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Quartz-enhanced photoacoustic
spectroscopy for SFg gas matrix
based on a T-shaped quartz
tuning fork

Bo Sun®?*, Yue Li*, Zhijian Gao' and Mingjiang Zhang*?

!College of Physics and Optoelectronics, Taiyuan University of Technology, Taiyuan, China, ?Shanxi
Key Laboratory of Precision Measurement Physics, Taiyuan University of Technology, Taiyuan, China

This paper presents the design and fabrication of a T-shaped quartz tuning fork
(QTF) for quartz-enhanced photoacoustic spectroscopy (QEPAS) gas sensing
systems, specifically targeting the detection of decomposition products in sulfur
hexafluoride (SFg). Through theoretical analysis and simulations, the geometrical
parameters of the T-shaped QTF were optimized to achieve a low resonant
frequency of 1246 kHz and a quality factor of 4,587 in SFg gas matrix. The
optimized system demonstrated a minimum detection limit (MDL) of 1 ppm
for C,H, in SFg matrix, with a normalized noise equivalent absorption (NNEA)
coefficient of 2.037 x 108 cm™ W/+/Hz. This study successfully validates the
effectiveness of the T-shaped QTF for sensitive gas detection in SFg matrix,
providing a promising technical solution for online monitoring of decomposition
products and fault diagnosis in SFg-insulated equipment.

QEPAS, SFg decompositions, quartz tuning fork, trace gas detection, micro-resonator

1 Introduction

With the accelerated global transition to green and low-carbon energy, the demand
for clean electricity is rapidly increasing. To accommodate the challenges posed by the
integration of high proportions of renewable energy sources into power grids, grid systems
are expanding in scale and complexity. This necessitates enhanced intelligence, automation,
and resilience in power grids [1, 2]. To safeguard industrial security and socio-economic
stability, it is essential to leverage smart grids and advanced sensing technologies for
intelligent monitoring, fault prediction, and rapid recovery. Gas-insulated switchgear (GIS),
utilizing SF4 gas for its exceptional insulation and arc-quenching capabilities, has emerged
as a key element of modern high-voltage power systems, superseding conventional oil-
insulated equipment [3]. Fault prediction and diagnosis in GIS are of paramount importance
for the reliable operation of power systems. The development of a fault detection system
tailored for GIS equipment is needed.

SF, is widely used as an ideal insulating medium due to its properties as a colorless,
odorless, non-toxic, and non-flammable gas with a density of 146 g/mol. Its insulation
strength is 2-3 times greater than that of air, and it possesses high dielectric strength,
remaining relatively stable at room temperature [4-6]. However, operational issues within
GIS, such as arcing, partial discharges, or excessive temperatures, can cause SFy to
decompose into lower fluorides like SF,, SF,, and S,F10 [7]. These lower fluorides can
react with trace amounts of oxygen and water vapor present in the equipment under
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discharge and high-temperature conditions, generating corrosive
byproducts including SO,, SOF,, SO,F,, SOF,, H,S, HE, and CO.
These decomposition products may deposit on the surfaces of
insulating materials, thereby increasing the risk of corrosion and
dielectric breakdown in metallic components, which can lead to
equipment malfunction. Moreover, some decomposition products,
including SO,, SOF,, HE and CO, are toxic, presenting health
concerns [8, 9].

In GIS equipment, different types of faults can generate
various species and concentrations of SF¢ decomposition products.
By analyzing these decomposition products in conjunction with
historical operational data, it is possible to infer the potential fault
types and their severity [10]. Currently, SF; decomposition product
detection primarily employs four methods: gas chromatography,
electrochemical sensors, gas detection tubes, and Fourier-transform
infrared spectroscopy [11-18]. Gas chromatography effectively
separates complex gas mixtures with high precision and stability;
however, its sample preparation process is cumbersome, time-
consuming, and costly, making it unsuitable for rapid on-site testing
[11, 12]. Electrochemical sensors offer a quick response to changes
in gas concentration, making them suitable for real-time monitoring
and field applications, but they have a limited lifespan and higher
maintenance costs [12-14]. Gas detection tubes are easy to operate
but provide lower accuracy and are susceptible to human error
[15, 16]. Fourier-transform infrared spectroscopy, based on laser
spectroscopic techniques, mitigates uncertainties associated with
chemical reactions; nonetheless, its detection sensitivity remains
limited and is prone to interference from environmental noise [14,
17, 18].

Photoacoustic spectroscopy (PAS) based on absorption
spectroscopy technology [19], analyzes trace gases by detecting
the acoustic signals released when these gases absorb laser
energy at specific wavelengths, thereby obtaining the spectral
information of the gas within its characteristic absorption
wavelength range and facilitating the analysis of gas compositions
and concentration measurement [20-25]. As an emerging laser
spectroscopic technique, QEPAS has developed rapidly since it was
first introduced by Professor Frank’s team at Rice University in
2002 [26-29]. In QEPAS, a low-cost, compact QTF serves as the
acoustic detector. The modulated laser beam passes unobstructed
through the two prongs of the tuning fork, and the resultant
photoacoustic signal, which is proportional to both the laser power
and the target gas concentration, causes the prongs to vibrate
synchronously in opposite directions (antisymmetric bending
mode). The piezoelectric effect of quartz allows the bending of the
QTF prongs to generate piezoelectric charges, which are collected
by the metal coating on the surface of the fork and transmitted
via electrodes connected to the QTE enabling the inversion of
the target gas concentration. One significant advantage of QEPAS
technology is that it operates without optical detectors, thus
exhibiting characteristics such as wavelength independence and
a direct correlation between detection sensitivity and laser power.
Moreover, QEPAS utilizes the QTF to replace traditional broadband
microphones used in PAS, leveraging the QTF’s small size, low-cost,
high-quality factor [30-35].

The standard commercial QTFs used in QEPAS technology
exhibit several limitations. First, the 0.3 mm prong spacing of
standard QTFs in QEPAS requires precise optical beam alignment,
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as contact between the excitation light and prongs causes significant
interference. This limitation complicates the application of longer-
wavelength infrared, high-power LED, and THz laser sources.
Second, the modulation frequency in photoacoustic spectroscopy is
determined by the resonance frequency of the QTE. Standard QTF
with 32.7 kHz resonance frequency restricts the efficient detection
of gases with slow relaxation, resulting in low electroacoustic
conversion. Additionally, in SF¢ gas matrix, standard commercial
QTFs face significant challenges. The SFy molecule has a high
density and mass, resulting in a relatively slow diffusion rate. This
means that at higher frequencies, the vibrational response of the
QTF is notably restricted, leading to ineffective detection of low
concentrations of SF; decomposition products [36, 37]. Under these
conditions, the responsiveness of the QTF to heavier molecules,
such as SF; and its byproducts, declines further, reducing detection
sensitivity. Moreover, the high resonance frequency of the QTF
hinders the capture of thermal acoustic signals from gas molecules,
particularly in applications requiring high sensitivity, leading to
signal loss. To address these issues in the promotion of QEPAS
technology, it is crucial to design a new type of customized QTF with
a lower resonance frequency and wider prong spacing. However,
increasing the prong spacing will lead to an upward trend in
resonance frequency, and changes in this parameter may affect the
quality factor of the tuning fork. Therefore, the development of
high-performance custom tuning forks requires sound theoretical
guidance to ensure their effective application in SF4 gas matrix.

This paper presents our recent advancements in the design,
fabrication, and application of a customized quartz tuning fork
(QTF) for SF¢ decomposition product detection via quartz-
enhanced photoacoustic spectroscopy (QEPAS). Specifically, we
designed and fabricated a novel T-shaped QTF, characterized by its
wider prong spacing, lower resonance frequency, and maintained
high-quality factor—features crucial for efficient QEPAS sensing
in SF¢ matrix. To validate the performance of this custom QTF
in a QEPAS sensor, a C,H, gas sensor was constructed using
a distributed feedback (DFB) laser with a center wavelength of
1,532 nm as the excitation source, and its performance metrics were
systematically evaluated. This approach not only demonstrates the
capability of the T-shaped QTF to overcome the common limitations
of standard QTFs in SF¢ matrix, but it also presents a practical
pathway for high-sensitivity and high-selectivity detection of SF
decomposition products, thereby enabling improved fault diagnosis
in GIS equipment.

2 Customized QTF design and
performance

The SF, molecule possesses a large mass and density, which
reduces molecular diffusion rates and significantly impacts
the vibrational characteristics of QTFs. Commercially available
standard QTF exhibit a quality (Q)-factor of 12,741 in N,, but the
Q-factor drops to 3,757 in SFy, rendering their sensing capabilities
ineffective [37]. To achieve efficient QEPAS detection in SF¢ matrix,
the geometrical and electrical parameters of the QTF can be tailored
to better match the requirements of the QEPAS technique. In
fact, the resonant frequency and quality factor of the QTF are
critical parameters influencing the performance of QEPAS sensors.
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Starting analysis from the resonant frequency (f;)) of the QTE for
effective demodulation of the photoacoustic signal, f, must be
equal to the modulation frequency (fa) of the excitation source.
Furthermore, fa and the radiative lifetime (1) of the gas molecules
must satisfy the condition f-1 < 1 to ensure efficient excitation of
the photoacoustic signal [33]. It is necessary to lower the resonant
frequency of the QTF to match the slower molecular relaxation rates
of various SF; decomposition products and to avoid signal loss at
high frequencies due to the diffusion limitations of SF; molecules.
Considering the Q-factor of the QTE which represents the ratio
of the total energy stored by the fork to the energy dissipated per
oscillation cycle, a higher Q value indicates that the tuning fork can
amplify the signal to a greater extent based on resonance. However,
in high-purity SF, gas matrixs, pursuing an excessively high Q-
factor is not desirable due to the damping effect of the SF gas on the
QTE An overly high Q-factor can lead to a sluggish response of the
QTF to the photoacoustic signals generated by the decomposition
products, hindering the rapid capture of signals originating from
these products. It is crucial to optimize the Q-factor of the QTF so
that it can effectively amplify the signal of decomposition products
while also responding quickly to changes in the decomposition
product signal. Consequently, the QTF design for SF; gas matrix
must simultaneously address the reduction of resonant frequency
while maintaining an appropriate Q-factor and accounting for the
effects of gas damping, ultimately achieving sensitive and efficient
detection of SF4 and its decomposition products.

According to the Euler-Bernoulli equation, the resonant
frequency f;, of a QTF is closely related to its geometrical parameters,
such as prong length L, width T, and the gap S between two prongs

_ L194%aTS

(38, 39]:
E
fo= 8VI2L? \/;

Here, p and E represent the density and Youngs modulus of
the material used to fabricate the QTE respectively. For quartz,
a material renowned for its excellent temperature stability of the
piezoelectric coefficient, these values are 2,650 kg/m3 and 0.72 x
10" N/m?, respectively. Considering the influence of the spacing
between the QTF prongs on the ease of optical collimation of the
excitation source, to reduce the resonant frequency f;, the width of
the prongs should be decreased while increasing their length.

Regarding the Q-factor of the QTE this parameter reflects the
energy dissipation level of the QTF prong during a single oscillation
cycle. The losses can generally be categorized into intrinsic and
extrinsic losses, such as losses due to friction with the surrounding
gas and thermoelastic damping. These losses coexist but are not
correlated with each other, and currently, there are no established
theories or formulas to accurately quantify them. Among these
various losses, the loss due to gas friction is typically much greater
than the sum of the other losses. Therefore, in our theoretical
analysis, we can approximate by only considering these types of loss.
The empirical formula related to this gas friction loss is given by [36]:

4pwit’f,
Q-= 0

3ut + Zt\/4ﬂpoyf0

where p is the gas viscosity, p, is the gas pressure, and t is the
thickness of the QTF. Substituting the expression for f;, into the above

Frontiers in Physics

03

10.3389/fphy.2025.1569734

equation, it becomes evident that to achieve a high Q-factor, the
width of the prongs should be increased, along with an increase in
the QTF’s resonant frequency f,. However, when the frequency is
less than 10 kHz, it is not guaranteed that Q > 10,000 at atmospheric
pressure. Clearly, for conventional QTF geometries, a high Q-factor
and a low resonant frequency cannot be simultaneously achieved.
Therefore, a compromise must be made in selecting appropriate
parameters while increasing the spacing between the prongs.

Based on the preceding analysis, a T-shaped QTF was
designed. A detailed schematic is shown in Figure 1, T1, T2,
L1, and L2 represent the widths and lengths of the top and
bottom sections of the T-shaped QTF prongs, respectively. By the
aforementioned expressions for the QTF’s resonant frequency and
Q-factor, we can initially determine the range of values for each
geometrical parameter. Further refinement of these parameters
requires modeling the QTF by COMSOL software and conducting
simulation calculations. Then, the QTF’s prong thickness, t, the
total prong length, L, and the width of the prong T1, were set to
0.25 mm, 9.4 mm, and 2 mm, respectively, based on the parameters
of a previously fabricated novel wide-prong-spacing QTF [40].
Given that the electrode pattern used in the experiment extends
approximately 2.4 mm from the top, L1 was set to 2.4 mm. The
electrode pattern, in this case, refers to the thin metallic film,
electroplated onto the quartz surface after QTF fabrication to
conduct the piezoelectric signal. A gold film was employed to
maximize protection against corrosion damage to the quartz QTF
caused by the highly corrosive components SO,, SOF,, SO,F,, SOF,,
and H,S, which are often found in SF¢ decomposition products.
However, despite these measures, due to the inevitable presence of
H,0O molecules in GIS equipment, H,S can still react with gold
under the presence of H,O to form Au,S, affecting the accuracy of
the output piezoelectric signal. Therefore, periodic inspection of the
detection module is necessary to ensure the equipment’s accuracy.

Furthermore, COMSOL simulation results indicate a positive
linear relationship between the QTF’s base resonant frequency
and the ratio T2/T1, with a 70% threshold. When T2/T1 is less
than 70%, the QTF’s resonant frequency drops below 10 kHz.
However, further reduction of this ratio increases the instability of
the QTF’s geometrical and mechanical model, thus compromising
stable oscillation of the QTF. Therefore, T2/T1 was set to 0.7, leading
to T2 = 1.4 mm. After completing the theoretical parameter settings,
aT-shaped QTF, as depicted in Figure 1 and named T-S08-QTF, were
fabricated from quartz material. The electrical parameters of these
QTFs were then experimentally measured. The measured frequency
response curves of the T-S08-QTF in N, and SF, matrix are shown in
Figure 2. By performing a Lorentzian fit to these response curves, it
can be determined that the resonant frequency and Q-factor of the
T-S08-QTF, as presented in Table 1. These measured values are in
good agreement with the theoretical calculations and validating the
theoretical model. The Q-factor of the T-S08 QTF in SFy is nearly
1,000 higher than that of conventional standard QTE

3 System setup and parameter
optimization
To validate the performance of the T-S08-QTF in a QEPAS

system, a gas sensing system was constructed, as shown in Figure 3,
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FIGURE 1
(A) Front view schematic of the T-S08-QTF. (B) Side view schematic of
the T-S08-QTF.
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FIGURE 2

Frequency response curve of the T-S08-QTF measured ina N, and
SFg matrix.

TABLE 1 Resonant frequency (f,), Q-factor, and resistance (R)of the
T-S08-QTF in N, and SF4 environments.

Matrix gas Fo (H2) Q factor R (KQ)
N, 12460 8160 209
SFq 12457.6 4587 359

using acetylene (C,H,) as the target analyte. After consulting the
HITRAN database, the C,H, absorption line at 6523.88 cm™ was
selected as the operating wavelength for the excitation source.
Consequently, a near-infrared distributed feedback (DFB) laser,
packaged in a butterfly configuration, was employed here. The
laser’s temperature and current were controlled by a driver board.
The QEPAS spectrophone consisted of the T-S08-QTF and a
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FIGURE 3
Schematic of the QEPAS sensor for C,H, detection in SFg matrix.

miniature acoustic micro-resonator, sealed within a ~100 cm?
stainless steel gas cell. The gas cell was equipped with 25 mm
diameter calcium fluoride optical windows on either side to ensure
sufficient interaction between the excitation source and the gas
within the cell. The transmittance of the windows exceeded 95%
for the excitation source. The laser light was delivered to the gas
cell through a fiber with a focusing lens, passing non-contact
through the optical micro-resonator and the T-S08-QTF with its
large prong spacing. A power meter was placed behind the gas
cell to measure the laser power in real-time. The gas cell ports
were equipped with inlet and outlet interfaces, connected to a
gas line that included a diaphragm pump, needle valve, pressure
controller, and flow meter, to control and monitor the pressure
and flow rate within the gas line. Based on the selected C,H,
absorption line, the DFB laser’s temperature was adjusted to 13.8°C,
matching the laser’s center wavelength with the target absorption
line. A complete C,H, absorption spectrum could be obtained
by applying a scanning current. To reduce background noise and
enhance the signal-to-noise ratio, a 2f wavelength modulation
photoacoustic detection method was employed in this QEPAS
sensor. Wavelength modulation of the DFB laser was achieved by
applying a modulated current, with the modulation frequency set
to half of the T-S08-QTF’s resonant frequency. The piezoelectric
current generated by the T-S08-QTF was converted into a voltage
signal by a transimpedance amplifier with a feedback resistor
of 10 MQ and then connected to the signal input of a lock-in
amplifier (Stanford Research System, SR830). The synchronous
signal input of the lock-in amplifier was synchronized with the
modulation signal output of a function generator, enabling the
demodulation of the voltage signal at twice the modulation
frequency and the acquisition of the second harmonic signal,
which is related to the target gas concentration. The lock-in
amplifier’s integration time was set to 300 ms, the filter slope was
set to 12 dB/octave, and the corresponding detection bandwidth
was 0.833 Hz.

In QEPAS gas sensing systems, the spectrophone is a core
component, consisting of a QTF and a micro-resonator. The micro-
resonator typically comprises a pair of thin-walled stainless steel
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Optimization results for the operating pressure of the QEPAS system.

tubes with small inner diameters. The two tubes are symmetrically
positioned on either side of the QTF along the optical path, vertically
aligned such that the center of each tube is positioned 1.5 mm
from the tips of the QTF prongs, with each tube leaving a small
gap with the outer sides of the QTF prongs. As an acoustic micro-
resonator, the resonant tubes can enable the photoacoustic signal
to resonate within the micro-resonator and form a standing wave,
thus enhancing the photoacoustic signal intensity. To achieve the
optimal signal collection and amplification effect of the micro-
resonator, its geometrical dimensions need to be optimized. Since
the prongs gap distance of the T-S08-QTF is 0.8 mm, the inner
diameter of the micro-resonator should be no less than 0.8 mm to
allow a relatively large optical spot size to pass through the QTF
without contact. In this experiment, resonant cavities with a 1.3 mm
inner diameter were first fabricated from thin stainless steel. The
50 ppm C,H, signal was then collected while the micro-resonator
length was adjusted from 4 mm to 15mm. This optimization
experiment was conducted at standard atmospheric pressure and

Frontiers in Physics

05

room temperature about 24°C, the resulting C,H, peak signal
data are shown in Figure 4A. A maximum signal of 53 pV was
obtained at a resonator length of 5 mm. With the resonator length
fixed at 5 mm, the resonant resonator’s inner diameter was then
further optimized by adjusting it from 0.7 mm to 1.9 mm. The
resulting 50 ppm C,H, peak signal data are shown in Figure 4B.
A maximum signal of 87 uV was obtained at an inner diameter
of 1 mm. Therefore, the optimal resonator length and inner
diameter dimensions for the micro-resonator were determined to
be 5 mm and 1 mm, respectively. The modulation depth used in the
system during the above experiments was a previously optimized
value of 13 mA.

In QEPAS systems, optimization of the operating pressure
is necessary. Initially, as the gas chamber pressure gradually
increases from an extremely low pressure, the gas molecule
density increases, leading to a stronger interaction between laser
and matter, and consequently, an increase in the photoacoustic
signal. On the other hand, as the ambient pressure continues
to rise, the gas molecule density further increases, and the
frequency of collisions with the QTF increases. This significantly
increases the gas damping effect, which constrains the free
vibration of the QTF increases vibrational energy loss, and
thus weakens the vibration performance, resulting in a decrease
in the photoacoustic signal. Therefore, due to the combined
effect of these two opposing factors, finding an optimal pressure
balance point is necessary to obtain the best photoacoustic
signal. Data measurements were taken every 100 Torr, starting
from 100 Torr. The measurement analyte was the 50 ppm C,H,
signal in an SF¢ matrix. This process allowed us to analyze
the impact of different pressures on sensor performance and
to identify the optimal operating conditions. The experimental
results, shown in Figure 5, indicate that the sensitivity of the QEPAS
sensor increases significantly with increasing pressure, reaching a
peak when the pressure reaches 300 Torr. However, as the pressure
continues to increase beyond 300 Torr, the C,H, signal begins
to decrease.

After completing the aforementioned parameter optimization
experiments, the detection sensitivity of the C,H, sensor based
on the T-S08-QTF was experimentally determined. The 2f-QEPAS

frontiersin.org


https://doi.org/10.3389/fphy.2025.1569734
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Sun et al.

200

Signal (uV)

90 100 110 120 130 140 150
Current (mA)

FIGURE 6
Second harmonic signal obtained for 50 ppm C,H, in an SFg matrix.

signal of the acetylene gas and the noise background signal were
measured by operating the system at 300 torr, with the gas chamber
filled with a 50 ppm C,H,/SF¢ mixture, as shown in Figure 6.
The results indicate that the signal amplitude obtained was
157 uV. The 1o noise level, determined from the background
signal with high-purity SF,, was 3 uV. Based on this, the MDL
of the system for C,H, gas under atmospheric conditions was
determined to be 1 ppm. Considering the systems detection
bandwidth of 0.833 Hz and the excitation light power of 21 mW,
the NNEA coefficient of the system was calculated to be 2.037 x
107% cm ' W/VHz.

4 Summary

This paper theoretically analyzes the influence of QTF geometric
parameters on its resonant frequency and Q-factor, considering
the high density and large molecular mass characteristics of SF
gas. Based on this analysis, a T-shaped quartz tuning fork (T-
S08-QTF) with a lower resonant frequency (~12.46 kHz) and a
larger prong spacing (0.8 mm) was designed and fabricated. The
experimentally measured Q-factors of the T-S08-QTF in N, and
SF¢ environments were 8,160 and 4,587, respectively, which are
in good agreement with theoretical predictions. A QEPAS gas
sensing system based on the T-S08-QTF was constructed, and
system parameters were optimized using C,H, as the target gas.
Through experiments, the optimal micro-resonator length and inner
diameter of the acoustic micro-resonator were determined to be
5mm and 1 mm, respectively. The optimized operating pressure
was 300 Torr. The experimental results show that with 50 ppm
C,H,/SF, gas mixture, the MDL of the system for acetylene was
1 ppm, and the NNEA coefficient was 2.037 x 10~® cm™ W/VHz.
This study successfully designed and fabricated a novel T-shaped
QTF suitable for gas detection in SF¢ matrix and demonstrated
its effectiveness in a QEPAS sensor system. The optimized QEPAS
sensor exhibited good sensitivity and a low detection limit,
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offering a promising approach for detecting SF; decomposition
products in gas-insulated equipment. Future work will explore
the T-S08-QTF’s performance in detecting specific decomposition
products (SO,, SOF,, HE CO), its long-term stability, and anti-
interference capabilities. Further system optimization, including
advanced data processing, will enhance detection accuracy and
reliability.
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