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Fig. 1 Principle of PAS gas detection and absorption spectral line distribution of typical gas molecules: (a) schematic diagram of

PAS principle; (b) schematic diagram of typical gas molecular absorption spectral lines and wavelength distribution of commonly

used laser sources
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QEPAS sensing systems based on QCL: (a) QEPAS sensing system based on CW-DFB-QCL""; (b) QEPAS sensor
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Fig. 7 Quartz-enhanced multiheterodyne resonant photoacoustic spectroscopy system''”’
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Table 1 Representative Advances in Novel Light Sources and Light—Source Enhancement Technologies for QEPAS
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Year Light Source Type Central Wavelength G MDL/NEC
as
CO.N, CO: 340 ppt.N,0: 4
2013 CW-DFB-QCL 4.6 pm : PP
[0} ppb
CH,.N, CH,: 13 ppb.N,0: 6
201412 CW-DFB-QCL 7.83 pm (“) : ¢ pp} ?
ppb
2024121 Butterfly-Packaged QCL 4.56 pm N,0 1 ppb
2013 THz QCL 3.93 THz CH,0 7 ppm
202412 THz QCL 2.87 THz HS 360 ppb
2014124 QCL 4.33 um o, 300 ppt
2018 Fiber-Ring-Laser Intracavity QEPAS 980 nm C,H, 29 ppb
HO. H,0: 41 ppm.NH,: 2
20241127 Solid-State Laser 2 pm : ; bp }
NH, ppm
202212 Dual-Comb Light Source 1530. 37 nm C,H, 8.3 ppb
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Fig. 8 Custom low-frequency QTFs with different geometric parameters’
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Fig. 10 Novel custom QTFs based on geometric-configuration optimization and their QEPAS sensing systems: (a) schematic dia-

gram of novel trapezoidal-head and round-head QTFs and the corresponding sensing system'**'; (b) schematic diagram of the ta-

pered QTF and the corresponding sensing system'*

sensing system'""”’

"; (c¢) schematic diagram of the novel four-prong QTF and the corresponding
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of the high-frequency LiNTF and the standard 32.768 kHz

commercial QTF: (a) Geometric configuration of the high-fre-

Comparison of the structures and stress distributions

quency LiNTF and calculated stress distribution'™*'; (b) Geo-
metric configuration of the standard 32. 768 kHz commercial

QTF and calculated stress distribution
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Table 2 Comparison of key performance parameters
between the LINTF and the standard 32.768
kHz commercial QTF.

Standard Com- High—Frequen-

Parameters
mercial QTF cy LINTF
Resonance Frequency 32.768 kHz 39. 167 kHz
Quality Factor 9100 5900
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Fig. 12
LiNTF and calculated stress distribution'*”’

Geometric configuration of the high-frequency
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Fig. 13 Geometric configuration, calculated surface charge distribution, and fabrication process of the low-frequency LiNTF"*"
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Table 3 Representative research progress of custom-designed QTFs and novel piezoelectric-material-based QTFs

LY R AZ L BT, 3 —F AT A B R

for QEPAS
) SNR/Signal
. ) Quality .
Year Tuning Fork Type Material Resonance Frequency v Amplitude
actor
Enhancement
20241 Trapezoidal-Head Tuning Fork Quarlz 9471. 67 Hz 11000~ 2.96
20241 Round—Head Tuning Fork Quarltz 9499, 28 Hz 11000~ 3.26
20241 Tapered—Prong Tuning Fork Quartz 7830. 64 Hz 6315 3.02
2025471 Four—Prong Tuning Fork Quartz 7918. 98 Hz 7763 4.67
20241 Lithium Niobate Tuning Fork LiNbO, 39196. 6 Hz 5900 —
2025"% Round-Head Tuning Fork LiNbO, 9979. 48 Hz 6237 3.47
20251 Tapered—Head Tuning Fork LiNbO, 10087. 74 Hz 5636 4.29
20264 Multifunctional LiNbO, Platform LiNbO, 10485 Hz 1621 —
s PZT-47 Ce-
2026 PCTF _ 7064. 8 Hz 845 2.26
ramic
s PZT-41 Ce-
2026 PCTF 7281.3 Hz 1401 3.87

ramic
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Fig. 15 Typical configuration modes of one-dimensional acoustic resonator-enhanced QEPAS sensing systems: (a) configuration

of the QTF and resonator tube in the on-beam mode; (b) configuration of the QTF and resonator tube in the off-beam mode
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Abstract: Quartz-enhanced photoacoustic spectroscopy (QEPAS) was first proposed in 2002 and has emerged as a land-

mark technique for trace gas detection. This technique employs a quartz tuning fork (QTF) as the acoustic transducer,
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replacing the broadband microphone used in conventional photoacoustic spectroscopy (PAS) systems. QEPAS not only
preserves the intrinsic advantages of conventional PAS, such as wavelength-independent operation and zero-background
detection, but also offers significant improvements in system integration, cost effectiveness, immunity to electromag-
netic interference, and detection sensitivity. Over the past two decades, QEPAS has undergone rapid development,
with detection limits for various target gases reaching the part-per-billion (ppb) level. This review systematically sum-
marizes the physical mechanisms and fundamental principles of QEPAS, and further discusses several key innovation di-
rections, including the integration and optimization of advanced laser sources, the design of custom tuning forks, and
the performance enhancement of acoustic micro-resonators. On this basis, the major technical bottlenecks and challeng-
es currently faced by QEPAS are analyzed, and future development trends are discussed.

Key words: quartz-enhanced photoacoustic spectroscopy, advanced laser sources, custom tuning forks, acoustic
resonance, gas sensing



