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A B S T R A C T   

A high-sensitivity photoacoustic spectroscopy (PAS) sensor based on differential Helmholtz photoacoustic cell 
(DHPAC) with dense spot pattern is reported in this paper for the first time. A multi-pass cell based on two 
concave mirrors was designed to achieve a dense spot pattern, which realized 212 times excitation of incident 
laser. A finite element analysis was utilized to simulate the sound field distribution and frequency response of the 
designed DHPAC. An erbium-doped fiber amplifier (EDFA) was employed to amplify the output optical power of 
the laser to achieve strong excitation. In order to assess the designed sensor’s performance, an acetylene (C2H2) 
detection system was established using a near infrared diode laser with a central wavelength 1530.3 nm. Ac-
cording to experimental results, the differential characteristics of DHPAC was verified. Compared to the sensor 
without dense spot pattern, the photoacoustic signal with dense spot pattern had a 44.73 times improvement. 
The minimum detection limit (MDL) of the designed C2H2-PAS sensor can be improved to 5 ppb when the 
average time of the sensor system is 200 s.   

1. Introduction 

Trace gas detection technology is extensively applied in the fields 
such as atmospheric environmental monitoring, industrial process con-
trol, and medical noninvasive diagnosis [1–9]. Due to the advantages of 
short response time, high sensitivity and selectivity, non-invasive and 
real-time detection, laser absorption spectroscopy-based technology has 
become a research hotspot in trace gas detection [10–20]. Among these 
absorption spectroscopy technologies, photoacoustic spectroscopy 
(PAS), as a zero-background method, has the merits of simple structure, 
low cost and no wavelength dependence [21–27]. 

Resonant photoacoustic cell, as the place where the photoacoustic 
effect is generated, can achieve resonant amplification for photoacoustic 
signals [28–30]. According to the different design principles, the reso-
nant photoacoustic cell can be categorized into several distinct types: 1) 
H-type photoacoustic cell; 2) T-type photoacoustic cell; 3) spherical 
photoacoustic cell; 4) Helmholtz photoacoustic cell [31–38]. For low 
acoustic and electric noise characteristics and high sensitivity, differ-
ential photoacoustic cells have emerged, which can not only double the 
amplitude of the photoacoustic signal, but also effectively eliminate 
incoherent noise caused by airflow noise and external noise [39–42]. 

In addition, a traditional differential photoacoustic cell mainly 

consists of two completely independent resonant tubes [43–46]. If the 
modulated incident light completely passes through one of the resona-
tors, it is called a single excitation. More recently, in order to increase 
the excitation times of incident laser, the concept of introducing 
multi-pass cells into photoacoustic cells has attracted widespread 
attention for PAS gas sensor [47–50]. In 2022, Zhao et al. presented a 
PAS gas sensor, in which a Herriott-type multi-pass cell was placed in-
side the differential H-type photoacoustic cell to realize 30 times exci-
tation of incident laser [51]. Compared with single excitation, current 
research on multi-pass differential photoacoustic cells has increased 
excitation times of incident light to a certain extent. However, there are 
still problems such as the inadequate excitation times of incident light 
and the detection performance of the system still needs to be improved. 

In this paper, a high-sensitivity PAS gas sensor based on differential 
Helmholtz photoacoustic cell (DHPAC) with dense spot pattern is 
demonstrated, which realize 212 times excitation of incident laser. 
Finite element analysis was utilized to determine the sound field dis-
tribution and frequency response of the designed DHPAC. A multi-pass 
cell based on two concave mirrors was designed to achieve a dense 
spot pattern. In order to assess the designed sensor’s performance, 
acetylene (C2H2) was chosen as the target analyte. 
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2. Design of the DHPAC with dense spot pattern 

2.1. Design of the DHPAC 

Compared with other types of photoacoustic cells, the excitation 
cavity of Helmholtz photoacoustic cell has a large volume and is easier 
to combine with a multi-pass cell, which can achieve more excitation 
times of incident light. Meanwhile, the differential mode can double 

enhance the photoacoustic signal and suppress incoherent noise. 
Therefore, a DHPAC is designed in this experiments to achieve the 
combination of a photoacoustic cell and a multi-pass cell. The length of 
designed DHPAC cavity was set as 22 mm. The length of designed 
DHPAC connecting tube was set as 20 mm. The radius of cavity and 
connecting tube were set to 25 mm and 4 mm, respectively. The di-
ameters of the microphone hole and the gas path inlet and outlet aper-
tures were 3 mm and 4 mm, respectively. 

Fig. 1. (a) Sound field distribution of DHPAC. (b) Frequency response of DHPAC. (c) 3D structure of DHPAC.  

Fig. 2. (a) Schematic diagram of multi-pass cell. (b) The optical path of multi-pass cell. (c) Simulation results of incident mirror. (d) Simulation results of exit mirror. 
(e) Actual light spot distribution of incident mirror. (f) Actual light spot distribution of exit mirror. 
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In order to study the acoustic characteristics of designed DHPAC, a 
finite element analysis model was established to simulate the acoustic 
field distribution and frequency response based on thermoviscous 
acoustic module. To obtain accurate results, viscous and thermal surface 
loss were considered. The sound field distribution of DHPAC is depicted 
in Fig. 1(a). Furthermore, two microphones are installed at both ends of 
the two cavities to obtain the strongest photoacoustic signal. Fig. 1(b) 
simulate and plot the frequency response of DHPAC. The resonant fre-
quency of DHPAC can be obtained as 427 Hz. The 3D structure of the 
designed DHPAC is shown in Fig. 1(c). 

2.2. Design of the multi-pass cell 

For achieve more excitation times of incident light, a multi-pass cell 
based on two identical concave mirrors was designed to achieve a dense 
spot pattern. In the paraxial analysis of a multi-pass cell based on two 
concave mirrors, the ABCD matrix of one pass count is described in Eq. 
(1), which consists of a standard transmission matrix and a standard 
reflection matrix [52]. 
[

A B
C D

]

=

[
1 0

− 2/R 1

]

⋅
[

1 D
0 1

]

(1) 

The operators S and L are introduced to eliminate the paraxial 
approximation. The modified ABCD matrix can be obtained [52]: 
[

A B
C D

]

=

[
1 0
L 1

]

⋅
[

1 dnS
0 1

]

(2) 

Therefore, the ray parameters after the nth pass count are deter-
mined using the updated ABCD matrix [52]: 

xn = xn− 1 + dn⋅ sin x́ n− 1; x́ n = − 2⋅arcsinxn/R + x́ n− 1
yn = yn− 1 + dn⋅ sin ý n− 1; ý n = − 2⋅arcsinyn/R + ý n− 1

(3) 

The diameter and curvature radius of the concave mirror were set to 
50.8 mm and 100 mm, respectively. A small hole on the mirrors with 
perforation diameter of 2 mm to facilitate the passage of the incident 
beam and the outgoing beam. Through optical simulation, the distance 
between the mirrors and the angle of incident light were determined to 
be 138.7 mm and (5.66◦, − 5.85◦), and the incident position coordinate 
was set to 2.42 mm and 16.8 mm. At last, the multi-pass cell achieved 
212 times excitation of the incident light. The schematic diagram and 
optical path of multi-pass cell are presented in Fig. 2(a) and (b), 
respectively. The simulation results of incident mirror and exit mirror is 
plotted in Fig. 2(c) and (d). The surface of concave mirrors was silver- 
coated to achieve high reflectivity. A visible light with a wavelength 
of 650 nm was used to verify whether the actual light spot distribution 
was consistent with the simulation results. Fig. 2(e) and Fig. 2(f) shows 

the measured spot distribution of the designed multi-pass cell. 

3. Experimental setup 

Fig. 3 depicts the schematic diagram of a C2H2-PAS gas sensor based 
on DHPAC with a dense spot pattern. In accordance with the HITRAN 
database, C2H2 exhibits a strong absorption peak within the near 
infrared at 1530.37 nm. Consequently, a diode laser emitting at 
1530.3 nm with output power 20 mW was chosen as the excitation light. 
An erbium-doped fiber amplifier (EDFA) was employed to amplify the 
optical power of the excitation light. Subsequently, a collimator was 
utilized to collimate the laser amplified by the EDFA. The transmittance 
of optical fiber-coupled collimator was 99.75 %. After that, the incident 
light passes through the entrance hole at a certain angle to complete 
multiple reflections. In this process, the designed DHPAC was suspended 
on the multi-pass cell, and one cavity of DHPAC was installed coaxially 
with the multi-pass cell. The antireflection coated quartz windows with 
a thickness of 4 mm were used to reduce window losses. The trans-
mittance of the window was 99.8 %. To generate various concentrations 
of C2H2 gas, a bottle of 400 ppm C2H2 standard gas was diluted by a 
bottle of pure nitrogen (N2), and two mass flow controllers were used to 
control the flow rate. Two microphones were placed at the strongest 
point of the acoustic field to obtain the highest photoacoustic signal. 
Wavelength modulation spectroscopy (WMS) and second harmonic (2f) 
detection were utilized to investigation of the PAS gas sensor. The dif-
ferential operation of the two microphones was conducted by a differ-
ential amplifier. The produced signal was then conveyed into a lock-in 
amplifier to extract the gas concentration information. 

Fig. 3. Schematic diagram of the C2H2-PAS sensor based on DHPAC with dense 
spot pattern. 

Fig. 4. Frequency response of DHPAC.  

Fig. 5. Modulation current of C2H2-PAS sensor based on DHPAC with dense 
spot pattern. 
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4. Result and discussion 

The modulation frequency plays a pivotal role in determining the 
amplitude of the photoacoustic signal, for the resonant PAS gas sensor 
system, which must be carefully chosen to match the resonant frequency 
of the photoacoustic cell. To obtain the strongest photoacoustic signal, 
the frequency curve of DHPAC was scanned, and the results are repre-
sented in Fig. 4. According to the measured results, the resonant fre-
quency of DHPAC could be obtained as 461.22 Hz. Due to the influence 
of processing errors, the actual resonant frequency of the designed 
DHPAC deviates from the simulation results. The bandwidth of DHPAC 
was determined as 22.33 Hz. Therefore, the Q value of the designed 
DHPAC could be calculated as 20.65. 

To ensure the acquisition of the strongest 2f signal, it is imperative to 
optimize modulation current within the PAS system. Fig. 5 illustrates the 
modulation current profile of the C2H2 PAS gas sensor. It can be seen 
from the scanning results that as the modulation current increases, the 
photoacoustic signal first increases and then decreases. When the 
modulation current was set to 8.76 mA, the photoacoustic signal 
reached its maximum value. 

The designed DHPAC with dense spot pattern can achieve 212 times 

excitation of incident light. However, as the incident light continues to 
be reflected, the optical power will attenuate exponentially, and the 
output optical power of the laser is only 20 mW. Therefore, an EDFA was 
employed to amplify the output optical power of the laser. A bottle of 
400 ppm C2H2 standard gas was filled into the DHPAC. 2f signals of 
C2H2-PAS sensor for single-channel, double channel and double channel 
with dense spot pattern were obtained when the power level was set to 
300 mW, and the obtained are presented in Fig. 6(a) and (b). The peak 
values of 2f signal for single channel, double channel and double 
channel with dense spot pattern were 90 μV, 152.02 μV and 6.80 mV, 
respectively. The differential characteristics of DHPAC was verified ac-
cording to experimental results. Meanwhile, it could be seen that the 
photoacoustic signal double channel with dense spot pattern had a 44.73 
times improvement compared to the double channel without dense spot 
pattern. The noise obtained by sweeping 2f with pure N2 under different 
conditions is depicted in Fig. 6(c). The standard deviation of noise for 
single channel, double channel and double channel with dense spot 
pattern were 1.39 μV, 2.29 μV and 2.54 μV, respectively. 

In order to further enhance the performance of C2H2-PAS sensor, the 
output optical power was increased from 300 mW to 700 mW. Fig. 7 
displays the waveforms and peak values of the 2f signal from the C2H2- 
PAS sensor under different output optical powers. Concurrently, there is 
a notable linear relationship between the 2f signal peak values and 
output optical power. 

Different concentrations of C2H2 were measured to assess the con-
centration linearity of the C2H2-PAS sensor. The output optical power 
was set to 700 mW. Fig. 8 presents the measured results under different 
concentration. The R-squared of 0.99988 was achieved, which indicated 
an exceptionally high degree of linearity between the 2f signal peak 
values and C2H2 concentration. The 2f signal of each concentration was 
measured multiple times, and the repeatability fluctuation did not 
exceed 1 %, indicating that the system has a good repeatability. 

For the purpose of evaluating the long-term stability of the designed 
C2H2-PAS sensor, a bottle of pure N2 was fed to the DHPAC for 2.5 hours. 
The long-term stability is reflected by the Allan deviation, which is 
displayed in Fig. 9. The minimum detection limit (MDL) of the designed 
C2H2-PAS sensor can be improved to 5 ppb when the average time is 
200 s. The normalized noise equivalent absorption (NNEA) of C2H2-PAS 
sensor based on DHPAC with dense spot pattern was calculated as 
6.48×10− 9 cm− 1W/Hz1/2. 

A comparison of PAS systems for trace C2H2 detection based on near 
infrared laser source is shown in Table 1. According to Table 1, the 
performance of the designed C2H2-PAS sensor has better MDL than the 
previously reported sensor system. 

5. Conclusion 

In conclusion, a high-sensitivity C2H2-PAS sensor based on DHPAC 

Fig. 6. (a) 2f signals of C2H2-PAS sensor for single channel, double channel and 
double channel with dense spot pattern. (b) the enlarged view of 2f signals of 
C2H2-PAS sensor for single channel, double channel. (c) The noise of C2H2-PAS 
sensor for single channel, double channel and double channel with dense spot 
pattern, respectively. 

Fig. 7. (a) 2f signals of C2H2-PAS sensor at different output optical power. (b) 2f signal peak values of C2H2-PAS sensor as a function of output optical power.  
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with dense spot pattern is presented in this paper for the first time. Based 
on the finite element analysis method, the sound field distribution and 
frequency response of DHPAC were calculated. For achieving multiple 
excitations, a multi-pass cell with dense spot pattern of 212 times 
excitation of incident laser was designed. The incident light passed 
through the entrance hole at a certain angle to realize multiple re-
flections. In this process, the designed DHPAC was suspended on the 
multi-pass cell, and one cavity of DHPAC was installed coaxially with 
the multi-pass cell. A diode laser emitting at 1530.3 nm with an output 
power 20 mW was chosen as the seed laser. An EDFA was employed to 
amplify the output optical power of the seed laser to achieve strong 
excitation. According to experimental results, the differential charac-
teristics of DHPAC was realized. The photoacoustic signal amplitude of 
double channel with dense spot pattern had a 44.73 times improvement 
compared to the double channel without dense spot pattern. The mini-
mum detection limit (MDL) of the designed C2H2-PAS sensor can be 
improved to 5 ppb when the average time is 200 s. 
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