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Photoacoustic sensor with radial and longitudinal acoustic resonators

We present a QEPAS sensor based on a custom quartz tuning fork associated with a radial acoustic resonator. We present a study through finite element method and demonstrate state of the art sensitivity.

Motivation

Photoacoustic detectors have first been designed using microphones placed in acoustic resonators [START_REF] Dewey | Acoustic amplifier for detection of atmospheric pollutants[END_REF][START_REF] Kost | Numerical shape optimization of photoacoustic resonators[END_REF][START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF]. In 2002, a new technology emerged -called quartz enhanced photoacoustic spectroscopy (QEPAS) -using quartz tuning forks (QTF) instead of microphones for acoustic detection [START_REF] Kosterev | Quartz-enhanced photoacoustic spectroscopy[END_REF][START_REF] Spagnolo | Recent advances in quartz enhanced photoacoustic sensing[END_REF].

In classical photoacoustic spectroscopy many works have already been carried out to determine the optimal geometry of the acoustic resonators to reach the best sensitivity [START_REF] Kost | Numerical shape optimization of photoacoustic resonators[END_REF][START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF] (Figure 1a). In QEPAS, an acoustic resonator can be used to enhance the sensitivity, usually taking the form of tubes placed on each side of the QTF, inside which the laser passes. It is called on-beam configuration (Figure 1b). Despite the drawbacks of using these microresonators (high alignment sensitivity, diffraction of clipping of mid-infrared beams), there has been very little deviation from the longitudinal resonator geometry for QEPAS, an example of which is the off-beam configuration [START_REF] Yi | T-shape microresonator-based high sensitivity quartz-enhanced photoacoustic spectroscopy sensor[END_REF]. Besides, from the beginning of QEPAS, tuning forks for the clock industry have almost exclusively been used. A breakthrough has been made by Aoust & al [START_REF] Aoust | Optimal quality factor for tuning forks in a fluid medium[END_REF] and Spagnolo & al [START_REF] Spagnolo | Recent advances in quartz enhanced photoacoustic sensing[END_REF], leading in both cases to QTFs with large prong spacing. 

Our work

We recently presented a custom QTF with adapted acoustic resonators [8, 10] (Figure 1c). This QTF, optimized to present the best quality factor in air at atmospheric standard conditions, is associated with an acoustic recovery cavity in order to avoid the important acoustic losses that would occur due to the emission of acoustic waves by the QTF's prongs. In order to enhance its sensitivity in a QEPAS experiment, the recovery cavity is coupled with adapted on-beam longitudinal resonators, enhancing the quality factor from 8000 to 75 000.

We now propose a new configuration for our custom QTF (similar to Figure 1c), where the acoustic cavity is made resonant through adaptation of its design. This resonator was modelled through finite element simulations (FEM) to study the influence of its geometry on the sensor's response (Figure 2). An optimal coupling with the QTF is obtained by modifying the resonator's radius. The quality factor is reduced from 94 000 in our previous configuration to 600 in our new configuration when the maximum coupling is reached, and the signal-to-noise ratio is increased by a factor ten compared to our previous non-resonant cavity.

Fig. 2. FEM simulations of the influence of the resonator's radius on the system's signal to noise ratio and quality factor. The SNR is normalized with the SNR obtained at the best quality factor (radius equal to 12 mm).

Finally, we designed a radial acoustical resonator that should lead to an overall QEPAS sensitivity equivalent to the state of the art of QEPAS with longitudinal resonators. The use of such a resonator should facilitate industrialization through an optical ease of alignment and ease of mechanical positioning. Such radial resonators have been 3D printed (Figure 3) to confirm the predictions of FEM simulations by measurements, especially regarding the optimal radius.
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 1 Fig. 1. (a) Schematic of a differential Helmholtz resonator with microphones [8]. (b) Schematic of a QEPAS sensor in on-beam configuration, the tuning fork is surrounded by two longitudinal acoustic resonators in which the laser passes. (c) Schematic of our custom tuning fork with adapted longitudinal resonators as well as a cylindrical cavity for acoustic recovery.
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 3 Fig. 3. Sketch of our new radial acoustical resonator (left) and first 3D-printed realizations (right).