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Abstract: This paper presents the development of a highly sensitive gas detection system based on a
resonant photoacoustic cell for detecting dissolved gases in transformer oil. A simulation model of
the resonant photoacoustic cell was studied and optimized the buffer chamber volume while ensuring
signal enhancement. The volume of the photoacoustic cell was reduced by about 80% compared
to the classical model. A resonant photoacoustic cell was then fabricated based on the optimized
simulation optimization. The dual-resonance photoacoustic system was constructed by combining
the resonant PA cell with a handmade cantilever fiber acoustic sensor. The system’s sensitivity was
further improved by using an erbium-doped fiber amplifier, wavelength modulation, and harmonic
detection technology. The experimental results showed that the system achieved a detection limit
of 6 ppb and an excellent linear range under 1000 ppm for C2H2 gas. The developed gas detection
system has potential applications for monitoring the condition of power transformers in power grids.

Keywords: acetylene; photoacoustic spectroscopy; resonant photoacoustic cell; optimization; trans-
former

1. Introduction

The detection of dissolved acetylene in a transformer can help in the timely iden-
tification of high-energy discharge faults [1,2]. To this end, various on-line monitoring
commercial systems for dissolved gas detection in transformer oil and the utilization of
diverse detection principles have been widely employed [3]. Due to its fast detection speed
and low maintenance, photoacoustic spectroscopic (PAS) gas detection is gradually becom-
ing one of the most favorable transformer online monitoring methods [4–6]. The demand
for the detection of low-concentration acetylene gas in a transformer has increased year
after year. The minimum detection limit requirements for acetylene reach hundreds of ppb.
PAS offers high detection sensitivity due to its zero-background property, as the photoa-
coustic (PA) signal varies linearly with the amount of absorbed laser power [7]. In addition,
the weak photoacoustic signal can be detected using a highly sensitive microphone [8–10]
and enhanced through the use of a resonant photoacoustic cell [11–13].

The resonant PA cell is commonly used in PAS to create a standing wave from the
specific frequency of the photoacoustic signal. However, the analytical solution of the
resonant PA cell is limited to analyzing parameters of the resonant cavity with openings
at both ends in ideal conditions [12]. It cannot be used to optimize the PA cell with a
complex structure. As a result, some researchers have used simulation models to optimize
the parameters of the resonant PA cell.

Cheng [14] developed a simulation model for the excitation of the acoustic field in
the PA cell. By using this simulation model, the shapes of both ends of the resonator were
changed into a bell mouth [14] and a trapezoid compound [15]. Compared to the original
PA cell, the optimized PA cells produced increased photoacoustic signals. Gong [16,17]
proposed a T-type resonant PA cell using the finite element method and thermoviscous

Atmosphere 2023, 14, 801. https://doi.org/10.3390/atmos14050801 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos14050801
https://doi.org/10.3390/atmos14050801
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-3604-3830
https://doi.org/10.3390/atmos14050801
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14050801?type=check_update&version=1


Atmosphere 2023, 14, 801 2 of 16

acoustic theory. The optimized T-type longitudinal resonant PA cell features a high PA cell
constant, fast response time, and an easy manufacturing process. Jin [18] designed a PA
cell for measuring respirable dust through a theoretical and simulation analysis. Yin [19]
proposed a dual-resonator photoacoustic cell and achieved a background noise level in the
microvolt range. Cheng [20] proposed a new influential factor of the PA signals intensity,
the PA field (PAF)-PA cell (PAC) coupling term. In addition to changing the structure of the
PA cell, some researchers optimized the traditional cylindrical resonator into an ellipsoid
resonator [21] and an arched resonator [22] using simulation models. These optimization
designs can effectively improve signal enhancement.

The simulation-optimization cases mentioned above for PA cells have primarily fo-
cused on improving detection sensitivity. In pursuit of this goal, certain articles have
employed larger volume PA cells to achieve higher sensitivity. However, in contrast to mon-
itoring SF6 decomposition components [23,24], detecting dissolved gases in transformer
oil necessitates the separation of oil and gas beforehand. If the PA cell volume is too large,
the volume of the degassing module must be increased, and the time required for a single
measurement may also increase. This is not conducive to the timely detection of rapid and
sudden faults. Traditional resonant PA cells have large-volume buffer chambers at both
ends, exacerbating this problem. Therefore, decreasing the volume of the buffer chamber
through reasonable optimization can significantly improve the application and promotion
of highly sensitive resonant photoacoustic cells in this field. We previously presented our
work on using an optimized volume PA cell to measure methane in transformer oil at a
conference [25]. However, it did not provide a thorough analysis of the simulation-based
optimization process used for the PA cell.

This thesis presents a simulation model for optimizing the volume of a resonant
photoacoustic cell. The paper is organized as follows: Section 2.1 describes the principles of
the PA effect and the analytical solution of the PA signal. In Section 2.2, a simulation model
for the resonant PA cell is established and validated. Section 2.3 employs the simulation
model to optimize the volume of the buffer chamber while ensuring the strength of the PA
signal. Then, in Section 2.4, a resonant PA cell with an optimized structure is fabricated
using the simulation analysis results, and a detection system is built. Section 3 presents the
experimental results and a discussion of C2H2 gas detection. Finally, the discussion and
conclusion of this thesis are provided in Sections 4 and 5.

2. Materials and Methods
2.1. Basic Principle of the PA Effect

Photoacoustic spectroscopy gas detection utilizes the photoacoustic effect to determine
gas concentration [26,27]. A laser with a specific wavelength is directed at the gas sample.
If the gas contains a target gas, it will absorb the specific wavelength light energy and
become excited to a high-energy state. The high-energy state molecules are unstable
and will transition back to a low-energy state through non-radiative transitions, releasing
absorbed light energy as heat. When the light source is modulated, such as through intensity
modulation or wavelength modulation, the gas molecules cycle between a high-energy state
and a low-energy state, generating an acoustic signal with the same modulation frequency
as the light source. The air pressure within the PA cell also undergoes periodic changes due
to temperature changes, producing a PA signal which can be detected using a microphone.
Before the gas concentration reaches saturation, the intensity of the photoacoustic signal is
linearly related to the gas concentration. The target gas concentration in the gas sample can
be determined by analyzing the strength of the photoacoustic signal.

The PA cell can be categorized as either a resonant or a non-resonant PA cell based on
whether the acoustic signal generates a standing wave distribution within the photoacoustic
cell. A resonant PA cell can support longitudinal, angular, and radial acoustic modes [28].
When the laser modulation frequency matches the resonant frequency, the photoacoustic
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signal generates a standing wave, which means it operates in resonance mode. The
photoacoustic signal can be represented as [29]:

p(
→
r , ωj) = P0αCcell (1)

where P0 is the optical power of excitation light in W, α is the absorption coefficient of
the target gas in cm−1, Ccell is the PA cell constant in Pa·cm·W−1, which represents the
amplification ability of the PA cell in relation to the photoacoustic signal. Increasing
the PA cell constant of the photoacoustic cell can effectively improve the intensity of the
photoacoustic signal. The PA cell constant can be expressed as [12]:

Ccell =
LjQ(γ− 1)Ij pj(

→
r )

Vcωj
(2)

where Lj is the contact length between the excitation light and the gas in the PA cell in cm, Q
is the quality factor of the PA cell, γ is the specific heat capacity of the gas, Ij is the coupling

degree between the normal mode of the PA cell and the excitation light, pj(
→
r ) is the normal

mode, Vc is the volume of the PA cell in cm3, and ωj is the modulation angular frequency.
The quality factor Q is a parameter to measure the energy loss mechanism of the

PA cell, which reflects the ratio of the energy accumulated in the PA cell to the energy
dissipated in one cycle [12]:

Qj =
2πEa

Ed
=

f0

∆ f
(3)

where Ed is the energy dissipated in one cycle in W, and Ea is the energy accumulated in
one cycle in W. For a high Q system, the Q can also be obtained by dividing the resonant
frequency f 0 by the full linewidth ∆f of 1/

√
2 height of the resonant peak. A larger quality

factor means a smaller energy loss of the PA cell.
Among the longitudinal, angular, and radial resonant PA cells, the longitudinal is

the most widely used because of its high cell constant, low resonance frequency, small
volume, and low consumption of gas to be measured. For the first-order longitudinal
resonant PA cell, the parameters affecting the Q are mainly the surface loss Qsuf caused by
the heat conduction and viscous effect at the boundary of the gas and PA cell, which can be
expressed as [30]:

Q100 ≈ Qsuf =
Rc

dv + (γ− 1)dh(1 + 2Rc/Leff)
(4)

where Rc is the radius of the PA cell in cm, dh is the thickness of the thermal boundary
layer in cm, and dv is the thickness of the viscous boundary layer in cm. Leff is the effective
length of the PA cell considering the so-called end correction in cm, which can be expressed
as [12]:

Leff = Lc +
16
3π

Rc (5)

where Lc is the actual length of the PA cell in cm.
The thickness dh of the thermal boundary layer and the thickness dv of the viscous

boundary layer in Equation (4) can each be obtained by the following equations [31]:

dh =

√
2K

ρωcp
(6)

dv =

√
2η

ρω
(7)

where K is the thermal conductivity of the gas in W·m−1·K−1, ρ is the density of the gas in
kg/m3, ω is the modulation angular frequency of the photoacoustic signal, Cp is the molar
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heat capacity at constant pressure in J·kg−1·K−1, and η is the viscosity coefficient in Pa·s.
Usually, dh and dv are both in the order of millimeters.

For a first-order longitudinal resonant PA cell with buffer chambers, the first-order
longitudinal resonance frequency is [12]:

f100 =
ω100

2π
=

υ

2Leff
(8)

2.2. Simulation Model Establishment and Verification
2.2.1. Simulation Model Establishment of the PA Cell

Equation (2) reveals that the use of a longer resonator length and smaller radius can
significantly enhance the photoacoustic signal. To expedite calculations, a 2D axisymmetric
simulation model with buffer chambers was established, as depicted in Figure 1a. The
resonant cavity length was set to 100 mm with a radius of 2.5 mm, while the buffer chamber
length was set to 50 mm with a radius of 12.5 mm.
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Figure 1. (a) 2D axisymmetric physical model of the PA cell; (b) 3D model of the PA cell.

As the majority of the gas to be measured after the separation of oil and gas is N2, the
fluid material is simplified to N2. The speed of sound within the PA cell is set at 349 m/s.
Material parameters such as density, dynamic viscosity, specific heat rate, and thermal
conductivity are determined by utilizing built-in N2 parameters, and the Thermoviscous
Acoustics module is incorporated into the simulation model. A Gaussian laser source
with a power of 4.5 mW, a beam waist radius of 0.5 mm, and a center wavelength of
1653.7 nm is utilized to generate the photoacoustic signal, exciting CH4 gas with a volume
concentration of 100 ppm. To simplify calculations, the thermal power density source H is
set in the model under this condition [14]. The velocity field at the cell wall is set as no-slip,
while the temperature field at the cell wall is set at isothermal boundary conditions. A 2D
axisymmetric model rotating to a 3D model is depicted in Figure 1b.

2.2.2. Simulation Model Verification of the PA Cell

To obtain the frequency response of the simulated PA cell, the sound pressure at
the zero axis of the PA cell was swept with a step size of 5 Hz and a frequency range
of 50 to 6500 Hz. The magnitude of the frequency response at the center of the PA cell
was obtained and is shown in Figure 2. The simulation value of the quality factor can be
calculated by Equation (3). As illustrated in Figure 2, the sound pressure reaches its peak at
around 1675 Hz and 5050 Hz, corresponding to the first-order and third-order longitudinal
resonant frequencies, respectively [12]. It can also be observed that the sound pressure
intensity of the first-order normal mode antinode is significantly higher than that of the
third-order normal mode. Additionally, as illustrated in Figure 2, the photoacoustic signal
gradually increases as the sound pressure frequency decreases when below 500 Hz. This
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is because when the frequency is much lower than the first-order resonant frequency, the
photoacoustic cell operates in a non-resonant mode. In this mode, the photoacoustic signal
is inversely proportional to the modulation frequency [32].
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Figure 2. The simulated frequency response curve of the PA cell within the frequency range of
50–6500 Hz.

The distribution pattern of the sound field in the first-order longitudinal resonant PA
cell is verified by conducting a frequency sweep along the longitudinal direction of the PA
cell with a step size of 25 Hz and a frequency range of 1600 to 1700 Hz. Figure 3 shows the
frequency response, revealing that the sound field near the resonant frequency takes the
form of a quadratic parabola. The strongest photoacoustic signal is detected at the center of
the resonator, and the end correction is also observed. The zero sound pressure nodes are
extended to about ~4.3 mm to both sides, rather than being at the two ends of the resonator
at the abscissas of −50 mm and 50 mm. The simulation results match the effective length
of the PA cell Leff calculated by Equation (5), which is 4.24 mm.
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of 1600–1700 Hz.

To derive the quality factor and cell constant of the simulation model, the sound
pressure value at the center of the PA cell is swept with a step size of 2 Hz and a fre-
quency range of 1550 to 1800 Hz. Figure 4 presents the resulting frequency response and
the Lorentzian fitted function. It can be seen that the simulated value of the resonance
frequency f sim is 1673.3 Hz. The simulation value of the quality factor Qsim is calculated as
31 according to Equation (3).
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By applying Equation (1), the PA cell constant can be expressed as:

Ccell =
p(
→
r , ωj)

P0α
(9)

The absorption coefficient α of CH4 with a concentration of 100 ppm at a wavelength
of 1653.7 nm is 3.63 × 10−5 cm−1 [33]. From the sound pressure of 6.1 × 10−4 Pa at
the resonant frequency in Figure 4, the simulation value of the cell constant Csim can be
obtained as 3734.3 Pa·cm/W.

After substituting the cavity length Lc with 100 mm and the cavity radius Rc with
2.5 mm into Equations (2), (4) and (8), the analytical parameters of the PA cell were obtained.
Table 1 shows a comparison between the analytical and simulated parameters, and it can
be seen that they are in agreement.

Table 1. Analytical and simulated values of various parameters of the PA cell.

Resonance
Frequency (Hz) Quality Factor Cell Constant

(Pa·cm/W)

Analytical parameters 1673.96 32.4 3918.5
Simulated parameters 1673.3 31 3734.3

2.3. Simulation Optimization of the PA Cell

The photoacoustic cell model depicted in Figure 1 includes buffer chambers at both
ends. The buffer chamber substantially improves the gas volume, resulting in a buffer
chamber volume that is 6.25 times larger than that of the PA cell. This structure limits the
PA cell’s application due to the finite gas to be detected. Although the buffer chamber can
effectively shield the noise caused by the photoacoustic signal from the glass window and
enable the PA cell to measure the flowing gas, this advantage is not necessary for detecting
dissolved gas in transformer oil. Moreover, wavelength modulation of the laser instead
of mechanical chopping can effectively eliminate the photoacoustic signal caused by the
glass window [34]. Therefore, reducing the buffer chamber size while meeting the gas
volume requirement can significantly improve the PA cell’s application without affecting
its performance.

To investigate the effect of the buffer chamber size on the PA cell’s performance, we
set Rc to 2.5 mm, Lc to 100 mm, Rbuf to 12.5 mm, and scanned the length with a step size
of 10 mm and a range of 5 to 50 mm, as shown in Figure 5a. We also set Lbuf to 50 mm
and scanned the radius with a step size of 2.5 mm and a range of 2.5 to 20 mm, as shown
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in Figure 5b. As depicted in Figure 5, increasing the buffer chamber length and radius
gradually decreases the PA cell’s resonance frequency and increases the photoacoustic
signal. The reason behind this is that the acoustic field coupling changes when the buffer
chamber size is reduced, causing the resonator’s effective length to no longer meet the end
correction requirement. However, the impact of the buffer chamber is noticeable only when
the length or radius of the chamber is reduced to approximately 5 mm.
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Furthermore, Figure 5a reveals a reverse correlation between the length of the buffer
chamber and the photoacoustic signal at low frequencies. The analysis indicates that this is
due to the non-resonant mode of the photoacoustic cell at frequencies much lower than
the first-order resonance frequency. In non-resonant PA cells, the photoacoustic signal
exhibits an inverse relationship with the volume of the cell [35]. Thus, the low-frequency
range exhibits a reverse relationship between the photoacoustic signal and the length of the
buffer chamber.

Figure 5b illustrates that a resonance peak is almost non-existent in the center of the
PA cell when the radius of the buffer chamber is equivalent to that of the resonant cavity. In
this situation, the cylindrical PA cell consists of the resonant cavity and the buffer chamber,
and it measures 200 mm in length with closed ends. In the case of a first-order longitudinal
resonance PA cell with closed ends, the antinodes of the standing waves are symmetrically
distributed at both ends of the cell. To analyze the photoacoustic signal in the PA cell with
closed ends, a PA cell model without the two buffer chamber structures is established,
with Rc set to 2.5 mm and Lc set to 100 mm. Frequency sweeps are conducted along the
longitudinal direction, with a step size of 10 Hz and frequency range of 1700 to 1750 Hz
for the first-order frequency response shown in Figure 6a, and a step size of 20 Hz and
frequency range of 3400 to 3500 Hz for the second-order frequency response shown in
Figure 6b. Figure 6 demonstrates that in the PA cell with closed ends, the sound field near
the resonant frequency is distributed in a cosine function within the resonator. However,
when comparing Figure 5 with Figure 6, it can be observed that the photoacoustic signal in
the PA cell with both ends open is significantly stronger than that in the PA cell with closed
ends for the first-order longitudinal PA cell. This is mainly because the surface loss at both
ends of the PA cell with closed ends is much larger than that of the PA cell with both ends
open. Therefore, the resonant openings at both ends of the PA cell cannot be closed simply
to reduce the gas volume.
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In the PA cell with openings at both ends, the analytical solution assumes that both
ends of the resonator are connected to the external atmosphere; therefore, the effect of
the buffer chamber volume on the photoacoustic signal cannot be quantified. To analyze
the influence of the buffer chamber size on the photoacoustic signal, a simulation model
is employed where the resonator radius Rc is set to 2.5 mm and the length Lc is set to
100 mm. Parametric scanning of the buffer chamber length and radius is performed while
keeping the resonator size constant. The sound pressure values at the first-order resonance
frequency under different buffer chamber sizes are recorded as parameter points. These
parameter points in the 3D space are fitted by support vector regression (SVR), and the
results are presented in Figure 7.
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Figure 7 illustrates that the sound pressure at the first-order resonance frequency
gradually decreases with the reduction of both cavity length Lbuf and radius Rbuf. This
decline occurs because when the buffer chamber’s volume is too small, the resonator no
longer conforms to the PA cell model with openings at both ends. Instead, it falls somewhere
between the PA cells with openings at both ends and the ones that are closed at both ends.
As a result, the surface loss on the buffer chamber’s end face impacts the resonator’s
photoacoustic signal. When the radius or length of the buffer chamber approaches zero,
the resonator converts from open-ended to closed-ended, and the photoacoustic signal
significantly decreases.

The resonance enhancement effect of the resonant PA cell makes it highly valuable to
trade a part of the enhancement for a considerable reduction in the volume demand. With
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the sound pressure amplitude set to 4.88 × 10−4 Pa and nonlinear equation constraint used,
a buffer chamber radius Rbuf of 8.5 mm and length Lbuf of 14.4 mm is obtained when the PA
cell’s volume reaches its minimum value. Figure 7 shows the corresponding data points.

To obtain the optimized model’s quality factor and cell constant, the sound pres-
sure value at the center of the PA cell is swept with a step size of 2 Hz and a frequency
range of 1700–2000 Hz. The resulting frequency response plot and fitted Lorentzian func-
tion are shown in Figure 8. The simulated resonance frequency f sim is 1857.6 Hz and
the simulated quality factor Qsim is 32.4, which are calculated using the Lorentz-fitting
function and Equation (3). The absorption coefficient α of CH4 with a concentration of
100 ppm at a wavelength of 1653.7 nm is 3.63 × 10−5 cm−1 [33]. From the sound pressure
4.91 × 10−4 Pa at the resonant frequency in Figure 8 and Equation (9), the simulated cell
constant Csim of the PA cell can be calculated as 2883.37 Pa·cm/W. As shown in Figure 4, in
the classical model of the PA cell with openings at both ends, the sound pressure for the
same size resonator is 6.1 × 10−4 Pa. The volume of the PA cell is reduced from 51 mL to
8.5 mL, which is about 20% of the original volume.

Atmosphere 2023, 14, x FOR PEER REVIEW  9  of  16 
 

 

the sound pressure amplitude set to 4.88 × 10−4 Pa and nonlinear equation constraint used, 

a buffer chamber radius Rbuf of 8.5 mm and length Lbuf of 14.4 mm is obtained when the 

PA  cell’s volume  reaches  its minimum value. Figure  7  shows  the  corresponding data 

points. 

To obtain the optimized model’s quality factor and cell constant, the sound pressure 

value at the center of the PA cell is swept with a step size of 2 Hz and a frequency range 

of 1700−2000 Hz. The resulting frequency response plot and fitted Lorentzian function are 

shown in Figure 8. The simulated resonance frequency fsim is 1857.6 Hz and the simulated 

quality  factor Qsim  is  32.4, which  are  calculated using  the Lorentz-fitting  function  and 

Equation (3). The absorption coefficient α of CH4 with a concentration of 100 ppm at a 

wavelength of 1653.7 nm is 3.63 × 10−5 cm−1 [33]. From the sound pressure 4.91 × 10−4 Pa at 

the resonant frequency in Figure 8 and Equation (9), the simulated cell constant Csim of the 

PA cell can be calculated as 2883.37 Pa·cm/W. As shown in Figure 4, in the classical model 

of the PA cell with openings at both ends, the sound pressure for the same size resonator 

is 6.1 × 10−4 Pa. The volume of the PA cell is reduced from 51 mL to 8.5 mL, which is about 

20% of the original volume. 

 

Figure 8. Simulated frequency response curve of the optimized PA cell within the frequency range 

of 1700−2000 Hz. 

2.4. Photoacoustic Spectroscopy Gas Detection with the Optimized PA Cell 

2.4.1. Design and Fabrication of the Optimized Buffer Chamber PA Cell 

A resonant brass material PA cell with optimized buffer chambers was built based on 

the simulation. The schematic diagram is shown in Figure 9a, and the image of the PA cell 

is shown in Figure 9b. The resonator has a radius of 2.5 mm and a length of 100 mm, while 

the buffer chamber has a radius of 8.5 mm and a length of 14.4 mm. To maintain the sta-

bility of the optical path and avoid a reduction in the excitation light power, the laser input 

window was replaced with a brass fiber collimator fixture, which can directly couple the 

excitation light into the PA cell. The angle of the fiber collimator was carefully calibrated 

to prevent  the excitation  light  from contacting  the resonator. The  laser output window 

was replaced with a gold-plated brass mirror to increase the action path between the gas 

to be measured and the excitation  light and  improve the  intensity of the photoacoustic 

signal. Moreover,  the  brass  structure  can  resist  external noise more  effectively  than  a 

quartz window. To prevent  the change  in  the sound velocity  inside  the PA cell due  to 

temperature changes, a heating  resistance wire was wrapped outside of  the PA cell  to 

maintain a constant temperature. 

Figure 8. Simulated frequency response curve of the optimized PA cell within the frequency range of
1700–2000 Hz.

2.4. Photoacoustic Spectroscopy Gas Detection with the Optimized PA Cell
2.4.1. Design and Fabrication of the Optimized Buffer Chamber PA Cell

A resonant brass material PA cell with optimized buffer chambers was built based on
the simulation. The schematic diagram is shown in Figure 9a, and the image of the PA cell is
shown in Figure 9b. The resonator has a radius of 2.5 mm and a length of 100 mm, while the
buffer chamber has a radius of 8.5 mm and a length of 14.4 mm. To maintain the stability of
the optical path and avoid a reduction in the excitation light power, the laser input window
was replaced with a brass fiber collimator fixture, which can directly couple the excitation
light into the PA cell. The angle of the fiber collimator was carefully calibrated to prevent
the excitation light from contacting the resonator. The laser output window was replaced
with a gold-plated brass mirror to increase the action path between the gas to be measured
and the excitation light and improve the intensity of the photoacoustic signal. Moreover, the
brass structure can resist external noise more effectively than a quartz window. To prevent
the change in the sound velocity inside the PA cell due to temperature changes, a heating
resistance wire was wrapped outside of the PA cell to maintain a constant temperature.
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2.4.2. Construction of a Dual-Resonance Photoacoustic Spectroscopy Gas Detection System

The overall configuration for the photoacoustic spectroscopy system is presented
in Figure 10. Initially, the heating resistor outside the PA cell is activated to maintain a
consistent temperature. The residual gas from the previous measurement is then evacuated
using pure N2 gas. The flow controller is utilized to introduce the required concentration
of the gas into the PA cell. Afterward, the gas inlet and outlet are sealed to allow the
gas to settle. The signal generator (AFG3022C, Tektronix, Beaverton, USA) produces a
low-frequency triangular signal f 1 merged with the high-frequency sinusoidal signal f 2,
which is output by a lock-in amplifier (SR830, SRS, Sunnyvale, CA, USA). These merged
signals fine-tune the excitation laser for generating the photoacoustic signal. Before each
measurement, the optical switch is toggled to transmit the excitation laser into the optical
power meter to examine any optical power drift. After obtaining the optical power reading,
the optical switch is switched to irradiate the excitation laser into the PA cell. A handmade
cantilever fiber acoustic sensor senses the photoacoustic signal. The cantilever beam has
dimensions of 2.1 mm in length, 1.4 mm in width, and 10 µm in thickness. The sensor
operates on the principle of Fabry-Perot (F-P) interference formed between the cantilever
beam and the single-mode fiber. The weak vibration of the cantilever beam is detected
by the change in light intensity in the photodetector. The light intensity exchange is
further demodulated and extracted by a lock-in amplifier and subsequently analyzed using
a computer.
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In transformer Dissolved Gas Analysis (DGA) applications, acetylene is a crucial gas
to detect as it indicates high-energy discharge. Precise detection of low-concentration
acetylene gas produced in the transformer can effectively detect such discharge. Therefore,
acetylene gas was used to test the photoacoustic spectroscopy gas detection system.

3. Results
3.1. The Absorption Lines of C2H2

To achieve better visibility, the absorption spectra of the characteristic gas dissolved
in transformer oil and water vapor are depicted in Figure 11 at varying concentrations.
It was generated using the HITRAN database, utilizing the Voigt linear function with a
temperature of 296 K and gas pressure of 1 atm [33]. It can be observed from Figure 11 that
C2H2 gas exhibits a strong absorption effect in the vicinity of a 1530 nm wavelength, with
minimal interference from other gas absorption lines. To obtain a more detailed view of
the C2H2 absorption spectrum line near the 1530 nm wavelength, an enlarged image is
provided in the attached figure within Figure 11. Due to the wide distribution of water
vapor absorption lines and their high concentration, this system employs a wavelength
of 1532.83 nm for the C2H2 absorption line to avoid the absorption line of H2O and other
characteristic gases while accounting for the absorption coefficient of C2H2.
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Figure 11. The absorption spectrum of dissolved gas in the near-infrared band of transformer oil.

3.2. Resonant Frequency Measurement of the PA Cell

To ensure the accurate measurement of the resonant frequency, it was necessary to
determine the actual value since theoretical values may differ from the actual ones. A
commercial electric microphone (EK23024, Knowles, Itasca, IL, USA) with a flat response in
the range of 1700–2000 Hz was placed at the acoustic sensor mounting hole of the PA cell.
A flow controller was used to pass 100 ppm C2H2 gas into the PA cell, and the operating
temperature of the laser was adjusted to lock the central wavelength to 1532.83 nm. The
laser power output by the EDFA was set to 100 mW, and a 1700–2000 Hz sweep of the
second harmonic frequency was conducted. The actual value of the resonance frequency of
the PA cell at room temperature was measured to be 1812 Hz, which was consistent with
the simulated value of f sim = 1857.6 Hz.

Equation (8) shows that the resonance frequency is dependent on the sound speed of
the gas in the PA cell, which can be altered by the gas temperature. The speed of sound of
the gas in the PA cell can be expressed as [36]:

v = v0

√
1 +

T
273.15

(10)

where v0 is the speed of sound at 0 ◦C in m/s, and T is the absolute temperature of the gas
in ◦C.
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The PA cell was heated to 20–50 ◦C with a resistance wire. The resonance frequencies
of the PA cell at different temperatures were recorded, as shown in Figure 12a. In order
to improve the detection sensitivity, a handmade cantilever fiber acoustic sensor was
used to detect the photoacoustic signals. The resonance frequency of the fiber acoustic
sensor was about 1858 Hz. A dual resonance enhancement was achieved by matching the
fiber acoustic sensor and the resonant PA cell [37]. Since the resonance frequency of the
cantilever is almost temperature-independent [38], the resonant frequency can be fine-tuned
by adjusting the temperature of the PA cell without affecting the first-order longitudinal
resonance frequency of the cantilever. The resonance frequency of the PA cell was adjusted
to meet the resonance frequency of the cantilever fiber acoustic sensor to achieve a double
resonance enhancement [39]. It can be seen from Figure 12a that when the temperature
of the PA cell was 46.7 ◦C, the resonance frequency matched the acoustic sensor. The
frequency sweep of the PA cell was carried out at this temperature. The obtained frequency
response and Lorentz fitting function diagram are shown in Figure 12b. The experimental
value of the resonant frequency was about 1859 Hz. The experimental value of the quality
factor can be calculated by the Lorentzian fitted function and formula (3), which was 31.2.
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Figure 12. (a) Variation in resonance frequency of the PA cell at different temperatures (20–50 ◦C);
(b) frequency response curve of PA cell at 46.7 ◦C (1700–2000 Hz).

The PA cell was heated to 20–50 ◦C using resistance wire, and the resonance frequen-
cies at different temperatures were recorded, as illustrated in Figure 12a. To enhance the
detection sensitivity, a handmade cantilever fiber acoustic sensor was used to detect the pho-
toacoustic signals. The resonance frequency of the fiber acoustic sensor was approximately
1858 Hz. By matching the fiber acoustic sensor and the resonant PA cell, dual resonance
enhancement was achieved [37]. Since the first-order longitudinal resonance frequency of
the cantilever is almost temperature-independent [38], the resonant frequency could be
finely tuned by adjusting the temperature of the PA cell without affecting the first-order
longitudinal resonance frequency of the cantilever. The resonance frequency of the PA cell
was adjusted to match the resonance frequency of the cantilever fiber acoustic sensor to
achieve double resonance enhancement. As shown in Figure 12a, the resonance frequency
of the PA cell matched the resonance frequency of the acoustic sensor at a temperature of
46.7 ◦C. The frequency sweep of the PA cell was conducted at this temperature, and the
resulting frequency response and Lorentz fitting function diagram are shown in Figure 12b.
The measured value of the resonant frequency was about 1859 Hz. The value of the quality
factor was determined to be 31.2 based on the Lorentzian fitted function and Equation (3).
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3.3. Gas Detection
3.3.1. Detection Limit

To determine the detection limit of C2H2, the PA cell was filled with 500 ppm C2H2 gas,
and the laser wavelength was adjusted to the center wavelength of the C2H2 absorption line.
The laser output power was set to 200 mW, and the PA cell’s temperature was maintained
at 46.7 ◦C using a resistance wire.

A low-frequency triangular wave signal with a frequency of 0.2 Hz and a sinusoidal
modulation signal with a frequency of 929.5 Hz were generated by the signal generator
and lock-in amplifier, respectively. The excitation laser’s wavelength was adjusted simul-
taneously by both signals. The lock-in amplifier’s time constant was set to 1 s, and the
cantilever fiber acoustic sensor was used to measure the photoacoustic signal. The lock-in
amplifier extracted the 2nd harmonic signal, as shown in Figure 13. After the measurement,
the PA cell was purged with pure N2 gas, and the background noise was measured, as
illustrated in Figure 13. It is apparent that the wavelength modulation technology and the
second harmonic detection can effectively decrease the background noise.
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Based on the 2nd harmonic signal in Figure 13 and the background noise within one
standard deviation (1σ), the detection limit of the system for C2H2 at a SNR of 3 was
determined to be 6 ppb.

3.3.2. Measuring Range

To determine the measurement range of C2H2 gas, the PA cell was sequentially filled
with C2H2 gas with different concentrations via a flow controller. The other system param-
eters were kept the same as those in the detection limit experiment. The lock-in amplifier
was used to extract the second harmonic peak signal, as depicted in Figure 14. After each
measurement, the PA cell was purged with pure N2 gas. It can be observed from Figure 14
that it demonstrates a broad linear range for C2H2 gas.
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4. Discussion

The resonant photoacoustic cell has unique standing wave amplification properties
that make it effective for enhancing photoacoustic signal intensity and improving detection
sensitivity. Compared to non-resonant photoacoustic cells, the buffer chamber structure of
the resonant photoacoustic cell is its most significant feature, occupying a larger portion of
the cell’s volume. However, larger buffer chambers are still recommended for applications
with sufficient detected gases, such as atmospheric environment monitoring.

It should be noted that the size of the resonant cavity in this research is commonly
used by researchers. However, with good laser collimation and small manufactured
microphones, a smaller resonant cavity can be made to obtain a photoacoustic cell with a
smaller volume. The research method presented in this paper can produce a miniaturized
buffer chamber suitable for a resonator of this size. Nonetheless, it is important to consider
that as the length of the resonant cavity decreases, the first resonance frequency increases.
Thus, detecting gases with long relaxation times, such as CO and CH4, may result in
weaker photoacoustic signals. To address this, increasing the humidity of the gas in the
photoacoustic cell via a water bath or air purging can reduce the relaxation time of the gas
and increase the photoacoustic signal.

Moreover, when optimizing the buffer chamber size of a resonant photoacoustic cell
with a chopper and light-transmitting window, shortening the length of the buffer chamber
is not recommended. This is because the solid-state photoacoustic signal generated by the
light-transmitting window has the same frequency as the gas photoacoustic signal, and
it can only be located at the node of the resonance signal when the length of the buffer
chamber is half of the resonant cavity. Through the utilization of wavelength modulation
technology and second harmonic detection, the solid-state photoacoustic signal noise
generated by the light-transmitting window can be effectively removed.

Finally, while this paper only detects acetylene gas in dissolved characteristic gas
in transformer oil, it does not imply that the system can only detect acetylene gas. By
changing the laser wavelength, the system can easily detect multiple groups of gases.

5. Conclusions

In this article, we developed a simulation model for the resonant PA cell and confirmed
its accuracy. The volume was optimized while ensuring the enhancement of the photoa-
coustic signal. Compared to the classical model, the volume of the PA cell was reduced
by 20% from 51 mL to 8.5 mL. With the optimized simulation results, we constructed a
resonant PA cell, and the resonant frequency was measured at 1859 Hz at 46.7 ◦C using
a commercial microphone. A dual-resonance enhanced photoacoustic spectroscopy gas
detection system was assembled with a customized cantilever fiber acoustic sensor, and the
SNR was further increased with the aid of an erbium-doped fiber amplifier, wavelength
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modulation, and harmonic detection technology. Experimental results showed that the
system had a detection limit of 6 ppb for C2H2 gas and an excellent linear range under
1000 ppm.
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