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Fig. 1 Schematic diagram and physical diagram of hammer tuning fork
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Fig. 2 Frequency response curve of the hammer—shaped tuning fork at atmospheric pressure

AR T A, LA TR BRI TR 230 I i T R AR SCCQTE ) A5 4 1] BE AF bR 5E i 3 L (QTF,) Y
A e o7 it 2 0F AR AR TG I A SR IR LR o RGN ERIR S OB E S (QTF,) A 4R 99 32 5 A 1
PP 8 SCRH FERRAR T 6200 , (5 QIEFE T T 1400 5 5 b — AU IRAE 8] 7 ) 55 SCAH LE L 78 Q EJL-F- AL #9155 10
IR P — P AR 2100, B AR R0 BBt Bt — 20 [, T 4 A o 0 S5 B2 bR 5 ST LA e i
TG AR TR, A7 B T ko A SRR P RE

®1 AEEXSHL

Table 1 Parameters comparison of different tuning forks

Tuning fork type Resonance frequency/Hz Quality factor Equivalent resistance value/kQ
QTF, 32759.6 13 690 94.6
QTF, 15841.9 15710 162.8
QTF, 12 459.6 15 540 157.5
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Fig. 3 Schematic of the C,H, QEPAS sensor
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Fig. 4 The picture of the acoustic detection module
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High Sensitive Detection of Trace Gas Based on Photoacoustic
Spectroscopy via a Hammer-shaped Quartz Tuning Fork
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(1 State Key Laboratory of Quantum Optics and Optical Quantum Devices, Institute of Laser Spectroscopy,
Shanxi University, Taiyuan 030006, China)
(2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China)

Abstract: Quartz—enhanced photoacoustic spectroscopy technology has the characteristics of zero-
background, excitation wavelength independence, compact structure and cost—effectiveness. Compared
with conventional photoacoustic spectroscopy, the innovation of the quartz—enhanced photoacoustic
spectroscopy is that a quartz tuning fork is employed as an acoustic transducer instead of the wideband
microphone. However, the narrow gap size and the high resonant frequency of the commercially available
quartz tuning fork prongs limit the abroad application of quartz—enhanced photoacoustic spectroscopy in
many fields. To overcome the disadvantage mentioned above, a custom quartz tuning fork which can
reduce the resonance frequency while keeping high quality factor was designed. The finite element software
COMSOL Multiphysics was used to estimate the stress field distribution along the quartz tuning fork
prongs when the quartz tuning fork was designed. The calculation method of resonant frequency is analyzed
by combining thr Euler-Bernoulli equation. For a traditional tuning fork quartz, to reduce the resonant
frequency of the tuning fork, the length of the prongs should be increased while the width of the prongs
should be reduced. At the same time, to obtain a higher quality factor, the width of the prongs must be
increased, which results a higher resonant frequency of a tuning fork. Hence, the high quality factor and the
low resonance frequency cannot be taken into account at the same time for the traditional shape of tuning
fork quartz. From the results of theoretical analysis, the hammer—shaped prongs can optimize the strain
field between the prongs and their support effectively. Hence, a quartz tuning fork with hammer—shaped
prongs was designed. The homemade quartz tuning fork has the larger gap size ~800 pm between two
prongs, which is nearly three times larger than the prongs’ gap size of the standard quartz tuning fork. In the
meantime, the quality factor and the resonant frequency of the homemade quartz tuning fork were
optimized by 14% and 62% respectively, and the compact quartz—enhanced photoacoustic spectroscopy
sensor for C,H, detection was demonstrated by using hammer-shaped quartz tuning fork to verify the
performance characteristics of the novel custom quartz tuning fork. A near-infrared distributed feedback
diode laser with a center wavelength of 6 523.88 cm™ and an output power of ~12 mW was served as the
C,H, quartz—enhanced photoacoustic spectroscopy sensor excitation source. A so—called acoustic micro—
resonator was employed in addition to the hammer—shaped quartz tuning fork for increasing the C,H, quartz—
enhanced photoacoustic spectroscopy signal amplitude via the acoustic resonance effect. The acoustic micro-
resonator was assembled in an “on-beam” quartz—enhanced photoacoustic spectroscopy configuration, in which
the acoustic micro—resonator was formed by two metallic thin tubes and was coupled to the homemade
quartz tuning fork via the excited sound wave in gas contained inside the acoustic micro—resonator tubes.
Both the length and assembly position of the acoustic micro—resonator were optimized in terms of signal
amplitude and signal-to—noise ratio. And the two parameters mentioned above were selected to be 9 mm
and 1.5 mm by experiment respectively. The second-harmonic detection technique was employed to reduce the
sensor background noise and simplify the data process. The wavelength modulation depth was optimized at
room temperature and atmospheric pressure. The hammer—shaped quartz tuning fork based C,H, sensor
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achieved a minimum detection limit of 282X 10" for a 300 ms averaging time and 12 dB/oct filter slope,

which corresponds to a normalized noise equivalent absorption coefficient of 3.84%10 ° cm 'W/+/Hz.
The results mean that the detection sensitivity was improved by a factor of about one order of magnitude,
compared to the case of a sensor using a commercially available quartz tuning fork.

Key words: Photoacoustic spectroscopy; Quartz—enhanced photoacoustic spectroscopy; Custom tuning
fork; Hammer-shaped prong; Acetylene; Gas sensors
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