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Fig. 1 Schematic of curved body beam waist photoacoustic cell
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Table 1 Basic parameters of curved body beam waist photoacoustic cell
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Fig. 2 Two dimensional axisymmetric physical model of photoacoustic cell
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Table 2 Gas parameters of N, under atmospheric conditions™? (T=293 K, »=1013 hPa)
Parameter Value
Density/ (kg * m™*) 1.15
Speed of sound/(m + s ') 343
Dynamic viscosity/(Pa ¢ s) 1.76 10 °
Thermal conductivity/(W « m™ ' « K™) 2.56X10°*
Constant volume specific heat capacity/(J « kg ' « K™") 0.741X10°
Constant pressure specific heat capacity/(J « kg ' « K™D 1.038X10°
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Fig. 3 Acoustic modal simulation cloud images of curved body beam waist photoacoustic cell. (a) The first mode (197 Hz) ;

(b) the second mode (2459 Hz); (c) the third mode (3050 Hz); (d) the fourth mode (3503 Hz); (e) the fifth mode

(3842 Hz); (f) the sixth mode (5161 Hz) ;
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Fig. 4 Frequency response curve of photoacoustic cell
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Table 3 Basic parameters of photoacoustic cell
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Fig. 7 Influences of resonant cavity length L, and semiminor axis length a on resonance frequency and sound pressure

amplitude. (a) Semiminor axis length is 2.5 mm; (b)semiminor axis length is 5 mm; (c)semiminor axis length is

7.5 mm; (d)resonant cavity length is 50 mm; (e)resonant cavity length is 100 mm; (f)resonant cavity length is 150 mm
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Abstract

Objective

In a trace gas detection system based on photoacoustic spectroscopy technology, the photoacoustic cell is

a key performance component of the system. More and more high-performance photoacoustic cells have been

designed, and many of them have a variety of specially-shaped photoacoustic cells.

However, heterogeneous

photoacoustic cells with high design properties represented by topology optimization often mean greater processing

costs, while traditional photoacoustic cells are often limited by shape optimization parameters and low design

freedom. Therefore, research on the photoacoustic cell must be thorough and in-depth. In this paper, a curved beam

waist photoacoustic cell with a hyperbolic generatrix is proposed and designed. This scheme introduces innovative
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generatrix eccentricity parameter, realizes three-dimensional optimization, and effectively fills the gap between
traditional photoacoustic cells and highly-designed specially-shaped photoacoustic cells.

Methods Based on the finite element method, we use COMSOL software to construct a two-dimensional model of a
curved beam waist photoacoustic cell with a generatrix eccentricity of 7.14. To ensure the accuracy of the solution,
this paper considers the influence of thermal viscosity loss on the simulation model. The first eight acoustic modal
values of the structure and the visual mode shape are analyzed with respect to thermal viscosity loss. On this basis,
the amplitude-frequency response curve of the photoacoustic cell was analyzed and the quality factor @ was calculated
via Lorentz fitting, and the rationality of the microphone placement position was verified. To study the designability
of the photoacoustic cell, we optimized the parameters of the photoacoustic cell. When eccentricity trended toward
infinity, the effects of the length of the resonant cavity of the curved beam waist photoacoustic cell and the
eccentricity of the generatrix on the resonance frequency and the sound pressure amplitude were analyzed in detail.
To alleviate the design distress caused by too few parameters, generatrix eccentricity was introduced as the third
optimization parameter, and its influences on the resonance frequency and sound pressure amplitude were analyzed in
detail. Finally, further study of the influence of the variation of generatrix eccentricity on the resonance peak of the
photoacoustic cell was analyzed.

Results and discusssions  Simulation results show that the quality factor of the photoacoustic cell in the
preliminary design is as high as 83. 3, indicating that the photoacoustic cell is a high-quality photoacoustic cell.
Analyzing the optimized photoacoustic cell parameters, it was found that the length of the resonant cavity is more
sensitive to the resonant frequency, while the semiminor axis length of the generatrix is more sensitive to the sound
pressure amplitude. Further analysis of the simulation results shows that when the semiminor axis length of the
generatrix is large, it is very limited to adjust the sound pressure amplitude by changing the length of the resonant
cavity, while adjusting the semiminor axis length of the generatrix hardly changes the resonance frequency.
Therefore, only relying on these two parameters to optimize the design will be limiting and provide challenges
meeting the design requirements of special photoacoustic cells. After the introduction of the generatrix eccentricity
parameter, by changing and adjusting the generatrix eccentricity, the resonance frequency can be adjusted within a
certain range without affecting the sound pressure amplitude. In the evolution graph of the frequency domain
response curve with the eccentricity of the generatrix, it can be seen that two resonance peaks are excited when the
eccentricity trends toward infinity, and four resonance peaks are excited when the eccentricity of the generatrix is
five. Among the four resonance peaks with an eccentricity of 5, the first and second resonance peaks are stronger,
and the quality factors reach 75.9 and 128.9, respectively.

Conclusions The quality factor Q of the designed photoacoustic cell is higher than 50, so this kind of curved beam
waist photoacoustic cell can be designed with a higher quality factor, which can effectively improve the sensitivity of
the trace gas detection system. After adding the optimized parameter of generatrix eccentricity, three-dimensional
optimization was realized, which has a higher degree of designability than traditional cylindrical photoacoustic cells.
The amplitude-frequency response characteristics of the photoacoustic cell show that a small eccentricity can excite
multiple resonance peaks, and a resonance peak with a high quality factor can be obtained by adjusting the generatrix
eccentricity. This shows that multi-peak resonance can be achieved by adjusting the eccentricity of the generatrix, so
that the same photoacoustic cell has two or more effective working frequencies, which greatly improves the
designability of the photoacoustic cell. This curved beam waist photoacoustic cell design has important theoretical and
engineering application value for the multi-scene adaptability of novel photoacoustic trace gas detection technology.

Key words spectroscopy; photoacoustic spectrum; trace gas detection; finite element method; photoacoustic cell;
acoustic modal value
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