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Abstract: Gas detection based on photoacoustic spectroscopy (PAS) has attracted extensive attention
due to its high sensitivity and large range of linearity. Herein, to achieve the simultaneous detection
of the light carbon gases (CHy, C;Hy, and CyHg), a gas detection system was constructed using a
single mid-infrared tunable diode laser (central wavelength 3345 nm) source based on differential
Helmholtz resonance spectroscopy (DHRS). The detection parameters (driving current, modulation
depth, phase angle, etc.) were optimized under ambient pressure using the 1f demodulation method.
With an integration time of 2 s, the detection limit reached 98.8 ppb, 252 ppb, and 33 ppb for methane,
ethylene, and ethane, respectively. The validation test of the three-component mixture shows that
the cross-interference can be effectively reduced by multiwavelength linear regression, and single
wavelength linear regression causes large errors in the quantification of methane and ethylene.

Keywords: photoacoustic spectroscopy (PAS); multicomponent detection; interband cascade laser
(ICL); Helmholtz resonance

1. Introduction

Photoacoustic spectroscopy (PAS) is being actively developed in recent years, espe-
cially in trace gas detection [1]. As an indirect detection method based on absorption
spectrum, PAS has the advantages of high detection sensitivity, good selectivity, fast detec-
tion speed, long service life [2], etc. It has been widely used in atmospheric research [3],
medicine [4], the food industry [5], pollutant monitoring [6], and the power industry [7,8].
In many scenarios, single gas detection cannot meet the needs of practical applications,
and the simultaneous monitoring of multiple components is indispensable. The selection
of light source is the most important element in multicomponent detection based on PAS.
Commonly used light sources include low-cost mid-infrared lamps equipped with ultranar-
row band filters [9-11] and single-wavelength laser arrays [12-15]. These two devices need
mechanical or optical accessories to accomplish wavelength switching. A more convenient
alternative is to use a continuously tunable laser that covers the absorption wavelength of
multiple gases [16]. For example, ethylene, acetone, and ammonia were detected in patient
breath using CO, gas lasers [17]. Popa et al. used a CO; laser PAS system to measure
five components, i.e., carbon dioxide, ammonia, ethanol, methanol, and ethylene [18]. In
1994, Faist et al. invented the quantum cascade laser (QCL) [19]. Due to its wide tunable
wavelength range, QCL brought new possibilities for the development of PAS. Ma et al.
used DFB-QCL with a center wavelength of 4610 nm as the laser source to detect CO and
NO in the tuning range of the absorption line with high sensitivity [20]. However, QCL
has problems, such as the need for a large threshold current, in operation. To solve these
problems, Yang [21] first reported the concept of a type II interband cascade laser (ICL).
Unlike conventional semiconductor lasers, the active region of an ICL is connected in series,
and this structure allows each injected electron to be reused at forward bias to emit multiple
photons so that multiple gases can be detected simultaneously by a single laser when the
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wavelength modulation method is employed. The simultaneous measurement of methane,
ethane, and propane was accomplished using a quartz-enhanced PAS (QEPAS) sensor
equipped with a single ICL with a central wavelength of 3345 nm [22].

In addition to the laser source, the photoacoustic cell and pressure sensor are also
important factors affecting the detection performance of PAS. Longitudinal resonance
and Helmholtz resonance photoacoustic cells are usually equipped with condenser micro-
phones. Quartz tuning forks and cantilever beams are two highly sensitive pressure sensors
that are used in conjunction with a specific structure of the cell. Because the quartz tuning
fork enhanced photoacoustic spectrum has a higher quality factor Q and a higher resonance
frequency, it can effectively reduce low-frequency noise [23] and work at a lower pressure,
which is beneficial to reducing collision broadening. However, due to the tiny arm space of
the tuning fork, beam collimation is very difficult [24]. Although the cantilever sensor has
higher sensitivity than the traditional capacitive microphone [25], the temperature- and
vibration-sensitive features of the interferometer become important issues [26]. Helmholtz
resonance photoacoustic spectroscopy has high practical application value due to its rela-
tive simplicity and low cost [27,28]. The Helmholtz resonator is acoustically similar to a
mechanical oscillator composed of two mass blocks and springs. The capillary tube con-
nects two identical channels of the photoacoustic cell. The gas in the capillary tube moves
like a piston at the resonance frequency, compressing the gas in one channel and releasing
it in the other channel. Although only one unit of the photoacoustic cell is irradiated by the
laser, at Helmholtz resonance frequency, both units in the DHR generate acoustic signals of
the same size and opposite phase. It reduces non-resonant noise and has low requirements
for light beam manipulation [29]. In particular, the two arms of the resonance tube can be
used as measuring channels and/or reference channels and share a locking amplification
module, which is particularly beneficial to multicomponent detection.

The simultaneous detection of trace ethylene and low carbon alkanes has many im-
portant applications. Examples include exhaled gas [30], agriculture, and dissolved gas
analysis (DGA) in transformer oil [10]. In this paper, we used a differential Helmholtz
resonance (DHR) [27,31-35] photoacoustic cell configured with condenser microphones
and an ICL source to detect traces of CHy, C;Hy, and C,Hg under ambient pressure. These
three components could be well quantified simultaneously by using a multiwavelength
fitting algorithm to eliminate cross-interference.

2. Selection of Spectral Range

According to the standard absorption spectrum in the HITRAN database [36], methane,
ethylene, and ethane have absorption signals in 3344-3350 nm, and this wavelength range
can be covered by a single ICL laser. Therefore, this wavelength range can be selected
for the simultaneous detection of the three gases. Methane has sharp absorption peaks
between 3345.56 nm and 3345.83 nm, which are one order of magnitude stronger than
those of ethylene and ethane. Ethane has absorption in the whole range of this band, with
two absorption peaks at 3344.40 nm and 3348.19 nm. The absorption of ethylene is also
dispersed over the whole band, and the maximum absorption at 3346.35 nm has obvious
cross-talk with ethane and methane. Thus, appropriate measures need to be taken for the
three-component mixture to minimize cross-interference.

3. Construction of the DHR Sensor

Considering the data in Figure 1, we chose the commercial Nanoplus ICL with a center
wavelength of 3345 nm. The dynamic range of the ICL current is 20-100 mA, and the
corresponding wavelength is 3344-3355 nm. The operating temperature is set at 20 °C with
a typical output power of ca. 17.2 mW. The laser is driven with a lab-made circuit using
the WTC3293 temperature control module (Wavelength Electronics, Bozeman, MT, USA).
The ICL is mounted on a standard TO66 package equipped with a collimating lens. The
outgoing spot is a beam 3 mm in diameter with Gaussian power distribution. The selected
microphone is the full directional capacitive microphone (Shenzhen Yingge Acoustics
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Technology Company, Shenzhen, China). The microphone has a sensitivity of —26 + 3 dB.
The DHR photoacoustic cell is made of 304 stainless steel (Figure 2). Both the main tubes
and capillaries are 50 mm in length, and the inner diameters of them are 5 mm and 2 mm,
respectively. The total volume of the photoacoustic cell is approximately 2.5 mL. Four
calcium fluoride disks with a thickness of 0.5 mm are used as optical windows sealed at
both ends of the two main tubes. Although only one main channel of the photoacoustic cell
is illuminated by the laser at the Helmholtz resonance frequency, both channels produce
acoustic signals of the same size in the opposite phase [27,28].
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Figure 1. The line strengths of methane, ethylene, and ethane in 3344-3350 nm simulated using the
HITRAN database.
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Figure 2. (a) Schematic and (b) photo of the DHR photoacoustic cell.

Figure 3 illustrates the procedure of gas detection. The sample gas with a certain
concentration was prepared by mixing the standard gas (balanced with nitrogen) and high-
purity nitrogen through two mass flowmeters. The photoacoustic cell was then purged with
an excess of the sample gas to ensure that the photoacoustic cell was completely filled with
the sample gas to be measured, and the pressure in the photoacoustic cell was controlled
to ambient pressure. The ICL was wavelength-modulated by combing a triangle wave of
0.25 Hz and a sine wave at the cell resonance frequency. The amplitude of the triangle wave
was 40-100 mA, i.e., the absorption wavelengths of the three sample gases were all covered
with a complete scan. The signal acquisition was accomplished by the two microphones
on the two channels. The signals were differentially amplified by a preamplifier with
a gain of 100 and passed onto the lock-in amplifier (OE 1022, Sine Scientific Instrument,
Guangzhou, China). All the lock-in amplified data were obtained with an integration
time of 10 ms, and the output signal was collected by the VK701 data acquisition board
(Vkinging Electronics, Shenzhen, China).
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Figure 3. Schematic of the experimental workflow. (MFC: Mass flow controller; ICL: Interband
cascade laser; PA cell: Photoacoustic cell; DAQ card: Data acquisition card; PC: Personal computer).

4. Optimization of Measurement Parameters

It is necessary to optimize the test conditions, such as laser modulation frequency, laser
modulation depth, phase angle, and demodulation method, so that the best measurement
conditions for the three different gases can be met at the same time.

4.1. Frequency and Depth of Laser Modulation

We use the finite element software “COMSOL Multiphysics” to simulate the resonant
frequency and obtain the calculated result of about 800 Hz. The frequency scan experiment
shows that the resonance frequency is located at 710 Hz (Figure 4), and the quality factor is
calculated to be Q = 6.70. Because the quality factor Q of the photoacoustic cell used in this
paper is small, the frequency response curve is somewhat asymmetrical [37]. The distance
between the two microphones located at the center of the two main tubes is far less than
the wavelength of the acoustic wave at the resonance frequency (0.49 m). There is in-phase
acoustical noise in each cell as the gas passes through both tubes identically, but this noise
can be significantly suppressed by differentiating the signals of the measuring channel and
the reference channel (Figure S1 and Table S1).

The amplitude of the laser modulation wave, i.e., the modulation depth, will
directly affect the strength and the profile of the photoacoustic signal, and should be
optimized experimentally.

In this paper, the photoacoustic signal of 57 ppm methane at different modulation
depths is measured at the resonance frequency (710 Hz) of the photoacoustic cell, as shown
in Figure 5.
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Figure 4. Frequency response of the DHR photoacoustic cell (50 ppm methane under ambient pressure).
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Figure 5. (a) Injection current scanning profile; (b) Variation of the 1f signal with the modulation depth.

It can be seen from Figure 5b that when the modulation depth is low, the photoacoustic
signal increases with the increase of depth, reaches the maximum value when the amplitude
is 12 mA, and then begins to decline slowly. This is because the modulation depth will affect
the instantaneous power of the laser, and the greater the amplitude, the greater the output
power. However, when the modulation depth is too large, wavelength shift and spectral
line broadening will occur, as shown in Figure 5a. When the modulation depth is 10 mA,
there is not much difference (>99%) with the maximum modulation depth of the signal at
12 mA (Figure 5b). Therefore, the modulation depth is comprehensively selected as 10 mA.
Although the optimal modulation depth may depend on the gas molecules and pressure,
for simplicity, we choose this value for all gases to be analyzed. It was demonstrated that
ethane and ethylene can also show sufficient signal intensity at this modulation depth and
meet the experimental requirements.

4.2. Demodulation Method

To determine the detection current of each component, the absorption lines of the three
gases in the full dynamic range of the ICL are investigated (Figure 6). At an ICL temperature
of 20 °C, the injected current is modulated at the resonance frequency (710 Hz), and the
resulting DHR photoacoustic signal is demodulated at 1f (Figure 6a) and 2f (Figure 6b). The
background signal is collected with high purity nitrogen, and the final signal is obtained by
subtracting the background signal from the sample gas signal. The study shows that when
2f demodulation is used, the response signals of ethylene and methane are almost in re-
versed phase (blue and violet regions in Figure 6b), which will cancel each other and is very
unfavorable for detection. However, with the 1f demodulation mode, although the signals
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of CHy and CyHjy also cancel each other in the injection current range of 69.5-71.4 mA (blue
region in Figure 6a), a detection window arises for ethylene when the injection current is
at 73.35-79.83 mA (violet region in Figure 6a). Thus, the demodulation method with 1f is
adopted for signal acquisition. Since the first harmonic signal is affected by the residual
amplitude modulation (RAM), the RAM will produce a background signal with a superim-
posed absorption signal, which is different from the second harmonic (without background
signal), and the working curve will have a nonnegligible intercept [38].
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Figure 6. (a) 1f and (b) 2f signals of the three analytes in the full dynamic range of the ICL current
(50 to 100 mA).

4.3. Phase Angle

The lock-in amplifier is an important tool for detecting photoacoustic signals as it
can extract weak signals from noisy backgrounds and measure them accurately. A certain
phase difference exists between the detected signal and the original reference signal because
of (1) the relaxation of exited gas molecules, (2) the energy loss due to the friction of the
photoacoustic cell wall, and (3) the hysteresis of the electronic circuit. The phase difference
0 of the lock-in amplifier should therefore be adjusted to maximize the signal. Figure 7
plots the signal of 50 ppm methane recorded by scanning the laser injection current at
varying phase angles. With the given experimental conditions, the signal at a current value
of 62.35 mA is well fitted with a cosine function and reaches a maximum when the phase
angle is 12.1°. In addition, the phase angles of the other two gases (ethylene and ethane)
are very close to that of methane when the maximum signal is reached. Therefore, for
simplicity, the detection phase angle is set at 12.1° throughout the whole scanning process
for all three gases.
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Figure 7. (a) First harmonic signals of 50 ppm methane under atmospheric pressure obtained at
different phase angles; (b) cosine function fitting of the signal at an injected current of 62.57 mA.
5. Detection of Pure Methane, Ethylene, and Ethane

The photoacoustic sensor was calibrated under the optimized experimental conditions
described above. The results show that the line broadening is so pronounced at atmospheric
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pressure that the three absorption peaks/lines of methane are no longer distinguishable
(Figure 6). At a current of I = 64.81 mA, the laser emission wavelength corresponds to the
absorption of CHy at 3345.68 nm, and the laser currents of I; = 62.35 mA and I;’ = 67.81 mA
correspond to the two peaks of its first harmonic. Because the absorption of CHy at current
I has a large overlap with the absorption of C;Hy, and the signals cancel each other, the
signal at a current of I is selected for the extraction of methane concentration. According
to the data in the HITRAN database (Figure 1), C;Hy does not have a relatively sharp
peak with high line strength in this band, but exhibits a broad band, and its first harmonic
presents an asymmetric line type. CpyHg has two absorption peaks at 3344.40 nm and
3348.19 nm, and the former has a weaker absorption intensity. To obtain a longer laser
wavelength in ICL, a larger injected current is needed, and as a result, the laser power
output is higher and the obtained DHR photoacoustic signal is stronger. Hence, detecting
C,Hg near 3348.19 nm is a better choice [22]. To reduce cross-interference, the detection
current of CoHy is selected as I, = 73.88 mA, and the detection current of CoHg is selected
as I3 = 88.23 mA.

Methane sample gas with a concentration of 5-80 ppm was prepared by diluting a
certified gas of 507 ppm methane in N, with high-purity nitrogen. Figure 8a shows the
1f signal of methane at different concentrations. At the selected methane detection laser
current, I = 62.35 mA, the signal values under different concentrations are then taken to
generate the working curve. The data show that the signal of methane under this laser
current has a good linear relationship (Figure 8b), and a responsivity of 4.953 mV/ppm
can be derived from the linear fit. The Allan bias analysis shows (Figure 8c,d) that the
detection limit of methane is ca. 98.8 ppb for a 2 s integration time, which is comparable to
the QEPAS detection limit obtained under 200 Torr for a 1 s integration time [22].
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Figure 8. (a) First harmonic signals of methane (5 to 80 ppm) with the injected laser current in the
range of 53 to 100 mA; (b) Linear fit of methane absorption peak at I = 62.35 mA; (c¢) Continuous
measurement 51.0 ppm methane; (d) The Allan deviation analysis.
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For ethylene, the standard substance 401 ppm gas was used as the sample gas, and
high-purity nitrogen was used as the dilution gas. Figure 9 shows the ethylene concen-
tration gradient scan from 5 to 85 ppm. At the selected ethylene detection laser current,
I, =73.88 mA, the signal values of different concentrations are taken to draw the working
curve. The data in the figure show that the signal response values of ethylene under this
laser current have a good linear relationship, and the responsivity of the photoacoustic sig-
nal to the gas concentration is —1.778 mV/ppm. The Allan bias analysis shows (Figure 9c)
that the lowest detectable concentration for ethylene detection is 252 ppb for an integration
time of 2 s.
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Figure 9. (a) The 1f signals of ethylene (5 to 85 ppm) at ambient pressure with the laser current
in 53-100 mA; (b) Linearity of the 1f signal of ethylene obtained at I, = 73.88 mA; (c¢) Continuous
measurement 95.0 ppm ethylene; (d) The Allan deviation analysis.

For ethane, the standard 207 ppm gas was used as the sample gas, and high purity
nitrogen was used as the dilution gas. Figure 10 shows the ethane concentration gradient
scan from 2 to 90 ppm. At the selected ethane detection laser current, I3 = 88.23 mA, the
signal values of different concentrations are taken to draw the working curve. The data
in the figure show that the signal response values of ethane under this laser current have
a good linear relationship, and the responsivity of the photoacoustic signal to the gas
concentration is —13.78 mV /ppm. The Allan deviation analysis shows (Figure 10c) that the
lowest detectable concentration for ethane detection is 33 ppb for an integration time of 2 s.
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Figure 10. (a) First harmonic signals of ethane (2 to 90 ppm) with the laser current in the range of
53 to 100 mA; (b) Linear fit of ethane absorption peak at I3 = 88.23 mA; (c) Continuous measurement
of 18.7 ppm ethane; (d) The Allan deviation analysis.

In summary, the above results show that ethane has the highest responsivity and
ethylene has the lowest responsivity. Although the absorption intensity of methane is
stronger than ethane, the absorption cross section of methane is far lower than that of
ethane. On the other hand, the detection wavelength of ethane is longer than that of
methane, and the corresponding injection current at its absorption wavelength is higher.
That is, ethane is detected at higher laser power and with higher responsivity [22]. For
ethylene, its absorption strength is the lowest, and the absorption peak shape is not sharp
(1f derivative signal will be low), so the responsivity is the lowest.

6. Multi-Gas Analysis

In the multicomponent system, if the response signal of each component at wave-
length A (corresponding to the laser injection current I) is linear with its concentration, the
photoacoustic signal Y(I) of the mixture can be expressed as the linear superposition of the
signal at this wavelength related to each gas:

S(I) = ) AlI)Ci + B(I) = Acn, (I)Ceny+Acyn, (I)Ceyn, + Acyny (1)Coym, + B(I) (1)
i=1

where 5(I) is the DHR signal obtained at the laser injected current I (in mV), A;(I) is the

responsivity at current I for gas i (in mV/ppm), C; is the concentration of gas i (in ppm),

and B(!) is the background signal (in mV). We prepared seven different gas mixtures; the

mixed gas sample is prepared in two ways. One is to dilute a bottle of high-concentration

mixture with nitrogen. The high-concentration mixture contains three gases, and their
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concentrations are close to each other. The first four mixtures were prepared by this method.
The other way is to dilute three separate bottles of high-concentration single standard gas
with nitrogen so that the concentration of each gas obtained can be changed at will. Three
samples were prepared this way and the concentration difference between components
is set to 3-5 times. The gas-dispensing, inflation, and measurement operations of each
sample were repeated three times, and the test results are taken as the average value. The
concentration of each component of the mixture is calculated by linear regression using
both the single wavelength data and the multiwavelength data. Table 1 lists the responsivity
and signal-concentration linearity (R?) at the corresponding absorption peak of the three
gases. Table 2 gives the nominal concentration of each component and the concentrations
retrieved by the two regression procedures.

Table 1. Sensitivities (mV /ppm) and linearity (R?) of single wavelength linear regression at the peak
wavelengths (injection currents) for methane, ethylene, and ethane.

I (62.35 mA) I, (73.88 mA) I5 (88.33 mA)

Slope R? Slope R? Slope R?
CH,y 4953 0.999 —0.130 0.972 —0.00622 0.822
CyHy 0.232 0.999 —1.778 0.999 —0.125 0.953
CyHg —0.038 0.964 —0.355 0.999 13.780 0.999

Table 2. Nominal and calculated concentrations of the gas mixtures (SWLR: single wavelength linear
regression, MWLR: multiple wavelength linear regression, Error = (Ccaiculated — CNorminal)/ CNorminal
*100%).

Calculated CH,4 Calculated C,H, Calculated C;Hg
Mi Nominal CH; Nominal C;H; Nominal C,Hg Con[cen:;e]ltlon Con[cen:;e]ltlon Con[cen:;e]ltlon
K(Jt)ure Concentration Concentration Concentration PP PP PP
: [ppml] [ppml] [ppml] SWLR MWLR SWLR MWLR SWLR MWLR
Error Error Error Error Error Error
5.25 6.27 5.32 6.09 6.99 6.62
! 611 6.37 6.37 ~141%  26%  —165% —44%  97%  3.9%
11.01 12.75 10.11 11.7 12.74 13.17
2 Lo Lo Lo ~153%  —19%  —222%  —100%  -2.0%  1.3%
27.66 29.79 32.37 32.75 29.64 28.98
3 29.9 30.0 30.1 ~75%  —0.4% 7.9% 9.2% ~15%  —37%
52.02 52.33 52.28 57.55 56.36 56.21
4 53.3 53.5 53.7 4%  —18%  -23%  7.6% 5.0% 47%
47.60 49.35 45.08 47.44 10.52 10.84
5 49 47.6 114 —29%  07%  —53%  —03%  —77%  —49%
10.65 10.85 41.97 47.76 35.66 35.11
6 11.9 47.5 34.3 ~105%  —88%  —11.6%  0.5% 4.0% 2.4%
43.69 40.66 9.37 14.87 35.13 35.67
7 4.9 157 343 27%  —94% = —403% = —5.3% 0.7% 2.2%

Ethane has a good absorption peak shape and the highest responsivity in this band.
Furthermore, the signal at I3 = 88.33 mA is basically not interfered with by the methane
and ethylene signals (<1% interference). Therefore, even if the concentration of ethane is
directly calculated from the working curve in Figure 9b, there will be no obvious error, and
the relative error of all seven samples is less than +£10%. As mentioned above, in the case
of a single component gas of methane, ethylene, or ethane, the absorption at right the peak
and at wavelengths near the absorption peak show good linearity. However, when the
absorption strength is small, the linear relationship far from the absorption peak worsens
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(Table 1). When using single wavelength data for the linear solution, the calculated results
of methane and ethylene have large errors in some cases because the cross-interference
of ethane to ethylene reaches 20% (—0.3626/—1.778), and the interference of methane to
ethylene is approximately 7.3%.

To reduce the impact of cross-interference on the detection accuracy, we carried out
broadband multiwavelength linear regression through which the accidental error can
be significantly reduced. Specifically, 20% of the scan data are evenly extracted in the
whole dynamic range of the laser current (55-90 mA), and then the selected data with
high concentration-signal linearity (R?> > 0.99) are further chosen for multiwavelength
fitting to obtain the gas concentrations through linear regression (Figure S2 and Table 2).
The broadband scanning spectra of all mixed gases samples and the spectra fitted by
linear regression verify that the multiwavelength correction method notably improves
the detection accuracy. Taking the mixture 3 in Table 2 as an example, the contribution
curves of each of the three different gases to the fitted spectra are shown in Figure 11a.
The superimposed spectra are in good agreement with the measured spectrum of the
mixture (residuals plot shown in Figure 11b). The detection error of ethylene and methane
is reduced to less than £10%, and the detection error of ethane is less than +5%, which
can meet practical application requirements (e.g., for DGA). In our subsequent research,
we aim to further optimize the fitting process by introducing weight factors to different
wavelengths or using machine learning methods to improve the detection performance.
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Figure 11. (a) Multi-wavelength fitting profiles of the mixture 3 in Table 2; (b) The fitting residual plot.

7. Conclusions

The simultaneous detection of methane, ethylene, and ethane is of great significance in
the power industry, the petroleum industry, agriculture, and other fields. The photoacoustic
sensor in this paper is constructed from a Helmholtz resonance cell equipped with a single
ICL light source, and can simultaneously detect methane, ethylene, and ethane at normal
pressure. With an integration time of 2 s, the detection limits of the sensor for methane,
ethylene, and ethane can reach 98.8 ppb, 252 ppb, and 33 ppb, respectively. Due to the large-
range cancellation of ethylene and methane 2f demodulation signals, the 1f demodulation
with a certain detection window is applied. By fitting the multiwavelength data with the
least squares method, the mutual interference in the three-component mixture is effectively
reduced, and the concentrations of the three components are successfully and accurately
derived. This Helmholtz resonance photoacoustic system has good stability and can
effectively adapt to complex application environments. In the future, thanks to the special
structure of the Helmholtz resonator, another laser can be directly added to another channel
to further increase the number of types of gases that can be simultaneously detected without
using auxiliary tools such as a beam combiner.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13053169/s1, Figure S1: PA cell left and right microphone signals
and differential signals; Table S1: Average and standard deviation of the left and right microphone
signals and differential signals; Figure S2: Broadband 1f spectra of the seven gas mixtures listed in
Table 2 and their multi-wavelength fittings.
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