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Abstract Multi-gas detection plays an important role in the fields of industrial safety and environmental protection. Currently, achiev-
ing simultaneous and high-precision detection of multiple gases faces many challenges. To solve this problem, a T-type differential
Helmholtz photoacoustic (PA) cell integrated with an 8-microphone array was developed. The specially designed T-type differential
Helmholtz structure enables signal enhancement and noise suppression. Furthermore, through the signal superposition and differential
effects among the eight-microphone symmetrical array, the signal-to-noise ratio (SNR) is improved by ~3.64 times compared with the
single-microphone configuration, achieving high-sensitivity gas detection at the ppb level. The developed sensor was used to simultane-
ously measure two typical gases (CH4 and CoHs). Experimental results show that the sensor has excellent linearity, high stability, and
remarkable sensitivity, achieving a limit of detection (LoD) of 402 ppb for CH4 with a normalized noise equivalent absorption (NNEA)
coefficient of 4.18x107° cm71~VV-HZ71/27 and a LoD of 254 ppb for CoHs with a NNEA coefficient of 1.52x10° cm~ 1 W-Hz /2,
Therefore, this novel and compact gas measurement device is expected to play an important role in fields such as industrial safety
monitoring and environmental pollution control.
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1 Introduction

Methane (CHy) and acetylene (C3Hs) are two common hydrocarbon gases with significant industrial applications
but notable safety hazards and environmental risks. As the primary component of natural gas, CHy is widely used
in energy production and chemical processing, yet its high flammability may cause explosions [1-4]. CoHy is com-
monly used in metal welding and cutting, posing a threat to human health due to its instability and toxicity [5-8].
While minor fractions of both gases originate from natural processes (e.g., microbial activity in wetlands and plant
metabolism), the majority of emissions stem from anthropogenic activities, including fossil fuel extraction, indus-
trial leaks, and chemical production. In addition to the risks of fire and explosion, CHy4, as a potent greenhouse
gas, also exacerbates the greenhouse effect, and CoHy may cause acute poisoning through narcotic and asphyx-
iating effects [9-12]. Therefore, developing highly sensitive and selective gas sensors for simultaneous CH4 and
CoHs detection is critical for industrial safety monitoring, environmental pollution control, and occupational health
protection. Compared with the traditional electrochemical, catalytic combustion, and semiconductor gas detection
technologies, infrared absorption spectroscopy gas detection technologies exhibit better selectivity, sensitivity and
long-term stability [13-15]. Common infrared absorption spectroscopy gas detection technologies include direct
absorption spectroscopy (DAS), tunable diode laser absorption spectroscopy (TDLAS) [16-18], off-axis integrated
cavity output spectroscopy (OA-ICOS), and photoacoustic spectroscopy (PAS) [19-21]. It is always challenging to
develop cost-effective methods for detecting multi-gases integrally in specific application environments. To over-
come this arduous technical issue, quantum cascade laser based dual-spectroscopy technique [22], self-calibrated
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2f/1f wavelength modulation spectroscopy [23], quartz tuning fork (QTF) enhanced laser spectroscopy and multi-
resonance photoacoustic spectroscopy [24,25], have been successfully demonstrated for three or more gases detection
simultaneously. Among these technologies, PAS demonstrates distinct advantages due to its unique detection mech-
anism. By employing acoustic sensing, PAS avoids the optical path interference in traditional optical methods. It
has a simple and robust structure that can achieve sensitivity at the parts per billion (ppb) level, making it ideal for
long-term industrial monitoring [26-28]. The core principle of PAS gas detection technology is the photoacoustic
(PA) effect. When gas molecules absorb modulated laser light, periodic pressure waves are generated in the PA
cell, which are collected by high-sensitivity acoustic detectors. The innovative approach, which converts molecular
absorption into acoustic detection, preserves spectroscopic specificity while addressing the vulnerability of optical
components in harsh environments, establishing PAS as an emerging solution for trace gas detection.

The PA cell, serving as the core region for the interaction between excitation light and target gases, critically
determines the PA signal generation efficiency through its structural design. Current mainstream resonant PA cell
configurations encompass three canonical types: H-type, T-type, and Helmholtz-type [29-32]. Advancements have
spurred the development of novel PA cells with enhanced signal acquisition capabilities. Wu et al. [33] proposed a
novel fiber-optic PA sensor based on a 3D-printed non-destructive H-type resonator, which overcomes the necessity
to compromise resonator integrity during signal measurement inherent in traditional H-type designs and achieves
a CHy detection limit of 894 ppb. However, H-type PA cells are characterized by large volumes and susceptibility
to environmental noise interference. In contrast, T-type PA cells offer more compact structures while exhibiting
higher detection sensitivity at equivalent volumes. Feng et al. [34] developed a high-sensitivity and miniaturized
T-type PA gas sensor, which effectively reduced flow noise and amplified the PA signals by optimizing the geometric
refinement of the transition section between the buffer cavity and the resonator cavity, achieving a CoHs detection
limit of 278 ppb. Nevertheless, the single-buffer-cavity design of T-type PA cells struggles to fully isolate low-
frequency vibrational disturbances, remaining vulnerable to environmental noise and consequently degrading the
signal-to-noise ratio (SNR). Differentially configured Helmholtz PA cells can counteract environmental vibrations,
flow perturbations, and other noise sources, thereby enhancing SNR. Ma et al. [35] fabricated a Helmholtz PA cell
with a volume only 1/16 that of traditional H-type PA cells, and experimental results showed that the detection
limit of hydrogen sulfide (H2S) was 460 ppb. Wang et al. [36] designed a Helmholtz PA cell with a volume of
0.5 mL, which adopted a dual-connecting-pipe structure to suppress gas flow noise and achieve a CoHy detection
limit of 300 ppb. However, the Helmholtz PA cells suffer from non-uniform sound pressure distribution at resonant
frequencies, resulting in a weakened PA signal and insufficient noise suppression capabilities. Therefore, structural
optimization is crucial for concentrating sound pressure at specific focal points to improve the SNR of the sensor
system.

In order to solve the problems existing in PA cells, this study integrates design concepts from both T-type and
Helmholtz-type PA cells. A novel method is proposed to enhance the sensitivity of the sensor system by designing
a T-type differential Helmholtz microphone array (TDHMA) PA cell integrated with eight microphones. The
structure of the designed PA cell modifies a traditional Helmholtz PA cell by incorporating eight resonator cavities,
and the cavities form eight distinct T-type elements integral to the cell. A micro-electro-mechanical system (MEMS)
microphone is mounted at the end of each resonant cavity to detect the localized PA signal, which is processed by
dedicated summing circuits. These circuits have the characteristics of small size, low power consumption, and high
response speed, meeting the standards and portability requirements of real-time monitoring. The output signals of
the four in-phase microphones were added, the output signals of the other four anti-phase microphones were added,
and then the two anti-phase total output signals were differentiated. Compared with the traditional Helmholtz PA
cells, the designed TDHMA PA cell can effectively concentrate the sound pressure at the ends of the eight resonator
cavities, which can significantly enhance PA signals and suppress noise. The noise refers to the airflow noise that
occurs simultaneously in the two buffer cavities due to uneven airflow or pressure fluctuations, and the common-
mode environmental noise caused by the same interference to the two buffer cavities due to external environmental
factors.

2 Design and optimization of PA cell
2.1 PA cell structure
Figure 1(a) depicts the structural schematic of the developed TDHMA PA cell. Eight resonant cavities were

integrated onto the walls of two buffer cavities, and an MEMS microphone was mounted at the end of each resonator
cavity to detect the PA signal. The special design shifts the position of the maximum sound pressure in the PA
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Figure 1 (Color online) (a) The structure diagram, (b) the front view and (c) the left view of the TDHMA PA cell.

cell to the ends of the resonator cavities, which is beneficial to the collection of sound pressure and significantly
improves the amplitude of the sound pressure. Two optical windows were installed on the left- and right-side walls
of the buffer cavity to facilitate the entry of the laser beam. In addition, a gas inlet was incorporated into the rear
wall of buffer cavity 1 and a gas outlet was incorporated into the front wall of buffer cavity 2, ensuring efficient gas
flow throughout the entire PA cell. Figures 1(b) and (c¢) display photographs of the TDHMA PA cell, which are the
front view and the left side view, respectively. Compared to the traditional Helmholtz PA cell, the TDHMA PA
cell can achieve a substantial improvement in the SNR of the sensor system without a significant increase in overall
volume.

2.2 Detection theory

The PAS is a highly sensitive detection technology based on the PA effect, and its excellent detection sensitivity
enables trace gas analysis to reach the level of ppb. The technology employs a modulated light source to illuminate
the gas sample, and then the gas molecules absorb the light energy, resulting in periodic thermal expansion, which
in turn generates sound waves [37-39]. The amplitude of the PA signal depends on parameters such as optical
power, the sensitivity of the microphone and the cell constant of the PA cell [40,41], which can be expressed by (1),
namely

S = SoPegCeence, (1)

where S is the sensitivity of the microphone, P.g is the optical power, ¢ is the gas concentration, « is the
gas absorption coefficient, and Cqq is the cell constant of the PA cell, which quantifies the efficiency of the
PA cell structure’s response to acoustic pressure signals. The cell volume directly influences the acoustic energy
accumulation and attenuation characteristics. The resonant frequency, determined by the cavity dimensions, is
matched to the laser pulse frequency to optimize signal output and increase Cce;. The acoustic impedance of the
cell wall material also affects acoustic wave transmission loss, thereby varying the Ccep value.

The schematic of the TDHMA PA cell and its supporting signal processing circuit are shown in Figure 2(a). The
sound signals at microphones 14 are defined as z1, 2, 3, and x4, all of which have the same phase. The signals at
microphones 5-8 are defined as x5, ¢, 7, and xg, which are 180° out of phase with microphones 1-4. Figures 2(b)
and (c) respectively show the schematic diagram and the physical diagram of the addition circuit. The method of
taking differences first and then summing will use more addition circuits, which inevitably introduces more noise.
Therefore, we adopt the method of summing first and then taking differences. The addition circuit is used to sum
the signals from microphones 1-4 and microphones 5-8, respectively, and the output signals Zoutput1 and Zoutput2
can be expressed by (2) and (3), namely

11
Toutputl = E(xl +x9 + 23 + 24), (2)
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Figure 2 (Color online) (a) The schematic of the TDHMA PA cell and its supporting signal processing circuit. (b) The schematic diagram
and (c) the physical diagram of the addition circuit. Mic: microphone.

11
Toutput2 = g(fﬂs + x6 + 7 + 23). (3)

The signals Zoutput1 and Zoutputz are then routed to input channels A and B of the lock-in amplifier, respectively.
The obtained differential signal Zoutpus can be described by (4), namely

1
Toutput = Loutputl — Loutput2 — ?[(xl + X9 + 23 + 1134) — (175 + s + 27 + 1138)] (4)
Given the axisymmetric structure of the TDHMA PA cell, the sound signals captured by microphones 1-4 are
identical, and those captured by microphones 5-8 are also identical. Therefore, Egs. (2) and (3) can be simplified
to (5) and (6), respectively, namely

11

Loutputl = gnxh (5)
11

Loutput2 = gnx& (6)

where n represents the number of microphones within a single buffer cavity, which is set to 4. To compute the
SNR of the sensor, the noise characteristics of the microphone array must be analyzed. When the signals from
two in-phase microphones are added together, the total signal amplitude simply adds because the in-phase signals
are correlated, meaning the PA signal increases by a factor of 2. Noise is a random signal that typically satisfies
statistical independence. The total noise power is the sum of the two power values, and the effective value of noise
is the square root of the power, so the noise increases by a factor of v/2 [42]. Expanding the number of microphones
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to n, the amplitude of the coherent signal becomes n times that of a single microphone, and the output white noise
Noutput can be calculated according to (7), namely

11
Noutput = E\/ﬁNa (7)

where N denotes the noise level of a single microphone. The signal-to-noise ratio of a single microphone output
signal is defined as SNR;, which can be represented by (8). Similarly, the signal-to-noise ratio of microphones 1-4
output signals is defined as SNRouput1, which can be represented by (9).

xZ
SNR; = Nl (8)
Loutputl T1
SNRou utl — 7 — T 9
tputl Noutputl \/EN ( )

where Nouiput1 represents the noise level of microphones 14 output signal zougput1. As derived from (9), compared
to a single microphone, there is a 2-fold improvement in the output signal-to-noise ratio when a 4-microphone array
is used. When considering the differential output of the PA cell with an 8-microphone array, the SNRoutput is
expressed by (10), namely

xoutput

SNROutput Noutputl - NoutputZ , (10)
where N gutput2 Tepresents the noise level of microphones 5-8 output signal Zoutput2. In the differential output mode
of the PA cell, the PA signals are anti-phase while the noise components are in-phase. Therefore, the values of
Noutput1 and Noysput2 are theoretically equal, and SNRoytpus is infinite. In practical applications, due to the noise
introduced by the addition circuit and the inherent background noise of the microphone are different, Noutput1 and
Noutput2 are not equal but the difference in values is not large. Therefore, in the differential output mode, the SNR
of the output signal is significantly improved, thereby substantially improving the detection sensitivity of the sensor
system.

2.3 Simulation analysis and parameter optimization

The traditional Helmholtz PA cell consists of an upper and a lower cylindrical cavity connected by a connecting
pipe [43]. At the resonant frequency, the position of the maximum sound signal is located on the side walls of
the upper and lower cylindrical cavities, which is the optimal location for installing the microphone. However, the
minimal sound pressure variation across different positions within traditional Helmholtz PA cell results in relatively
weak pressure signals detected by microphones. To address this limitation, four resonant cavities were added to
each cylindrical cavity in this study, forming a T-type structure that concentrates sound pressure at the end of the
resonance cavities. Figures 3(a) and (b) show the PA field distribution cloud maps of the traditional Helmholtz PA
cell and the TDHMA PA cell simulated using COMSOL software, respectively. The PA cell structure was modeled
using the ultra-fine free tetrahedral mesh, and its frequency domain characteristics were simulated by the pressure
acoustics module. The boundary conditions were set as hard sound field walls, and a line source simulated the
incident laser beam governed by (11), namely

1 w3
V' —p—Vp — WPZIQS (7"1—7"2), (11)
C C

where p. is the fluid density; p is the complex sound pressure; wy is the angular frequency; v is the speed of sound;
Iq is the source intensity of the line source, which is set to 1 m? - s™'; §(ry —r2) is the Dirac delta function,
where 71 represents the observation position and 75 denotes the source position. The TDHMA PA cell consists of
eight resonant cavities, two buffer cavities, and one connecting pipe. The connecting pipe connects the two buffer
cavities, and four resonant cavities are mounted on the side walls of each buffer cavity, thus forming a combined
T-type differential Helmholtz structure. Simulation results show that this configuration transfers the maximum
sound pressure to the distal ends of the resonant cavities, namely the positions marked as B1 and B2 in Figure
3(b).

Optimizing the parameters of the TDHMA PA cell can enhance the amplitude of the PA signal. The dimensions
of the buffer cavities and resonant cavities exert a prevailing influence on the sound pressure in the PA cell, while
the influence of the connecting pipe on the sound pressure can be ignored. In order to miniaturize the PA cell, the
length and radius of the connecting pipe were set to 10 and 7 mm, respectively. Figure 3(c) shows the structural
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Figure 3 (Color online) PA field distribution cloud maps of (a) the traditional Helmholtz PA cell and (b) the TDHMA PA cell. (c¢) Structural
schematic diagram of the TDHMA PA cell. (d) The simulated sound pressure distribution of buffer cavity with different length L, and radius
R,. (e) The simulated sound pressure distribution of resonant cavity with different length Ly and radius Rx. (f) The simulated frequency
response curves of Al and Bl in the range of 2200-2400 Hz. (g) The simulated frequency response curves of Bl and B2 of the TDHMA PA cell
in the range of 2200-2400 Hz.

schematic diagram of the TDHMA PA cell, where R, and L, respectively represent the radius and length of the
buffer cavities, and Ry and Ly respectively represent the radius and length of the resonant cavities. First, the radius
R, and the length L, of the buffer cavities are optimized based on COMSOL software, with the simulation results
shown in Figure 3(d). As R, increases, the sound pressure P first rises and then declines. When R, is 18 mm, P is
maximum. In addition, P increases as L, decreases. In the TDHMA PA cell, the quality factor @) is proportional
to the volume of the two buffer cavities, and the volume of the buffer cavities must be significantly larger than
the volume of the connecting pipe. Therefore, L, cannot be too small and can be set to 10 mm. Then, the radius
Ry and length Ly of the resonant cavities are optimized, and the simulation results are shown in Figure 3(e). P
increases as Ry decreases, but due to physical size limitations, too small Ry prevents the microphone from receiving
PA signals. If Ry is less than 1 mm, the opening at the end of the resonant cavity cannot completely cover the
sensitive area of the microphone, which may result in incomplete sound pressure collection and a decrease in P. P
increases as Ly increases, but too large Ly is not conducive to the miniaturization of the sensor. Taking all factors
into consideration, Ly and Ry are set to 10 and 1 mm, respectively.

Frequency-domain simulations were conducted for both the traditional Helmholtz PA cell and the TDHMA PA
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Figure 4 (Color online) Schematic diagram of the sensor system.

cell. Position Al in Figure 3(a) indicates the location of maximum sound pressure at the resonant frequency for
the traditional Helmholtz PA cell. Positions B1 and B2 in Figure 3(b) indicate the locations of maximum sound
pressure at the resonant frequency for the TDHMA PA cell. The frequency response curves at Al and B1 within
the 2200-2400 Hz range are shown in Figure 3(f). The resonant frequencies of the traditional Helmholtz PA cell and
the TDHMA PA cell are 2317 and 2296 Hz, respectively. Simulation results show that the signal of the TDHMA
PA cell is enhanced by a factor of ~7 compared with that of the traditional Helmholtz PA cell. The frequency
response curves at B1 and B2 are shown in Figure 3(g), and it can be seen that the sound pressure at Bl and B2
has the same amplitude and opposite phase.

3 Sensing system and setup

Figure 4 depicts the schematic diagram of the sensor system. A laser driver (Thorlabs, model CLD1015, USA) with
integrated current drive and temperature control supplied the driving current and stabilized the laser temperature at
25°. Two distributed feedback (DFB) lasers with central wavelengths of 1653.73 and 1532.68 nm were respectively
used for CHy and CyHy detection [44, 45]. A signal generator (GW Instek, model MFG-2260M, China) was used
to provide the modulation signal and the reference signal. The modulation signal drove the DFB laser via the
current driver, and the generated laser beam entered the buffer cavity 1 of the TDHMA PA cell perpendicularly
through a window. The reference signal was directly sent to a lock-in amplifier (Stanford Research Systems, model
SR860m, USA). Eight MEMS microphones (TDK, model ICS-40730, Japan) were installed at the ends of the eight
resonant cavities to detect the PA signals generated by the periodic expansion and contraction of gas molecules after
absorbing laser energy. The received PA signals were fed into the lock-in amplifier, where the 2f signals related to
gas concentrations were extracted. The 2f signals were then transmitted to a personal computer (PC, DELL, model
Dell G3, USA). Real-time dynamic monitoring of gas concentrations was performed using the monitoring platform
based on LabVIEW software. A gas mixing system (Sevenstar, model CS300, China) prepared target gases CHy
and CyHs at various concentrations by blending 5000 ppm CH4 and 5000 ppm CoHs with pure nitrogen (N3) in
specific ratios. The gas inlet and gas outlet of the PA cell were respectively positioned on the rear wall of buffer
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Figure 5 (Color online) (a) The frequency response curve of the TDHMA PA cell in the range of 2000-2500 Hz. (b) The 2f signal amplitudes
measured under different modulation amplitudes for 5000 ppm CHy (red line) and 5000 ppm C>Hs (blue line).

cavity 1 and the front wall of buffer cavity 2, facilitating rapid gas flow through the PA cell to minimize response
time.

4 Experimental results and analysis
4.1 Parameter optimization

The frequency response of the PA cell is affected by factors such as temperature, pressure, and machining pre-
cision, necessitating calibration prior to use [46]. Since the resonant frequency of the PA cell depends solely on
its mechanical structure and is independent of the target gas species, 5000 ppm CH, was used to measure the 2f
signal amplitude across modulation frequencies. As shown in Figure 5(a), the frequency response curve was fitted
with a Lorentzian function in the range of 2000-2500 Hz. The maximum 2 f signal amplitude occurred at 2290 Hz,
corresponding to a laser modulation signal frequency of 1145 Hz. The measured resonant frequency is 2290 Hz
and the simulated resonant frequency is 2296 Hz, showing a minor deviation of 0.26%. This deviation is primarily
due to errors in the cavity length during machining. The elastic modulus of the cavity wall material used in the
simulation is a theoretical value, and the window changes the curved structure of the cylindrical side. This deviation
is within an acceptable range, and does not affect the performance of the PA cell. The 2f signal amplitude is also
influenced by the sinusoidal modulation signal. The 2f signal amplitudes under different modulation amplitudes
are shown in Figure 5(b). The red and blue curves represent the modulation amplitude optimization for CH4 and
CoHay, respectively, both exhibiting an initial increase followed by a decrease. The 2f signal amplitude peaked at
the modulation amplitude of 150 mV for the CH, laser and 80 mV for the CoHy laser.

4.2 Sensing performance and characteristics

To demonstrate the optimal performance of the TDHMA PA cell, the eight MEMS microphones were simulta-
neously activated for PA signal detection. Accurate quantification of target gas concentrations requires sensor
calibration [47]. CH4 and CyH,y gases of different concentrations were prepared using the gas mixing system and
then sequentially introduced into the PA cell. The time-division multiplexing technology was adopted to detect
CH4 and CyHs gases, respectively. Figure 6(a) shows the 2f signal waveforms at different CH4 concentrations, and
it can be seen that the amplitudes of the PA signals increase with the increase in CHy concentrations. The 2f
signal amplitudes for different CHy concentrations are shown in Figure 6(b). As shown in Figure 6(c), the average
values A(CHy) of 2f signal amplitudes at different CH, concentrations C'(CH,4) were calculated and linearly fitted,
and the fitted line can be expressed by (12), i.e.,

A(CHy) = 1.16 x 107! +1.07 x 1073C(CHy), (12)

where the goodness of fit is 0.998. Figures 6(d) and (e) show the 2f signal and the noise signal away from the
absorption peak for 2000 ppm CHy, respectively. The amplitude of the 2 f signal is 5.35 V and the standard deviation
(10) of the noise signal is 0.43 mV. At this time, the SNR can be calculated as 12441 and the limit of detection
(LoD) is determined to be 402 ppb. Figure 6(f) shows the 2f signal waveforms at different CoHo concentrations,
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Figure 6 (Color online) (a) The waveforms and (b) the amplitudes of the 2f signal at different CHy concentrations. (c) The fitting line
between CH4 gas concentrations and the corresponding 2f signal amplitudes. (d) The 2f signal waveform and (e) the noise signal away from
the absorption peak for 5000 ppm CHy. (f) The waveforms and (g) the amplitudes of the 2f signal at different CoHs concentrations. (h) The
fitting line between C2Ho gas concentrations and the corresponding 2f signal amplitudes. (i) The 2f signal waveform and (j) the noise signal
away from the absorption peak for 5000 ppm CyHs. (k) the 2f signal waveforms of 5000 ppm CoHy in different mode configurations. (1) The
2f signal waveforms of 5000 ppm CoHs under different numbers of microphones. (m) The background noise signals of 0 ppm C2Hs collected by
using a single microphone, a 4-microphone array, and an 8-microphone array.

and the corresponding 2 f signal amplitudes are shown in Figure 6(g). As shown in Figure 6(h), a linear fitting line
was obtained between the average values A(CyHs) of 2f signal amplitudes and the CoHs concentrations C'(CyHa),
i.e.,

A(CoHy) = 7.62 x 1073 +1.92 x 1073C(CyHy), (13)

where the goodness of fit is 0.999. Figures 6(i) and (j) show the 2f signal and the noise signal away from the
absorption peak for 5000 ppm CoHs, respectively. The amplitude of the 2f signal is 9.45 V and the 1o value of the
noise signal is 0.48 mV. Therefore, the SNR is 19687 and the LoD is determined as 254 ppb.

Normalized noise equivalent absorption (NNEA) coefficient is one of the important indicators for evaluating the
performance of the PA gas sensor, which can be expressed by (14), i.e.,

W x A x LoD
NNEA =—————, 14
V2 x ENBW (14)

where W is the output power of the laser, approximately 17 mW; ENBW is the detection bandwidth, which is
related to the time constant and filter slope; A is the absorption coefficient, which can be obtained from the
HITRAN database. For CH, absorption line at 1653.73 nm, the absorption coefficient is 0.306 cm~!, while for
CoH, absorption line at 1532.68 nm, the absorption coefficient is 0.556 cm~!. Therefore, the NNEA coefficients of
CH, and C5H, can be calculated to be 4.18x10~2 and 1.52x10~2 cm~!-W-Hz~1/2, respectively.

Figure 6(k) shows the 2f signal waveforms of 5000 ppm CyHs in different mode configurations. The 2f signals
at B1 and B2 in Figure 3(b) are collected, and it can be seen that the 2f signals Py and Ppy at B1 and B2 are
equal in amplitude but opposite in phase. When Pp; and Pgo are differentially input into the lock-in amplifier,
the obtained differential signal Ppi-ps shows ~2 times enhancement. The 2f signals of the PA cell with different
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Table 1 Performance comparison of sensors with different types of PA cells.

NNEA coefficient

Cell type Gas type Optical power (mW) Absorption line (nm) LoD (ppb) (em—1-W-Hz—1/2) Ref.

CHy 30 1650.00 503 1.69%10~7
T-type 8 (48]

CoHa 20 1530.00 64 4.21x10™
CH4 30 1650.96 250 1.1x107%

TT-type [49]
CaHa 30 1531.58 7 8.4x107°
CH4 2.5 7842.89 1050 2.01x10~3 [50]

Helmholtz
CoHa 1000 1532.80 15 2.70x107° [51]
CHy 17 1653.73 402 4.18x107° )

TDHMA This paper
CaHa 17 1532.68 256 1.52x107°

numbers of microphone array were tested. When the number of microphones was increased from 1 to 4, the
amplitude of the 2f signal theoretically increased by a factor of 1.6. For the TDHMA PA cell, the signals output
from the 4-microphone array symmetrically above and below have the same amplitude and opposite phases, so the
amplitude of the differential signal output from the 8-microphone array should be twice that of the signal output
from the 4-microphone array. As shown in Figure 6(1), the amplitudes of the 2f signals of the actual acquired
single microphone, 4-microphone array and 8-microphone array are 3.13, 4.74, and 9.45 V, respectively, which are
basically the same as the theoretical value. To evaluate the noise suppression capability of the PA cell, 0 ppm CoHy
(pure N3) was flowed through the PA cell at 100 scem. As shown in Figure 6(m), the background noise signals were
recorded under single microphone, 4-microphone array, and 8-microphone array configurations, and the 1o values
of the noise signals were 0.59, 0.70, and 0.42 mV, corresponding to SNRs of 5305, 6771, and 19286, respectively.
The results indicate that the microphone array in the TDHMA PA cell enhances SNR, and the differential structure
further improves noise suppression.

5 Discussion

Table 1 shows the performance comparison of the developed TDHMA PA cell with other reported PA cells. The
key parameters, including LoD, NNEA coefficient, optical power and absorption line, provide a comprehensive basis
for evaluating sensor performance. For CHy detection, the TDHMA PA cell achieves a LoD of 402 ppb, which
outperforms the T-type PA cell but is slightly higher than the TT-type PA cell. However, the TDHMA PA cell
exhibits a significantly lower NNEA coefficient compared to both T-type and TT-type cells. This indicates that the
design of the TDHMA PA cell more efficiently converts optical power into detectable sound signals while minimizing
noise. Notably, the TT-type cell relies on 30 mW optical power, whereas the TDHMA cell operates at 17 mW,
demonstrating superior sensitivity under lower power consumption. In the case of CoHs detection, the TDHMA
PA cell achieves a LoD of 256 ppb with an NNEA coefficient of 1.52x10~9 cm~'-W-Hz~'/2. Although the LoD of
the TDHMA cell is higher than that of the T-type, TT-type, and Helmholtz-type cells, when normalized by optical
power, the NNEA coefficient is the lowest among all compared PA cells, highlighting its beneficial effects in signal
amplification and noise suppression. The synergistic effect of the 8-microphone array and the differential Helmholtz
structure contributed to amplifying coherent signals and suppressing common-mode noise.

6 Conclusion

In this study, a high-sensitivity gas sensor was developed based on the TDHMA PA cell for CH; and CoHy de-
tection. Building upon a traditional Helmholtz PA cell, eight T-type resonators were integrated into the sidewalls
of two buffer cavities and an 8-microphone array was used to detect the PA signal. Through theoretical analy-
sis of the microphone array and its peripheral circuitry, combined with finite element simulations, the geometric
parameters of the TDHMA PA cell were optimized to maximize detection performance. Simulation results con-
firmed that the integration of T-type resonators with the Helmholtz structure significantly enhances PA signals by
concentrating sound pressure at the ends of the resonators. The microphone array amplifies the coherent signals,
and the differential structure suppresses the common mode noise, collectively achieving a substantial improvement
in the SNR of the sensor system. The experimental results show that the 8-microphone array increases the PA
signal by ~3.02 times and improves the SNR by ~3.64 times compared to the single-microphone configuration.
Linear relationships between PA signals and gas concentrations were fitted. For CHy, a LoD of 402 ppb and a
NNEA coefficient of 4.18 1079 em ™ W-Hz /2 were achieved. For CyHs, the LoD and the NNEA coefficient were
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256 ppb and 1.52x1072 cm~'-W-Hz /2, respectively. In future work, the performance of the sensor system can be
further improved by increasing the optical power, the number of microphones and the number of reflections.
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