-
elastic expansion to balance the driving force on the two QTF prongs.
However, as the harmonic phase is derived from 1 f signal, according to
Eq. (9), θ1fwill decline in SNR when the resonant frequency shifts if non-
common-mode noise (e.g., the thermal noise of circuit and QTF, and the
shot noise of QTF) dominates for the X and Y components of 1f. After
experimental assessment, the best SNR of θ1f signal locates at the 1f peak

Fig. 3. (a) Frequency response curves of the photoacoustic-thermoelastic 1 f signal and θ1f signal. Inset: zoomed-in view in the vicinity of response frequency. The
yellow shaded area represents the standard-error interval for 30 measurements, which is scaled up by tenfold for clarity. (b) Frequency responses of normalized
photoacoustic and thermoelastic 1 f signals. (c) Frequency responses of normalized thermoelastic 1f signal when the laser hits points A, B and C, respectively. Inset:
zoomed-in view in the vicinity of response frequency. (d) Locations of points A, B and C. (e) The SNR of θ1f versus the modulation current applied on the laser. All the
experimental data above was extracted from their corresponding spectra after removing the baselines measured for pure N2.
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(shown in inset of Fig. 3(a)). Thus, the resonant frequency in 1f
demodulation manner, i.e., 32.7649 kHz was still chosen as the modu-
lation frequency for the following experiments. Moreover, harmonic
signal SNR of QTF-based sensors also depends on the modulation depth
of the laser source, which can be adjusted by varying the modulation
current applied on the laser [50]. As shown in Fig. 3(e). the optimal
modulation current was found to be 15 mA by measuring the θ1f SNR at
different modulation currents for the selected modulation frequency and
a fixed CH4 concentration of 5000 ppm.

4.2. Immunity to the fluctuation of laser power and demodulation phase

The theoretical analysis in Section 2 predicts the immunity of θ1f
signal to both laser power and demodulation phase fluctuations. We
verify these characteristics by separately changing the excitation laser
power and the LIA demodulation phase. A tunable attenuator and a
coupler (50:50) were inserted in series between the DFB laser and the
fiber collimator. One port of the coupler was connected to the collimator
for the 1f or θ1f signal excitation with 5000 ppm CH4 sealed in the gas
cell, and the other port was used for power monitoring with the results
shown in Fig. 4. The blue line in the upper panel of Fig. 4(a) indicates the
monitored four different laser power levels, which were adjusted by the
tunable attenuator and lasted more than 1600 s in total. Zooming into
part of the power monitoring result shows that only the laser scanning
part was measured without the fast modulation part, which can be
considered as the averaged laser power during the scanning cycle. This is

mainly because of the limited response bandwidth (~15 Hz) of our
optical power meter (3A-QUAD, Ophir Optronics). The bottom panel of
Fig. 4(a) shows the synchronously demodulated 1 f signal (green line)
and θ1f signal (red line). The 1f signal decreases proportionally with the
power reduction, while the θ1f signal remains constant. Fig. 4(b) and (c)
depict the measured representative baseline-subtracted 1f spectra and
θ1f spectra, respectively, under different averaged powers of 2.4, 4.1,
6.9, and 9.4 mW. It is worth noting that the baselines of 1 f spectra for
subtraction have to be measured separately for each laser power, whiel a
single measurement is sufficient for θ1f spectra process thanks to its
excellent stability, which has also been confirmed by the relatively
stable θ1f amplitude at varying laser power (see Appendix B). However,
after accessing the θ1f signal SNR under different laser powers as shown
in Fig. 4(d), it is of interest to observe that the θ1f signal SNR increases
proportionally to laser power, which can be roughly described by an
obvious linear relationship with an R-square of 0.98. It is likely that the
random noise, such as the thermal noise of the QTF, the white noise of
the preamplifier, and the phase noise of the laser, dominates during the
phase retrieval operation when the laser power decreases, correspond-
ing to a reduced SNR for the 1 f signal. Hence, similar to the traditional
1 f detection, the SNR of θ1f detection can be improved by simply
boosting the laser power. Differently, the SNR improvement using this
strategy replies on suppressing the noise level rather than increasing the
signal amplitude.

The influence of varying demodulation phase on 1f signal and θ1f
signal was investigated for comparison. CH4/N2 mixture with a

Fig. 4. (a) Influences of power variations on 1f signal and θ1f signal. Inset: Zoom-in part of the monitored laser power with an averaged value of 9.4 mW. (b)
Baseline-subtracted 1 f spectra and (c) θ1f spectra under different laser powers. (d) θ1f SNR as a function of laser power.
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concentration of 2000 ppmwas used as an example. Fig. 5(a) depicts the
recorded results with the demodulation phase adjusted from –90◦ to 90◦.
As shown in the upper panel of Fig. 5(a), the 1f signal monotonically
increases from 0.07 mV to 0.51 mV when the demodulation phase
changes from –90◦ to 0◦, while the 1 f signal monotonically decreases
back to the original value with demodulation phase from 0◦ to –90◦. On
the contrary, the θ1f signal, as shown in the bottom panel of Fig. 5(a),
remains quite stable throughout the demodulation phase adjustment.
Fig. 5(b) and (c) illustrate the measured representative original 1f
spectra and θ1f spectra, respectively, under several typical demodulation
phases. The demodulation phase variation only causes the vertical shifts
of θ1f signal without affecting its peak-to-peak value, therefore proving
the high immunity of the θ1fmethod to demodulation phase fluctuation.
Meanwhile we calculated the error bars of θ1f under different demodu-
lation phases as shown in Fig. 5(d), indicating that the SNR of θ1f is not
affected by demodulation phase.

4.3. Performance assessment of θ1f methane measurement

We further conducted a quantitative analysis of how this technique
responds to varying methane gas concentration. Different concentra-
tions of methane were prepared using a commercial gas mixer (Sonimix
7100, LNI Swissgas) with concertation-certified CH4/N2 sample. Fig. 6
(a) shows the representative θ1f spectra under four concentrations of
CH4, i.e., 100 ppm, 800 ppm, 2000 ppm, and 5000 ppm. Fig. 6(b) plots
the θ1f signal amplitude as a function of methane concentration, ranging

from 100 to 6000 ppm. A linear fitting to the experimental data dem-
onstrates a good linear response with an R-squared value of 0.999.

The θ1f signal of pure N2 was continuously measured to perform an
Allan-Werle deviation analysis for the long-term stability and the ulti-
mate detection limit assessment. The measurement lasted about
4.5 hours with the results shown in Fig. 7. The Allan-Werle deviation
analysis shows a minimum detection limit (MDL) of 5 ppm at a 5-second
integration time, corresponding to a normalized noise equivalent ab-
sorption coefficient (NNEA) of 3 × 10− 8 W⋅cm− 1⋅Hz− 1/2. The 1/√t
correlation until 420 seconds illustrates the sensor’s high stability,
allowing for averaging to improve the MDL down to 0.57 ppm. The
MDL, together with the maximum methane concentration, i.e.,
6000 ppm, in the experiments determines a dynamic range of 5 orders of
magnitude, which is comparable with most reported QEPAS or LITES
sensors[22,42].

5. Conclusions and perspectives

In this article, we have presented a quartz-enhanced trace gas sensor,
in which a single QTF merges the techniques of QEPAS and LITES
together for enhancing its piezoelectric effect. Different from the com-
mon intensity demodulation, an alternative strategy of harmonic phase
demodulation manifest itself with unique characteristics of high im-
munity to both laser power and demodulation phase. By demonstrating
the measurement of methane in the near infrared as an example, a θ1f
sensor was developed with aminimum detection limit of 0.57 ppm and a

Fig. 5. (a) The influence of the demodulation phase on the 1f signal and the θ1f signal. (b) Baseline-subtracted original 1f spectra and (c) θ1f spectra under different
demodulation phases. (d) θ1f value under different demodulation phases, error bars are calculated from 20 measurements and scaled up by tenfold for clarity.
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wide dynamic range of 5 decades. The harmonic phase demodulation
achieved stable θ1f measurement in the case of fluctuant laser power
(2.4 mW to 9.4 mW) and demodulation phase (− 90◦ to 90◦).

In addition, the experimental investigation on the relationship be-
tween θ1f SNR and laser power reveals the possibility of further sensi-
tivity enhancement by simply employing a higher laser power. The
relative flat θ1f response to the modulation frequency offers much more
tolerance to the resonant frequency shift of a QTF, which has always
been a common but negative factor limiting its widespread application
outside the laboratory. Immunity to resonant frequency shift can also be
expected if the mismatch between photoacoustic and thermoelastic re-
sponses could be compensated by finely adjusting the position of the
acoustic wave and light-induced thermoelastic expansion. Although our
θ1f gas sensor is demonstrated in the near infrared, it is possible to

extend this technique to other optical range of interest thanks to the
outstanding advantage of wavelength independence for QEPAS [45] and
continuously improved responsivity of custom QTFs over a wide optical
range for LITES [31,51]. All the aforementioned benefits of this
harmonic-phase method would make it poised to create a robust and
powerful QTF-based tool for promising trace gas sensing, in particular
when stable laser power, demodulation phase, even resonant frequency
cannot be always maintained in field deployment.
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Fig. 7. (a) Allan-Werle deviation analysis of our θ1f-based methane sensor as a
function of integration time. The measurement was carried out with the gas cell
filled with pure N2. (b) Raw data used for Allan-Werle deviation calculation.
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Appendix A. Detailed expression of X and Y components of the first harmonic photoacoustic and thermoelastic signals

The detailed expressions for XPA 1f, XTE 1f, YPA 1f, YTE 1f can be expressed as,

XPA1f = l1(i1H0cos(φ3 − φ1)+H1cos(φ3)+
1
2
i1H2cos(φ3+φ1)) (A1)

XTE1f = (1 − l2H0)i1cos(φ3 − φ1 − φ2) − l2H1cos(φ3 − φ2) −
1
2
l2i1H2cos(φ3+φ1 − φ2) (A2)

YPA1f = l1(i1H0sin(φ3 − φ1)+H1sin(φ3)+
1
2
i1H2sin(φ3 +φ1)) (A3)

YTE1f = (1 − l2H0)i1sin(φ3 − φ1 − φ2) − l2H1sin(φ3 − φ2) −
1
2
l2i1H2sin(φ3 +φ1 − φ2) (A4)

While the detailed expression for XPA0 1f, XTE0 1f, YPA0 1f, YTE0 1fwhen φ3 equals to zero can be expressed as,

XPA01f = l1(i1H0cos(φ1)+H1+
1
2
i1H2cos(φ1)) (A5)

XTE01f = (1 − l2H0)i1cos(φ1 +φ2) − l2H1cos(φ2) −
1
2
l2i1H2cos(φ1 − φ2) (A6)

YPA01f = l1( − i1H0sin(φ1)+
1
2
i1H2sin(φ1)) (A7)

YTE01f = − (1 − l2H0)i1sin(φ1+φ2)+ l2H1sin(φ2) −
1
2
i1l2H2sin(φ1 − φ2) (A8)

Appendix B. θ1f baselines at varying laser power and demodulation phase

Fig. A1. Baselines of θ1f signal versus (a) laser power and (b) demodulation phase.

When performing θ1f spectroscopy measurement, there exist baselines for both the cases of CH4 absorption and zero-absorption N2. The baselines
may be caused by the phase difference φ1 between the amplitude modulation (AM) and frequency modulation (FM) of the DFB laser, which could
slightly vary under different conditions of modulation current applied on a diode laser [52,53]. Fortunately, this baseline is independent from both the
laser power and the demodulation phase. As shown in Fig. A1(a), the baselines with and without absorption remain rather stable under different laser
power from 2.4 mW to 9.4 mW. By manually adjusting the demodulation phase φ3, the baseline (Fig. A1(b)) merely shifts by a vertical offset
accordingly without changing the slope. These results hold promise for easy baseline subtraction after only a single baseline measurement before
performing gas sensing for a specific θ1f spectroscopic sensor.
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