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Fabry—Perot (F-P)-based phase demodulation of heterodyne light-induced thermoelastic spectroscopy (H-LITES)
was demonstrated for the first time in this study. The vibration of a quartz tuning fork (QTF) was detected using the
F-P interference principle instead of an electrical signal through the piezoelectric effect of the QTF in traditional
LITES to avoid thermal noise. Given that an Fabry—Perot interferometer (FPI) is vulnerable to disturbances, a phase
demodulation method that has been demonstrated theoretically and experimentally to be an effective solution for
instability was used in H-LITES. The sensitivity of the F-P phase demodulation method based on the H-LITES sensor
was not associated with the wavelength or power of the probe laser. Thus, stabilising the quadrature working point
(Q-point) was no longer necessary. This new method of phase demodulation is structurally simple and was found
to be resistant to interference from light sources and the surroundings using the LITES technique.

(FPI),

Phase demodulation, Light-induced thermoelastic
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Introduction

Trace gas sensors are used in different fields'”. Laser
spectroscopy offers the advantages of high sensitivity and
selectivity’’. With advancement of laser techniques, trace
gas detection methods based on laser-absorption
spectroscopy are constantly developed and improved’".
Tunable diode laser-absorption spectroscopy (TDLAS),
photoacoustic ~ spectroscopy  (PAS), quartz-enhanced
photoacoustic spectroscopy (QEPAS), and light-induced
thermoelastic  spectroscopy (LITES) have attracted
extensive research attention””. Compared with TDLAS
and QEPAS, LITES technology has extremely high
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sensitivity and offers non-contact measurement” .

LITES was invented in 2018 by Ma et al.”* When a
modulated laser irradiates a quartz tuning fork (QTF) after
gas absorption, the QTF partly absorbs laser energy and
converts it into an electrical signal through its light-induced
thermoelasticity and piezoelectricity”. In general, the
electrical signal amplitude increases linearly with an
increase in laser power””, However, thermal noise caused
by laser irradiation in electrical signals magnifies
exponentially as the laser power increases; thus, the signal-
to-noise ratio (SNR) and minimum detection limit (MDL)
of a LITES sensor are restricted by thermal noise™. A
potential solution is demodulating the vibration of the QTF
in place of the electrical signal.

Optical interferometers such as the Michelson
interferometer, Mach—Zehnder interferometer, and
Fabry—Perot (F-P) interferometer (FPI) are safe, remote,
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sensitive, anti-electromagnetic interference measurement
devices for micro-vibration. The FPI is preferred because it
has a simple structure, low cost, high sensitivity, and a
single probe. Using FPIs as vibration detectors in PAS,
QEPAS and LITES has been demonstrated to be
effective” ™. For F-P micro-vibration sensors, the intensity
demodulation method is typically used as it can respond to
rapid signals and is easy to operate”. However, there are
some limitations; the vibration (AL) must be in the linear
region of the interference spectrum and the probe laser
wavelength must be located at the quadrature working
point (Q-point) for the highest sensitivity. Owing to
ambient interference and disturbance of the laser
wavelength, the Q-point drifts continuously and the signal
becomes unstable. Thus, the Q-point must be frequently
recalculated and the probe laser wavelength must be
frequently tuned. Several algorithms have been used,
including Q-point stabilised technology™ ™. With
algorithms to stabilise the sensors, the entire system
becomes more complex, increasing the number of device
constraints.

In this study, F-P-based phase demodulation of
heterodyne LITES (H-LITES) is reported for the first time.
In contrast to traditional LITES, to prevent thermal noise in
electrical signals caused by the QTF, an FPI with an end-
face of a single-mode optical fibre (SMF) and a side of the
QTF prong was used to measure the periodic vibration of
the QTF. With QTF vibration, the length of the F-P cavity
changes, resulting in a shift in the FPI phase. The QTF
vibration was determined by demodulating the FPI phase.
The relationship between the phase and the micro-vibration
of the FPI was theoretically and experimentally
demonstrated to be linear. It was verified that the phase of
the FPI was only related to the micro-vibration,
independent of the probe laser power and wavelength, in
contrast to the intensity demodulation method. Compared
with a traditional intensity demodulation system, this new
method of phase demodulation is structurally simple and
resistant to interference from light sources and the
surroundings.

Principle

In QTF-based laser-absorption spectroscopy, the
deflections of QTF prongs are probably on the order of
nanometres, much smaller than the length of the QTF
prongs (3.6 mm). Thus, a configuration with an end-face of
an SMF and a side of a prong of the QTF can be regarded
as a plane-parallel cavity, known as an F-P cavity, as
shown in Fig. 1. The laser is reflected back and forth by the
end-face of the SMF and the side of the QTF. According to
Fresnel reflection, the reflectivity (R) of the F—P cavity was
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Fig. 1 Configuration of F-P cavity.

calculated as approximately 0.09. Consequently, the
multiple-beam interference was approximately equivalent
to the double-beam
intensity of the double-beam interference can be expressed

interference. The reflected laser

as
Iz = 2RI [1 - cos(p)] (1

where I is the reflected laser intensity; I, is the incident
laser intensity, and ¢ is the phase difference created by the
optical path difference (OPD) between two reflected laser
beams, expressed as

_A4nL
R

where [ is the F-P cavity length, approximately 70 pm in

@ @)

this study; A is the incident laser wavelength, varying from
1530-1560 nm. When the QTF vibrates due to the effect of
light-induced thermoelasticity, L varies and the free
spectral range (FSR) changes. The interference spectrum
drifts with A reciprocally, creating wavelength drifts (AQ).
If the tuning wavelength range of the probe laser is much
smaller than the central wavelength (4,), the FSR of the

F-P cavity, AA, and FSR drifts (AFSR) can be
characterised as
2
FSR=—=— 3
S 2L 2L )
AL AL
AMl=—-——21=-—21 4
A= -— O
AFSR = 4 ! ! (5)
T 2\L+AL L

where AL is the change in the F—P cavity, usually on the
order of nanometres. It is far smaller than L; 1 /(L + AL) can
be regarded as equal to 1/L. Thus, AFSR is considered to
be zero and the F'SR can be regarded as a constant. Because
4nL > A and A > AA, ¢ is considered to be constant, equal
to 4L/ Ay. The drift interference spectrum can be described
as



Lang et al. Light: Advanced Manufacturing (2023)4:23

4L
I, = 2RI, [1 —cos(% + Aga)

4nL
=2RI, [1 - cos(ﬂi + A(p)

0

where Ag is the variation in phase difference between two
reflected laser beams resulting from vibration of the QTF,
expressed as

21AL 4n

PTFSRT A 2

When A,is fixed, Ay is only related to AL, unaffected by

the wavelength and power of the probe laser, which differ

from the change in reflected laser intensity. Because the

vibration of the QTF is proportional to the gas

concentration, the concentration can be inverted linearly by
demodulating Ae.

Experimental setup

The experimental setup for F—P-based phase
demodulation of H-LITES is shown in Fig. 2. Electrical
and F-P demodulation systems were used non-

synchronously, indicated by the dashed line in Fig. 2. The
electrical signal derived from the piezoelectric effect of the
QTF was obtained via electrical demodulation. The F-P
demodulation system contained a probe laser, circulator,
couple, SMF, and photodetector (PD). Using the intensity
and phase demodulation methods, the intensity and phase
in an F-P demodulation system can be determined.
Acetylene (C,H,) with a concentration of 20000 ppm was
used to verify the performance of the proposed sensor.
According to the HITRAN 2020 database, a strong
absorption line with a line-strength (S) of 1.2x107
cm /(mol-cm™) at 653437 cm’' (1530.37 nm) was
selected”. Wavelength modulation spectroscopy (WMS)
and first-harmonic (1f) heterodyne phase detection were
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Fig. 2 Diagram of experimental setup: CW-DFB (continuous-wave
distributed feedback); FC (fibre collimator); PD (photodetector); QTF
(quartz tuning fork); SMF (single-mode fibre).
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performed. Commercially available QTFs with a resonance
frequency (f;) of 32.768 kHz (in a vacuum) were used in
the experiments. A continuous-wave, distributed-feedback
(CW-DFB) fibre-coupled diode laser with a centre
wavelength of 1.53 um and a power of 10.3 mW was used
as an excitation source. Its output wavelength was tuned
using a laser controller to alter the temperature and injected
current. The wavelength-modulated signals consisted of
two components: a variant sawtooth of 250 mHz generated
by a function generator, and a high-frequency sinusoidal
wave of f, produced by a lock-in amplifier. The variant
sawtooth was scanned across the targeted gas absorption
line and maintained at a constant value to complete signal
detection. The modulated laser beam exiting the diode laser
was collimated using a fibre-coupled collimator (FC) and
passed through an absorption cell with a length of 20 cm.
Both end-faces of the absorption cell were equipped with
wedged CaF, windows to prevent optical interference. A
lens with a focal length of 20 mm was used to focus the
laser beam on the root of the QTF, generating the strongest
light-induced thermoelastic effect. A C-band tunable diode
laser was used as the probe laser with a tunable wavelength
range of 38 nm and a tunable power range from 5-20 mW.
The laser emitted from the C-band-tunable diode was sent
into a fibre-coupled optical circulator to separate the
incident and reflected lasers. Owing to photothermoelastic
energy conversion, the prongs of the QTF vibrated at the
resonant frequency (f;) when the gas was absorbed. With
vibration of the QTF, the length of the F-P cavity changed
with f;, resulting in a shift in the FPI phase difference with
fo, as described in Principle. Using a lock-in amplifier to
demodulate the phase of reflected laser intensity detected
by the PD, the vibration of the QTF was determined and
the C,H, concentration could be inverted.

Results and discussion

In LITES, f, should generally be 1/n times the laser
modulation frequency for the best sensor performance
(where n is the harmonic order). A shift in f; significantly
alters the detection performance of the LITES sensor.
Thus, real-time monitoring and adjustment of f;, are crucial.
In H-LITES, there is a frequency difference (Af) between
the modulation frequencies (f) and f;. When the laser
wavelength is modulated to sweep the gas-absorption line
at a high rate, the transient response of the QTF becomes
dominant, and the QTF vibrates at f. When the laser
wavelength is far from the gas absorption line, the transient
response of the QTF disappears, and the QTF begins to
vibrate freely at f,. Because the two vibration frequencies
are intertwined, a heterodyne signal is generated by
demodulating the response of the QTF at . The gas
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concentration, f;, and quality factor (Q) of the QTF can be
obtained simultaneously by detecting the signal. Because
the 1f H-LITES signal had the largest amplitude, 1f
harmonic demodulation was performed in the experiment.
The performance of the H-LITES sensor is related to the
laser modulation frequency, modulation depth,
wavelength scan rise time, amplitude, and detection
bandwidth of the lock-in amplifier. These parameters were
optimised to improve the H-LITES signal by directly using
the electrical signal from the QTF.

The frequency—response curve of the QTF was
accurately measured in advance using the laser excitation
method, as shown in Fig. 3. The resonance frequency f, =
32753.17 Hz and bandwidth Af, = 3.05 Hz were
determined using Lorentz fitting. According to the
definition Q = fy/Af), O was calculated as 10738.74.
Optimisation of the modulation frequency within f
+20 Hz was conducted, as shown in Fig. 4, with a
modulation voltage of 289.4 mV, laser wavelength scan
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Fig. 3 Frequency response curve of QTF (a.u., arbitrary units).
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time of 0.3423 s, amplitude of 0.3 V, and detection
bandwidth of 7.959 dB. Using 1/~WMS in H-LITES, a
background baseline proportional to the laser intensity was
superimposed on the signal. To eliminate the impact of the
background baseline, the peak-to-peak signal of 1f H-
LITES was defined as the signal amplitude in subsequent
investigations. As shown in Fig. 4, during continuous and
rapid laser wavelength scanning, the obtained signal with a
resonance curve envelope is weak far from f, owing to a
small response, and decreases approaching f, because the
heterodyne signal requires a certain frequency difference.
When Af was 6 Hz, the signal amplitude of 1f H-LITES
reached its maximum, as shown in Fig. 4. In the following
investigations, the optimum Af'(6 Hz) was used.

The amplitude of the 1f H-LITES system has a
significant relationship with the laser wavelength
modulation current and depth. Thus, the influence of the
modulation current on the 1f H-LITES system was
investigated; the results are presented in Fig. 5. The peak-
to-peak amplitude of the 1f H-LITES signal initially
increased with the modulation current and then began to
decrease. The peak-to-peak amplitude with a modulation
current ranging from 20-30 mA is shown in Fig. 5b. The
maximum peak-to-peak amplitude was reached when the
modulation current was 26 mA; the corresponding 1f H-
LITES signal is shown in Fig. 5b.

The wavelength-scanning rate determines the strength of
the transient response of the QTF, which affects the signal
amplitude of H-LITES. Thus, the effects of the rise time
and rise amplitude of the sawtooth variant on the 1f H-
LITES signal amplitude were investigated; the results are
shown in Fig. 6. The rise time and amplitude of the variant
sawtooth synergistically determine the wavelength-
scanning rate. As the wavelength scanning rate increased,
the 1f H-LITES signal amplitude initially increased and
then decreased. The optimum rise time and rise amplitude
of the variant sawtooth were 0.3125 s and 0.35 mV,
respectively.

The heterodyne signal depends on the difference
between the modulation frequency and intrinsic frequency.
A sufficiently large bandwidth is required to detect
heterodyne signals. However, as the detection bandwidth
increases, the background noise increases and the signal-to-
noise ratio (SNR) deteriorates. Thus, it is necessary to
experimentally optimise the detection bandwidth of the
lock-in amplifier. The optimisation results are shown in
Fig. 7. The detection bandwidth of the lock-in amplifier
was determined based on the filter order and integration
time (TC). When the filter order was 3, the SNR of 1f H-
LITES first improved and then deteriorated with an
increase in TC. The optimum TC was 15 ms; the
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corresponding 3-dB detection bandwidth was 5.306 Hz.
The 1/ H-LITES signal obtained directly from the electrical

signal with an optimal SNR of 689.67 is shown in Fig. 7.
The parameters affecting the H-LITES signal including
the laser modulation frequency, modulation depth, laser
wavelength scan rise time, amplitude, and detection
bandwidth of the lock-in amplifier were optimised directly
through electrical demodulation. For the piezoelectric
effect, the amplitude of the H-LITES
proportional to the mechanical vibration of the QTF; the H-
LITES signal based on the FPI was positively correlated

signal was

with the mechanical vibration of the QTF. Thus, regardless
of whether heterodyne signals were obtained through
electrical or F-P demodulation, the optimum parameters
were applicable. The parameters were all set to optimum
values in the following H-LITES system based on the FPI.
The F-P double-beam interference spectrum was
measured using a C-band high-stability amplified
spontaneous emission (ASE) source, a photodetector (PD),
and a spectrometer, fitted using a sine function, as shown
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Fig. 8 Experimentally measured FPI interference spectrum and

related sine function fitting.

in Fig. 8. According to the F-P interference spectrum, the
length of the F—P cavity was calculated as approximately
70 um. The first derivative of the fitted sine function
predicted subsequent theoretical results for F—P intensity
demodulation.

The 1/ H-LITES signals based on FPI with the intensity

Page 6 of 10

and phase demodulation methods are shown in Fig. 9a, b,
respectively. The two heterodyne signals differed only in
the demodulation method and were observed in identical
conditions. When the C,H, concentration was 20000 ppm
and the power of the probe laser was 20 mW, the SNRs of
the 1f H-LITES signals based on FPI with intensity and
phase demodulation methods were 722.92 and 864.29,
respectively. Compared to the 1/ H-LITES signal obtained
directly from the electrical signal, the 1f H-LITES signal
based on FPI had a greater SNR. It has been demonstrated
that the F—P phase demodulation method can produce
better performance than the
demodulation method.

To verify the concentration response of the 1f H-LITES
sensor based on FPI using the intensity and phase
demodulation methods, 1 H-LITES signals were detected
with different concentrations of C,H,. The peak-to-peak
values of the 1f H-LITES signals are shown in Fig. 10.
Linear fitting was performed on the peak-to-peak values at
different concentrations; the R* values for the intensity and
phase demodulation methods were 0.98376 and 0.99679,

detection intensity
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Fig. 9 1/H-LITES signals based on FPI: a with intensity demodulation method; b with phase demodulation method.
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Fig. 10 Concentration response of 1/ H-LITES sensor based on FPI: a with intensity demodulation method; b with phase demodulation method.
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respectively. The 1f H-LITES sensor based on FPI
exhibited an excellent linear response to C,H,
concentration levels. Compared with the intensity
demodulation method, the phase demodulation method
produces a better linear response.

The power response of the 1/ H-LITES sensor based on
FPI with intensity and phase demodulation methods was
investigated. The probe laser power was varied from 5 mW
to 20 mW. The peak-to-peak values of the 1f H-LITES
signals were extracted and plotted against the power of the
probe laser, as shown in Fig. 11a, b. The peak-to-peak
values had a linear relationship with the probe laser power
when the intensity demodulation method was used. The R?
was 0.96289, indicating that the sensor was easily
disturbed by laser fluctuation. Using the phase
demodulation method, the peak-to-peak values were
generally consistent, with an average of 55.54° and a
standard deviation of 0.64°, significantly different from the
results obtained using the intensity demodulation method.
The phase demodulation method is immune to disturbances
from the laser source, and can produce excellent detection
performance even with a low-power probe laser.

The 1f H-LITES signals with different probe laser
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wavelengths were measured using the intensity and phase
demodulation methods to confirm the wavelength response
of the FPI-based 1f H-LITES sensor. The peak-to-peak
values are shown in Fig. 12. The probe laser wavelength
was varied from 1536 nm to 1555 nm in intervals of 1 nm.
According to the intensity demodulation theory, the
variation in the reflected laser intensity in the FPI
determines the peak-to-peak value. The first derivative of
the sine fitting function for the F-P double-beam
interference spectrum was considered as the theoretical
value when the intensity demodulation method was used,
as shown in Fig. 12a. The different peak-to-peak values
were related to the probe laser wavelength. The sensor had
the highest sensitivity when the wavelength was located at
the Q-point. The experimental peak-to-peak values of the
1 H-LITES signals based on FPI versus the probe laser
wavelength using the intensity demodulation method are
shown in Fig. 12b. The experimental and theoretical results
are consistent. The experimental peak-to-peak values of the
1f H-LITES signals based on FPI versus the probe laser
wavelength using the phase demodulation method are
shown in Fig. 12c. Compared with the intensity
demodulation method, the peak-to-peak values remained
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Fig. 11 Power response of 1/ H-LITES sensor based on FPI: a with intensity demodulation method; b with phase demodulation method.
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constant at wavelengths from 1536 nm to 1555 nm. The
phase demodulation method is approximately wavelength-
independent, with the same sensitivity at any wavelength;
it does not require the wavelength to be fixed at the Q-
point, and is immune to laser wavelength disturbances. Q-
point drifting due to ambient interference can be overcome
using the phase demodulation method in the FPI.

The long-term stability of the 1/ H-LITES C,H, sensor
based on the FPI using the intensity and phase
demodulation methods was evaluated, as illustrated in
Fig. 13. The measurements lasted for nearly 30 min.
Affected by environmental parameters such as temperature
and humidity, the F-P interference spectrum and the Q-
point drifted. Using the intensity demodulation method, the
peak-to-peak values of the 1f H-LITES signals gradually
decreased over time; the stability was poor, resulting in a
poor linear effect, as shown in Fig. 11a. In comparison,
because the phase demodulation method is approximately
wavelength-independent, the F-P interference spectrum
drift did not affect the phase demodulation results. The
peak-to-peak values of the 1f H-LITES signals obtained
using the phase demodulation method were consistent,
demonstrating that FPI-based 1f H-LITES with phase
demodulation had excellent system stability.

Conclusion

An F-P phase-demodulation-based H-LITES sensor was
demonstrated for the first time in this study. With obvious
thermal noise in traditional LITES, the detection
performance is restricted, particularly when a high-power
laser is used. To avoid the influence of thermal noise, the
vibration of the QTF can be detected using F-P
demodulation instead of electrical demodulation. The F—P
cavity was composed of the end-face of the SMF and a side
of the QTF prong. When the QTF vibrated from the effect
of photothermoelastic energy conversion, the F—P cavity

length changed. The vibration of the QTF caused by gas
absorption was determined by demodulating the shift in the
F-P cavity length using intensity and phase demodulation
methods to
achievable frequency calibration and rapid response, H-
LITES was used; 20000 ppm C,H, was used to verify the
performance. The parameters affecting the
heterodyne signals, including the laser modulation
frequency, modulation depth, laser wavelength scan rise
time, amplitude, and detection bandwidth of the lock-in
amplifier, were optimised in the experiments. The optimum
values of these parameters were 6 Hz, 26 mA, 0.3125 s,
0.35 mV, and 5.306 Hz, respectively. The SNRs of the 1f
H-LITES signals based on FPI using the intensity and
phase demodulation methods were 722.92 and 864.29,
respectively, in the same conditions, indicating better
detection performance using the phase demodulation
method. The concentration, power, and wavelength
responses, and the long-term stability of the 1f H-LITES
sensor based on the FPI, were determined using the
intensity and phase demodulation methods. The
concentration response linearity and long-term stability
were better using the phase demodulation method than
using the intensity demodulation method. Furthermore, in
contrast to the intensity demodulation method, the peak-to-

invert the gas concentration. With its

Sensor

peak value obtained using the phase demodulation method
was independent of the probe laser power and wavelength.
The phase demodulation method is immune to interference
from the laser source and wavelength, and can resolve the
issue of Q-point drifting due to ambient interference.

Acknowledgements

We are grateful for financial support from the National Natural Science
Foundation of China (Grant Nos. 62022032, 62275065, 61875047, and
61505041), the Key Laboratory of Opto-Electronic Information
Acquisition and Manipulation (Anhui University), the Ministry of
Education (Grant No. OEIAM202202), and the Fundamental Research



Lang et al. Light: Advanced Manufacturing (2023)4:23

Funds for Central Universities.

Author contributions

Y-F. M. supervised the study and proposed the original concept. Z-T. L.
and S-D. Q. conceived the experiments. Z-T. L. and S-D. Q. constructed
the experimental setup. Z-T. L. conducted the experiments. S-D. Q.
developed a theory for phase demodulation in a 1f H-LITES sensor
based on the FPIL All authors participated in data analysis and
contributed to the writing of the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information is available for this paper at https://doiorg/
10.37188/1am.2023.023.

Received: 31 May 2023 Revised: 20 July 2023 Accepted: 20 July 2023
Accepted article preview online: 22 July 2023
Published online: 21 August 2023

References

1.

Li, H. Y. High sensitivity gas sensor based on IR spectroscopy
technology and application. Photonic Sensors 6, 127-131 (2016).
Casey, J. G, Collier-Oxandale, A. & Hannigan, M. Performance of
artificial neural networks and linear models to quantify 4 trace gas
species in an oil and gas production region with low-cost sensors.
Sensors and Actuators B:Chemical 283, 504-514 (2019).

Zhou, Y., Gao, C. & Guo, Y. C. UV assisted ultrasensitive trace NO, gas
sensing based on few-layer MoS, nanosheet-ZnO
heterojunctions at room temperature. Journal of Materials Chemistry A
6, 10286-10296 (2018).

Ma, Y. F. et al. QEPAS based ppb-level detection of CO and N,O using a
high power CW DFB-QCL. Optics Express 21, 1008-1019 (2013).

Azhar, M. et al. A widely tunable, near-infrared laser-based trace gas
sensor for hydrogen cyanide (HCN) detection in exhaled breath.
Applied Physics B 123, 268 (2017).

Yang, W. et al. Real-time molecular imaging of near-surface tissue
using Raman spectroscopy. Light:Science & Applications 11,90 (2022).
Lin, H. N. & Cheng, J. X. Computational coherent Raman scattering
imaging: breaking physical barriers by fusion of advanced
instrumentation and data science. eLight 3, 6 (2023).

Zhang, Z. D. et al. Entangled photons enabled time-frequency-
resolved coherent Raman spectroscopy and applications to electronic
coherences at femtosecond scale. Light:Science & Applications 11, 274
(2022).

Chen, G. Y. et al. Revealing unconventional host-guest complexation at
nanostructured interface by surface-enhanced Raman spectroscopy.
Light:Science & Applications 10, 85 (2021).

Winkowski, M. & Stacewicz, T. Low noise, open-source QEPAS system
with instrumentation amplifier. Scientific Reports 9, 1838 (2019).

Liu, K. et al. A novel photoacoustic spectroscopy gas sensor using a
low cost polyvinylidene fluoride film. Sensors and Actuators B:Chemical
277,571-575 (2018).

Hundt, P. M. et al. Multi-species trace gas sensing with dual-
wavelength QCLs. Applied Physics B 124, 108 (2018).

Tomberg, T. et al. Sub-parts-per-trillion level sensitivity in trace gas
detection by cantilever-enhanced photo-acoustic spectroscopy.
Scientific Reports 8, 1848 (2018).

Helman, M. et al. Off-beam quartz-enhanced photoacoustic
spectroscopy-based sensor for hydrogen sulfide trace gas detection

nanowire

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

Page 9 of 10

using a mode-hop-free external cavity quantum cascade laser. Applied
Physics B 123, 141 (2017).

Lin, H. Y. et al. Ppb-level gas detection using on-beam quartz-
enhanced photoacoustic spectroscopy based on a 28 kHz tuning fork.
Photoacoustics 25, 100321 (2022).

Zifarelli, A. et al. Multi-gas quartz-enhanced photoacoustic sensor for
environmental monitoring exploiting a Vernier effect-based quantum
cascade laser. Photoacoustics 28, 100401 (2022).

Zhang, C, Qiao, S. D. & Ma, Y. F. Highly sensitive photoacoustic
acetylene detection based on differential photoacoustic cell with
retro-reflection-cavity. Photoacoustics 30, 100467 (2023).

Menduni, G. et al. High-concentration methane and ethane QEPAS
detection employing partial least squares regression to filter out
energy relaxation dependence on gas matrix composition.
Photoacoustics 26, 100349 (2022).

Zhang, C. et al. Differential quartz-enhanced photoacoustic
spectroscopy. Applied Physics Letters 122, 241103 (2023).

Liu, Y. H. & Ma, Y. F. Advances in multipass cell for absorption
spectroscopy-based trace gas sensing technology [Invited]. Chinese
Optics Letters 21,033001 (2023).

Qiao, S. D. et al. Super tiny quartz-tuning-fork-based light-induced
thermoelastic spectroscopy sensing. Optics Letters 48,419-422 (2023).
Russo, S. D. et al. Light-induced thermo-elastic effect in quartz tuning
forks exploited as a photodetector in gas absorption spectroscopy.
Optics Express 28, 19074-19084 (2020).

Hu, L. E et al. Compact all-fiber light-induced thermoelastic
spectroscopy for gas sensing. Optics Letters 45,1894-1897 (2020).

Ma, Y. F. et al. Quartz-tuning-fork enhanced photothermal
spectroscopy for ultra-high sensitive trace gas detection. Optics
Express 26,32103-32110 (2018).

He, Y. et al. Ultra-high light-induced thermoelastic
spectroscopy sensor with a high Q-factor quartz tuning fork and a
multipass cell. Optics Letters 44, 1904-1907 (2019).

Liu, X. N., Qiao, S. D. & Ma, Y. F. Highly sensitive methane detection
based on light-induced thermoelastic spectroscopy with a 2.33 um
diode laser and adaptive Savitzky-Golay filtering. Optics Express 30,
1304-1313 (2022).

Zhang, Q. D. et al. Long-path quartz tuning fork enhanced
photothermal spectroscopy gas sensor using a high power Q-
switched fiber laser. Measurement 156, 107601 (2020).

Ma, Y. F. et al. Ultra-high sensitive trace gas detection based on light-
induced thermoelastic spectroscopy and a custom quartz tuning fork.
Applied Physics Letters 116, 011103 (2020).

Pan, Y. F. et al. All-optical light-induced thermoacoustic spectroscopy
for remote and non-contact gas sensing. Photoacoustics 27, 100389
(2022).

Russo, S. D. et al. Photoacoustic spectroscopy for gas sensing: a
comparison between piezoelectric and interferometric readout in
custom quartz tuning forks. Photoacoustics 17, 100155 (2020).

Gong, Z. F. et al. High-sensitivity fiber-optic acoustic sensor for
photoacoustic spectroscopy based traces gas detection. Sensors and
Actuators B:Chemical 247, 290-295 (2017).

Wang, Q. Y. & Ma, Z. H. Feedback-stabilized interrogation technique for
optical Fabry—Perot acoustic sensor using a tunable fiber laser. Optics &
Laser Technology 51, 43-46 (2013).

Lin, C, Yan, X. Y. & Huang, Y. C. An all-optical off-beam quartz-
enhanced photoacoustic spectroscopy employing double-pass
acoustic microresonators. Optics Communications 503, 127447
(2022).

Lin, C, Liao, Y. & Fang, F. Trace gas detection system based on all-
optical quartz-enhanced photoacoustic  spectroscopy. Applied
Spectroscopy 73, 1327-1333 (2019).

sensitive


https://doi.org/10.37188/lam.2023.023
https://doi.org/10.37188/lam.2023.023

Lang et al. Light: Advanced Manufacturing (2023)4:23

35.

36.

37.

Kim, Y. S., Dagalakis, N. G. & Choi, Y. M. Optical fiber Fabry-Pérot micro-
displacement sensor for MEMS in-plane motion stage. Microelectronic
Engineering 187-188, 6-13 (2018).

Gordon, I. E. et al. The HITRAN2020 molecular spectroscopic database.
Journal of Quantitative Spectroscopy and Radiative Transfer 277,
107949 (2022).

Ma, Y. F. et al. Highly Sensitive and fast hydrogen detection based on
light-induced thermoelastic spectroscopy. Ultrafast Science 3, 0024
(2023).

38.

39.

40.

Page 10 of 10

Wu, H. P. et al. Beat frequency quartz-enhanced photoacoustic
spectroscopy for fast and calibration-free continuous trace-gas
monitoring. Nature Communications 8, 15331 (2017).

Li, B. et al. Calibration-free mid-infrared exhaled breath sensor based
on BF-QEPAS for real-time ammonia measurements at ppb level.
Sensors and Actuators B:Chemical 358, 131510 (2022).

Ma, Y. M. et al. High-robustness near-infrared methane sensor system
using self-correlated heterodyne-based light-induced thermoelastic
spectroscopy. Sensors and Actuators B:Chemical 370, 132429 (2022).



	Introduction
	Principle
	Experimental setup
	Results and discussion
	Conclusion
	References

