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A B S T R A C T

This paper presents a comparison between quartz-enhanced photoacoustic spectroscopy (QEPAS) and beat- 
frequency QEPAS (BF-QEPAS) techniques for the sequential detection of methane (C1) and ethane (C2) in the 
near-infrared spectral range. Both approaches exploit a T-shaped quartz tuning fork (QTF)—coupled with 
acoustic resonator tubes—as sensitive element but differ fundamentally in the signal generation and acquisition 
methods. While conventional QEPAS-based approach requires periodic QTF characterization and longer acqui
sition time, BF-QEPAS enables simultaneous measurement of target gas concentration, QTF resonance frequency 
and quality factor through analysis of transient response signals. Experiments were performed using a laser diode 
emitting at a central wavelength of 1683.53 nm, targeting C1 and C2 absorption features. Our results demon
strate that the BF-QEPAS approach significantly reduces measurement time from minutes to few seconds and 
maintains comparable detection sensitivity, also for broadband absorbers such as ethane. For methane, minimum 
detection limits (MDLs) of 1.7 parts-per-million (ppm) and 5 ppm were achieved with QEPAS and BF-QEPAS 
techniques, respectively, while for ethane MDLs of 20 ppm and 62 ppm were obtained, respectively. The BF- 
QEPAS technique enables continuous, uninterrupted monitoring of both target gases in sequential detection 
mode, with the simultaneous validation of the measurement through the evaluation of the QTF resonance 
parameters.

1. Introduction

Trace gas detection of methane and ethane has become increasingly 
critical in environmental monitoring, industrial safety, and energy 
infrastructure maintenance [1–5]. These hydrocarbons constitute pri
mary components of natural gas and are emitted through various in
dustrial processes, agricultural activities, and natural sources [6–11]. 
According to the latest Global Methane Budget, methane emissions now 
total about 575 million metric tons per year (2010–2019 average), 
significantly higher than earlier estimates [12–14].

In many real-world scenarios, methane (C1) and ethane (C2) coexist 
and require sequential monitoring [15–17]. Indeed, natural gas leaks 
contain both components in varying ratios, providing fingerprints for 
source identification and characterization and leak severity assessment 

[18–20]. For instance, industrial process monitoring demands rapid 
sequential detection to track compositional changes in real-time [21], 
while environmental studies require distinguishing between biogenic 
sources (predominantly methane) and thermogenic sources (containing 
both gases) [22,23]. However, conventional detection methods often 
have limitations in field applications, requiring complex sampling pro
cedures, bulky instrumentation, or offering inadequate sensitivity and 
response time [24–26]. Moreover, these methods typically necessitate 
separate measurement systems for each gas species, increasing 
complexity, cost, and measurement time [27–29].

Quartz-enhanced photoacoustic spectroscopy (QEPAS), first 
demonstrated by Kosterev et al. in 2002 [30], is a highly sensitive, se
lective and well-established optical technique for trace gas detection 
[31–33]. In QEPAS, quartz tuning forks (QTFs) are employed as sharply 
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resonant acoustic transducers to detect pressure waves generated when 
modulated laser light is absorbed by target gas molecules, i.e., through 
the photoacoustic effect. The piezoelectric property of quartz allows the 
conversion of the sound wave into an electric signal [34–36]. Further
more, in recent years these quartz resonators have been employed as 
photodetectors, exploiting piezoelectricity to transduce light-induced 
thermoelastic deformation [37,38]. QTFs high and flat spectral 
responsivity measured in the 1.65–10.34 µm wavelength range [39]
makes them well suited for the implementations in various spectroscopy 
techniques [40,41].

Conventional QEPAS implementations face significant challenges 
when applied to multi-species detection [42], because they could 
require periodic calibration to account for possible drifts in the QTF 
resonance parameters [43], and sequential measurements of multiple 
gases could demand extended acquisition times, limiting real-time 
monitoring capabilities [44].

Beat-frequency QEPAS (BF-QEPAS), introduced by Wu et al. in 2017 
[45], represents a significant advancement in addressing these limita
tions [46]. From the analysis of the beat signal generated by a detuned 
photoacoustic excitation of the QTF with respect to its resonance fre
quency [44], this approach allows the simultaneous measurement of the 
gas concentration and the QTF resonance properties, i.e. the resonance 
frequency fr and the quality factor Q, thus eliminating the need for pe
riodic resonator characterization [47–49].

Within the aims and scopes of our experiment, and due to their light 
weight, compactness and low power consumption, fiber-coupled near- 
infrared (near-IR) laser diodes represent the best choice in terms of 
optical sources for sensing in real-world scenarios. Nevertheless, the 
sequential detection of C1 and C2 presents peculiar challenges due to 
their spectral characteristics in the near-IR spectral region, as already 
discussed in Ref. [50]. Indeed, methane exhibits well-resolved Lor
entzian-like absorption features with large cross-sections [51] that al
lows an accurate photoacoustic signal generation and QTF parameter 
retrieval with the BF-QEPAS technique [50]. In contrast, ethane is 
characterized by a complex band structure with multiple overlapping 
optical transitions [52,53], resulting in a BF-QEPAS signal whose peaks’ 

interpolation poses unavoidable difficulties in extracting the QTF pa
rameters. These experimental evidences set the basis for developing a 
single detection scheme implementing BF-QEPAS that can leverage the 
favorable properties of methane for the measurement of the QTF pa
rameters while preserving an affordable level of sensitivity for the more 
critical detection of ethane [54].

In this context, we thus present here a comparison between QEPAS 
and BF-QEPAS approaches for the sequential detection of methane and 
ethane in the near-IR spectral range. Our experimental apparatus in
corporates a laser diode emitting at a central wavelength of 1683.53 nm, 
capable of targeting absorption features of both gases, and an acoustic 
detection module (ADM) that houses a T-shaped QTF, coupled with 
acoustic resonator tubes, as sensitive element. We demonstrate that 
methane BF-QEPAS signal can be efficiently exploited for quasi real-time 
retrieval of both C1 concentration and QTF parameters, while the 
broadband feature of C2 allows only the measurement of ethane con
centration with the BF-QEPAS technique. To the best of our knowledge, 
no previous study has compared QEPAS and BF-QEPAS for sequential 
CH4/C2H6 detection and for the different suitability of each molecule to 
retrieve QTF parameters.

2. Experimental setup

The experimental apparatus used to compare QEPAS and BF-QEPAS 
techniques for C1 and C2 detection is depicted in Fig. 1.

The sensing architecture consists of three sections: the gas handling 
system (shown in the dashed green section in Fig. 1), the optical 
detection module (in the dashed violet one), and the electronic signal 
processing unit (in the dashed blue section). The gas handling section 
includes five certified gas cylinders containing 2% CH4 in nitrogen (N2), 
0.1% CH4 in N2, 1% C2H6 in N2, 0.1% C2H6 in N2, and pure N2 (i.e., 
100%) for target gas dilutions. These cylinders are connected to a gas 
blender (MCQ Instruments, GB6000) to provide precise gas mixtures for 
the sensor calibration in the 0–1% concentration range for both C1 and 
C2. The 50 standard cubic centimeters per minute (SCCM) gas flow is 
injected into a commercial ADM (Thorlabs GmbH, ADM01) [55] by 

Fig. 1. Schematic of the experimental setup for QEPAS and BF-QEPAS comparison. The dashed green section shows the gas handling system with certified gas 
cylinders and flow/pressure control components for precise gas mixture preparation (0–1% calibration range for both C1 and C2). The dashed violet section depicts 
the optical detection module with the ADM including a T-shaped QTF coupled with acoustic resonator tubes. The dashed blue section illustrates the electronic signal 
processing unit composed of the function generator, the laser diode handling system, and the lock-in amplifier for signal demodulation and analysis. The upper right 
inset shows the three operating modes implemented in this study: QEPAS and BF-QEPAS for C1 and C2 sensor calibration, and BF-QEPAS with double staircase ramp 
for sequential detection of both target gases.
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means of a vacuum pump (KNF DAC GmbH, N813.4ANE), and a pres
sure controller (Alicat Scientific, MC Series) allow maintaining a stable 
pressure condition of 750 Torr in the gas line.

The exciting laser source consists of a distributed-feedback (DFB) 
pigtailed laser diode (Eblana Photonics Ltd., EP1684-0-DM-B06-FA) 
emitting at a central wavelength of 1683.53 nm when operated at 
15 ◦C, with a maximum optical power of ≈ 9 mW at an injected current 
of 120 mA. This source was selected since its tuning range covers a 
spectral window in which the C1 and C2 absorption features can be 
effectively excited through a single wavelength scan at a fixed temper
ature. Specifically, the laser diode can address a six-line cluster of 
methane located at 5938.12 cm− 1 [51] and an ethane absorption band 
centered at 5937.3 cm− 1 [52,54], both resulting from carbon (C)– 
hydrogen (H) stretching overtone transitions [53]. The laser diode 
output is coupled with a fiber collimator (OZ Optics Ltd., LPC Series) and 
then aligned to the ADM, which houses the custom spectrophone that 
has been demonstrated to provide the best performances in terms of 
signal-to-noise ratio (SNR) for QEPAS detection [50]. This spectrophone 
is composed of a T-shaped QTF acoustically coupled with two 12.4 mm- 
long acoustic resonator tubes (with an inner diameter of 1.6 mm) [55]. 
The output laser beam is precisely aligned between the QTF prongs and 
inside the tubes without hitting them, thus maximizing the photo
acoustic signal and minimizing background noise.

The signal processing unit consists of a compact laser handling sys
tem (Thorlabs GmbH, CLD1010) that controls the laser diode through a 
current driver and a temperature controller to maintain a working 
temperature of 15 ◦C. An arbitrary waveform generator (Tektronix Inc., 
AFG31052) provides the required modulation signals for both QEPAS 
and BF-QEPAS measurements. The wavelength modulation in the 
QEPAS approach is achieved by applying a sine wave at half of the QTF 
resonance frequency (i.e., fr/2) to the laser injection current, while a 
slow triangle ramp allow to scan the laser wavelength across the selected 
C1 and C2 absorption features [56]. In contrast, BF-QEPAS employs a 
modulation frequency slightly detuned from the QTF resonance one (i.e., 
fMOD = fr ± Δf) combined with a fast staircase ramp for wavelength 
scanning, as shown in the inset of Fig. 1. The piezocurrent generated by 
the QTF is converted into a voltage signal via a transimpedance ampli
fier and subsequently processed by a lock-in amplifier (Zurich Ins., MLFI 
500 kHz). The lock-in integration time constant was set to 100 ms (with 
a sampling rate of 3.27 Sa/s) and to 5.097 ms (sampling rate of 52.32 
Sa/s) in the QEPAS and BF-QEPAS measurements, respectively. As 
typically reported in literature, the second harmonic (2f)-wavelength 
modulation spectroscopy (WMS) technique was employed for the 
QEPAS acquisitions [57], while the first harmonic (1f)-WMS modulation 
technique was exploited to acquire the BF-QEPAS signals [45,58].

The optical characterization of the QTF, performed in a 1% CH4:N2 
gas matrix, returned a fr of 12,455.26 Hz and a Q of 8620.

The experimental setup allows seamless switching between three 
operating modes as illustrated in the inset of Fig. 1: (i) QEPAS technique 
with 2f-WMS, using a sine wave having an amplitude of 80 mVpeak-to- 
peak (pp) and a frequency of fr/2 added to a triangle wave at 2.5 mHz to 
scan C1 and C2 selected absorption features; (ii) BF-QEPAS with 1f-WMS 
for C1 and C2 detection, exploiting a sine wave with an amplitude of 80 
mVpp and a modulation frequency of 12,453.3 Hz (with a Δf ≈ 2 Hz 
detuning that will be shown to optimize the BF-QEPAS signal charac
teristics), and a staircase ramp with a period of 5 s, having one fourth of 
the period composed of an edge rising at a rate as fast as 0.176 V/s for 
the C1 detection (0.192 V/s for the C2 detection); and (iii) BF-QEPAS 
with a double staircase ramp for C1 and C2 sequential detection (with 
a period of 10 s) optimized for multi-gas analysis.

All these listed parameters will be the results of the following 
investigation and optimization process.

3. Results

The sensor was initially calibrated in the QEPAS and BF-QEPAS 

configurations, respectively, flowing through the ADM different con
centrations of methane and ethane, separately, in a gas matrix of pure 
N2. The QEPAS spectra at different concentrations and the calibration 
curves for both hydrocarbons are shown in Fig. 2. The spectra in the 
following will be reported as a function of the acquisition time to easily 
compare in the scanning time required for QEPAS and BF-QEPAS.

Fig. 2(a) shows the spectral scans retrieved for CH4:N2 concentra
tions ranging from 0.02% to 1%. As expected from the targeted methane 
absorption feature centered at 5938.12 cm− 1 [51], the C1 QEPAS scans 
exhibit a typical 2f-WMS spectra, with the characteristic second- 
derivative absorption profile and a background-free signal, consis
tently with the QEPAS signal recorded for a pure N2 gas sample (purple 
solid signal in Fig. 2(a)). The 2f-QEPAS spectra for C2H6:N2 shown in 
Fig. 2(b) have been acquired in the same concentration range of the C1 
spectra. In the laser tuning range, the ethane absorption spectrum con
sists of an absorption band, with a well-resolved peak at 5937.3 cm− 1 

[59] plus additional smaller absorption sidebands, clearly visible in the 
measured C2 QEPAS spectra in Fig. 2(b). A linear fit was applied to 
retrieve the C1 and C2 calibration curves, shown in Fig. 2(c) and Fig. 2 
(d). The fit returned a C1 sensitivity of (549.89 ± 1.56) mV/% (slope of 
the purple line in Fig. 2(c)), with the R2 value exceeding 0.9999. The 
ethane calibration curve (Fig. 2(d)) similarly demonstrates a linear 
response, with an R2 value greater than 0.999, with a C2 sensitivity of 
(46.85 ± 0.22) mV/%. The linear behavior is crucial for accurate con
centration measurements and validates the suitability of QEPAS tech
nique for quantitative analysis of both gases.

The noise level of the system was determined by analyzing the 
standard deviation of the signal with pure N2 flowing in the ADM. 
Considering a 1σ-noise level of 0.09 mV and the retrieved sensitivities, 
the minimum detection limits (MDLs) (with an SNR of 1) were calcu
lated to be 1.7 parts-per-million (ppm) for CH4 and 20 ppm for C2H6, 
with an integration time of 100 ms.

With the same experimental setup shown in Fig. 1, the BF-QEPAS 
technique was implemented for both C1 and C2 detection and the BF 
spectra in the same conditions of the QEPAS measurements, i.e. con
centration range and pressure, are shown in Fig. 3.

Unlike QEPAS signals, which only yield concentration information, 
BF-QEPAS signals simultaneously provide gas concentrations and QTF 
resonance parameters in less than 5  s of measurements. Since 200 s are 
required to obtain the entire harmonic signal with QEPAS scan of the 
same spectral window, as shown in Fig. 2(a) and 2(b), the BF approach 
allows a 40-fold faster response.

Fig. 3(a) shows the BF-QEPAS spectral scans retrieved for CH4:N2 
concentrations ranging from 0.02% to 1%. As expected, when targeting 
a well-isolated absorption feature [46,47], the observed signals exhibit 
the characteristic damped oscillations at the beat frequency of Δf ≈ 2 Hz. 
In contrast, the signals recorded for C2H6:N2 concentrations ranging 
from 0.02% to 1% (Fig. 3(b)) significantly differ from the BF-QEPAS 
spectra acquired for C1. Unlike methane, the C2 signals display signif
icant differences in terms of secondary peak intensity and temporal 
spacing among them with respect to a typical BF signal related to a 
single feature wavelength scan. This is obviously due to the multiple 
optical features composing C2 spectrum. Indeed, as also reported in 
Fig. 2(b), the overlap of the corresponding damped oscillations leads to 
the irregular oscillation period in the overall BF-QEPAS signal. 
Furthermore, the inspection of the C2 BF-QEPAS spectra at low and high 
concentrations (e.g., red curve and dark blue curve in Fig. 3(b)) suggests 
that weak absorption features, such as those at 25 s and 160 s in Fig. 2 
(b), strongly affect the frequency of the BF signal at ethane concentra
tion higher than 0.2%, but are negligible at lower concentration. The 
highest peak values in Fig. 3(b) were used to calibrate the sensor with 
respect to the C2H6 concentrations since they are not influenced by the 
overlaps with other features, as also expected from Fig. 2(b)–(d).

The calibration curves derived from the BF-QEPAS peak signal values 
are shown in Fig. 3(c) and 3(d) for C1 and C2, respectively, both 
exhibiting excellent linearity across the entire concentration range, with 
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R2 values exceeding 0.999. The sensitivities derived from the linear fits 
are (308.38 ± 1) mV/% for CH4 and (25.16 ± 0.12) mV/% for C2H6, and 
considering a noise level of approximately 0.16 mV—determined from 
the standard deviation of the BF signal with pure N2—the calculated 
MDLs (SNR of 1) for the BF-QEPAS technique result 5 ppm for CH4 and 
62 ppm for C2H6, respectively, at an integration time of 5.097 ms. These 
detection limits are comparable to those achieved with conventional 
QEPAS, with a worsening factor of ≈ 3 for both hydrocarbons, thus 
indicating that BF approach allows similar MDLs but with a significant 
reduction in the acquisition time.

After the calibrations of C1 and C2 with both techniques, the same 
experimental setup was exploited to simultaneously detect methane and 
ethane in a nitrogen-based gas matrix, thus addressing real-world ap
plications such as the identification of natural gas leaks in the envi
ronment [60]. Fig. 4 presents a direct comparison between QEPAS and 
BF-QEPAS approaches for the sequential detection of both gases, 
analyzing four representative gas mixtures.

The acquisition of the signals shown in Fig. 4 requires slight modi
fications of the ramp signal employed for the scan of the laser tuning 
range. While for the QEPAS spectra only the amplitude of the ramp was 
increased to allow the scan of both methane and ethane absorption 
features, two stationary levels of the same duration (5 s) in the BF- 
QEPAS technique were further added in the staircase ramp (see the 
waveforms in the inset of Fig. 1) to avoid the overlap of the C1 and C2 
damped oscillations. In Fig. 4 two complete C1/C2 scans (not optimized 
in terms of minimum ramp affordable to gather all the information 

needed) are displayed. Both techniques successfully resolve CH4 and 
C2H6 peaks, but the BF-QEPAS approach requires ≈ 10 s for the com
plete scan of the two selected absorption features, i.e., a ≈ 50-fold 
reduction in the acquisition time with respect to QEPAS.

As expected from previous works [50], the QEPAS approach allows 
the quantification of C1 and C2 concentrations in the mixtures using the 
calibration curves shown in Fig. 2(c)–(d), with an average relative error 
as low as ≈ 2.3%.

In addition to the information on the concentration of different 
molecules in a mixture, the BF-QEPAS approach can provide the reso
nance parameters of the QTF from the analysis of the acquired signals 
[45]. The resonance characterization of the QTF via photoacoustic 
excitation and electrical excitation, pursued by exploiting the direct and 
indirect piezoelectric effect, respectively, will be both used as reference 
methods to monitor fr and Q at different concentrations of the two 
analytes. The results obtained for C1, C2 concentrations varying from 
0 to 1% in pure nitrogen highlight the fact that such a matrix variation 
does not cause an actual modification of the resonance properties, which 
would require a modulation frequency adjustment and a quality factor 
normalization [44,61]. Concerning the possibility to retrieve the same 
values from the BF-QEPAS spectra, focus should be placed on Fig. 4(b), 
where it is possible to distinguish the C1 (first 5 s of the data) and the C2 
(data in the 5–10 s range) BF signals.

The calibration curves obtained (Fig. 3(c)–(d)) returned a low 
average relative error of ≈ 3.2% on the concentration measurement for 
the BF peaks labelled as C1 and C2 in Fig. 4(b). A greater discrepancy of 

Fig. 2. (a) 2f-QEPAS spectra for different concentrations of CH4 diluted in N2; (b) 2f-QEPAS spectra for different concentrations of C2H6 diluted in N2; (c) C1 QEPAS 
calibration curve; (d) C2 QEPAS calibration curve. The black triangles represent measured data while the purple solid lines represent the best linear fits of the 
experimental data.
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Fig. 3. (a) 1f-BF-QEPAS signals for different concentrations of CH4 diluted in N2; (b) 1f-BF-QEPAS signals for different concentrations of C2H6 diluted in N2; (c) C1 
BF-QEPAS calibration curve; (d) C2 BF-QEPAS calibration curve. The black triangles represent measured data while the purple solid line is the best linear fit of the 
experimental data.

Fig. 4. Sequential detection of C1 and C2 in four representative nitrogen-based gas mixtures with (a) QEPAS and (b) BF-QEPAS technique.
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≈ 5.7% was evaluated for ethane due to weaker signals that approached 
the detection limit. This is an indication that ethane is less appropriate 
for monitoring the QTF resonance properties.

To retrieve the resonance parameters, i.e., QTF resonance frequency 
and quality factor, the following damped sine wave fitting function was 
applied to the BF-QEPAS signals shown in Fig. 3(a)–(b), in the time 
range starting from the highest peak signal value to the end of the ac
quired data: 

ffit(t) = A•e−
t
τ • sin

(
2 • π • Δffit • t

)
(1) 

where A is the amplitude, τ is the exponential decay time constant and 
Δffit is the beat frequency of the damped sinewave. The retrieved QTF 
resonance frequency (fBF) was determined by adding the retrieved Δffit to 
the laser modulation frequency (i.e., fMOD = 12,453.3 Hz), while the 
quality factor (QBF) was calculated as: 

QBF = π • fBF • τ (2) 

In Fig. 5, the retrieved resonance frequencies (fBF-C1) and the quality 
factors (QBF-C1) of the QTF are shown as functions of the C1 gas con
centration, along with the corresponding value obtained through optical 
characterization of the resonator (fr and Q). Moreover, fr includes a ±
83.55 mHz tolerance band for the measurements derived from the 
normalized optical response of the QTF within 99% of its maximum 
amplitude. Similarly, Q is shown along with upper and lower bounds 
corresponding to ±1% of its value (i.e., QLOW = 0.99 • Q and QHIGH =

1.01 • Q), representing the maximum tolerated deviation considered for 
the analysis and inherited from fr.

The results of the C1 BF-QEPAS signals analysis were obtained using 
a single damped sine wave fitting model, reported in Eq. (1). As shown in 
Fig. 5(a), the retrieved QTF resonance frequencies tend to asymptoti
cally match fr, at high CH4:N2 concentrations, while fBF-C1 shows lower 
accuracy in the 0.02%–0.2% methane concentration range because of 
the lower SNR, although all values lie within the defined tolerance band 
of the measurement except for the one at 0.02% methane concentration. 
Similarly, the QBF-C1 (Fig. 5(b)) extracted value stabilizes for concen
trations above 0.4% CH4:N2, in excellent agreement with both the 
optically/electrically characterized value and the measurement toler
ance interval.

The stability of values (1σ-fBF-C1 ≈ 67.4 μHz, 1σ-QBF-C1 ≈ 567) and 
the high accuracy (average relative error on fr ≈ 4.42 ppm, average 
relative error on Q ≈ 4.8%) of the retrieved resonance parameters for 
high methane concentrations indicates that the CH4 BF-QEPAS signal 

can be used to evaluate both the QTF resonance frequency and the 
quality factor for C1 concentrations > 1%, where the resonance prop
erties are expected to be still unperturbed up to 10% [62], but that can 
actually experience sensible modifications for several tens of %. In the 
reported BF-QEPAS approach, fr and Q are not estimated through pre- 
defined correction functions but are directly retrieved from each BF 
waveform via the damped-sine fitting model. Therefore, any variation in 
gas density, background composition or residual mass-loading effects is 
intrinsically included in the real-time evaluation of the QTF parameters. 
Furthermore, accurate values of fr and Q can be extracted from high-SNR 
BF signals outside the 0–1% concentration range explored, since the 
fitting method does not impose constraints on the absolute concentra
tion level.

Fig. 6 shows the retrieved resonance frequencies (fBF-C2) and quality 
factors (QBF-C2) of the QTF as functions of the C2H6:N2 concentrations, 
along with the reference value calculated from the optical character
ization (fr and Q) and the same tolerance band introduced in the C1 
analysis.

The targeted absorption band of C2 makes complicated the BF- 
QEPAS analysis for the evaluation of QTF resonance parameters. 
Indeed, the fitting function in Eq. (1) applied to the high SNR 1% C2H6: 
N2 signal (red curve in Fig. 3(a)) returned an R2 of 0.94, confirming that 
the single damped sinewave model is not representative of the generated 
C2 BF signal at high SNRs. As shown in Fig. 2(b), the highest C2 peak 
detected in the laser tuning range is followed by a weaker and compa
rable peak (namely P2), thus suggesting that the BF signal can be 
considered as the linear overlap of two damped sine waves (2-damp-sin). 
Considering the ethane concentration range 0.4%–1%, the 2-damp-sin fit 
returned an average R2 > 0.99 for the four analyzed curves. Since the 
two beat frequencies extracted from the fitting sine waves strongly differ 
(Δffit-1 > 2•Δffit-2), the QTF resonance parameters with the BF-QEPAS 
technique were extracted using the frequency of the sine wave closer 
to 2 Hz, experimentally employed, and the corresponding exponential 
decay time (blue squares in Fig. 6(a)–(b)). In contrast to the high con
centration signals, the 2-damp-sin fit does not converge for the signals 
relative to ethane concentrations in the 0.02%–0.2% range because the 
P2 values become comparable to the noise level and thus the BF signal 
has a single damped sine wave (1-damp-sin)-like shape. For this reason, 
the fitting function in Eq. (1) was employed to retrieve the resonance 
frequency and the quality factor of the QTF at low C2 concentrations 
(green squares in Fig. 6(a)–(b)).

The inspection of both panels in Fig. 6 highlights that the extracted 
parameters (green and blue squares) are not reliable for the evaluation 

Fig. 5. QTF (a) resonance frequencies and (b) quality factors retrieved from C1 BF-QEPAS signals analysis, as a function of methane concentration. Green squares 
represent values retrieved through damped sine wave fitting of experimental data, while orange lines indicate reference value calculated from QTF optical char
acterization with the shaded yellow regions indicating the corresponding measurement tolerance band.

L. Melchiorre et al.                                                                                                                                                                                                                             Optics and Laser Technology 197 (2026) 114847 

6 



of the QTF resonance properties. Indeed, the high variability of the fitted 
data in the fBF graph (> 1 Hz in Fig. 6(a)) and in the QBF graph (> 15,000 
in Fig. 6(b)) confirms that the C2 BF-QEPAS signal is not suitable to 
provide the QTF resonance frequency and the quality factor due to the 
lower SNRs of the signals and the complex absorption structure of 
ethane in the selected tuning range.

Therefore, the comparison between the results in Figs. 5 and Fig. 6
suggests that only the analysis of C1 BF-QEPAS signal can effectively 
provide both fr and Q. Since in most applications both hydrocarbons will 
be present in the mixture [10,17], the methane signal could be analyzed 
for the assessment of both the resonance frequency and the quality 
factor, validating the measurement, while the BF signals of C1 and C2 
should provide the corresponding gas concentrations. However, the 
application of multiple sine-damped fit models within BF-QEPAS signal 
analysis could allow effective treatment of multi-peak analytes such as 
the case of ethane.

4. Conclusions

In summary, this work compared conventional QEPAS and BF- 
QEPAS for methane and ethane detection in the near-IR spectral 
range, addressing the critical need for rapid and multi-species gas 
sensing in real-world applications. While both techniques demonstrated 
reliable detection over a broad concentration range, BF-QEPAS provided 
a decisive advantage in acquisition speed, enabling sequential detection 
up to 50 times faster than QEPAS, with only a moderate trade-off in 
detection limits.

Our results further confirm that BF-QEPAS can effectively detect 
gases with distinct absorption characteristics. When applied to sharp 
spectral features, the reported technique allows the simultaneous mea
surement of methane concentration and QTF fr and Q from C1 signals. 
Since ethane is characterized by a broadband absorption profile, we 
demonstrated that BF-QEPAS enabled C2 concentration measurements, 
though with reduced reliability in retrieving QTF resonance properties. 
Although this approach is inherently suitable for point-sensing tech
nique, this architecture directly addresses the requirements of industrial 
leak quantification and safety monitoring, where compact, alignment- 
free and fast sensors are preferred over wide-area optical systems.

Future developments will aim to refine signal processing algorithms 
to improve parameter retrieval from complex molecular fingerprints, 
implement adaptive modulation strategies to tailor detection to indi
vidual gas species, and extend the methodology to additional hydro
carbons. These advancements will broaden the applicability of BF- 

QEPAS toward comprehensive, real-time natural gas analysis in both 
environmental and industrial contexts.
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2f: Second harmonic.
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BF: Beat-frequency.
C: Carbon.
C1: Methane.
C2: Ethane.
C2H6: Ethane.
CH4: Methane.
DFB: Distributed-feedback.
fr: Resonance frequency.
H: Hydrogen.
IR: Infrared.
MDL: Minimum detection limit.
N2: Nitrogen
pp: Peak-to-peak.
ppm: Parts-per-million.
Q: Quality factor.
QEPAS: Quartz-enhanced photoacoustic spectroscopy.
QTF: Quartz tuning fork.
R2: Coefficient of determination.
SCCM: Standard cubic centimeters per minute.
SNR: Signal-to-noise ratio.
WMS: Wavelength modulation spectroscopy.
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