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Abstract: In this paper, a compact ambient gas sensor with an optimized photoacoustic cell is reported.
The relationship between the geometric dimensions (usually radius and length) of the photoacoustic
cell (PAC) and the acoustic signal was studied through theoretical and finite element analysis. Then
an optimized H-type PAC with a volume of 80 mm × 30 mm × 30 mm was machined out. The
gas capacity is only 18.85 millilitres. The performance of the photoacoustic cell has been verified
experimentally by the detection of nitrogen dioxide (NO2) standard gas. With an electret microphone
and an economically self-designed 450 nm laser module, the detection of NO2 concentration was
executed. The experimental results show good linearity with a fitting R-square of 0.9991. With
an SNR (signal-to-noise ratio) of 41.247, the minimum detection limit (MDL) of the system can
reach 4.85 ppb (1σ). With an analysis of allan variance, the MDL can achieve 0.11 ppb with a 228 s
integration time. By replacing the light source, the system shows great potential for sensitive and
compact detectors for other ambient gasses as well.

Keywords: photoacoustic spectroscopy; gas sensor; nitrogen dioxide; trace gas detection

1. Introduction

With the development of human society, gas sensing technology plays a vital role
in various fields, such as environmental protection, medical diagnosis and industrial
monitoring [1–4]. In recent years, the demand for trace gas sensing technology has been
increasing due to global warming and increased polluting gas emissions. From the per-
spective of spectroscopy, gas sensing technology can be usually divided into non-spectral
methods and spectral methods. The spectral methods include tunable diode laser absorp-
tion spectroscopy (TDLAS), Fourier transform infrared spectroscopy (FTIR), nondispersive
infrared (NDIR), cavity ring-down spectroscopy (CRDS), and photoacoutic spectroscopy
(PAS) [5–10]. Compared with the non-spectral methods, including electrochemical sensing
technology, solid dielectric gas sensors and oxide semiconductor materials [11,12], spectral
methods have the advantages of high sensitivity, fingerprint absorption characteristics and
fast response time. For decades, spectral methods for gas sensing have been widely used
and developed.

The detection of nitrogen dioxide (NO2) is a representative example. NO2 is one of
the most common pollutants that cause photochemical smog and acid rain. According
to WHO’s suggestion, when the concentration of NO2 is higher than 106.4 ppb, it can
cause significant health effects and great harm to the human body [13]. However, in
cities with heavy traffic and primary industries, the NO2 concentrations often exceed this
value. So reliable real-time detection of nitrogen dioxide concentrations is of paramount
importance. Traditional means of monitoring the concentration of nitrogen oxides generally
use chemiluminescence technology and wet chemical analysis technology [14,15]. Although
these methods are relatively mature and widely used, researchers have done much work
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on optical gas detection to achieve better detection performance. A large number of
nitride sensors with different optical technologies have been developed over the past
decades. As early as 2008, Kalkman, J. et.al. reported a ppb-detection of NO2 with a simple
photoacoustic setup [16]. Markku Vainio developed a cantilever-enhanced photoacoustic
spectroscopy (CEPAS) based sensor in 2015. The system can achieve a 50 ppt detection
limit with a 4.7 W power [17]. The development of using NDIR to measure nitrides was
summarized in detail in JE Thompson’s work [18]. In 2020, Fei Zheng et al. demonstrated a
TDLAS-based nitric oxide (NO) gas sensor with a quantum cascade laser and reached a
detection limit of 28 ppb over 180 s integration time [19]. In the same year, Gang Li reported
their accurate analysis above the spectral line data of NO2, which is essential for the TDLAS
system [20]. Fortunately, the detection limits below 1 ppb have been demonstrated in PA
measurements with high-power lasers and sensitive microphone [21,22]. Liu put forward a
scheme for nitride measurement using CRDS technology [23], and Li proposed a quartz-
enhanced photoacoustic (QEPAS) sensor for ppb-level NO2 detection [24]. Their systems
can retrieve fast variations in ambient NO2. Among all these optical methods, PAS have
the advantages of no background absorption, less dependence on absorption length and
so forth. The gas concentration can be directly obtained by detecting the sound waves
generated by the photoacoustic effect [25].

QEPAS can achieve urtra-compact size with a high sensitivity and have been devel-
oped rapidly [26,27]. However, the quartz forks can degrade due to prolonged exposure to
the gas being measured which make it unsuitable for long-term stable measurements in
confined spaces [28]. Instead, the traditional PAS system with a PAC and microphone is
more appropriate. The PAC in a PAS system can be divided into two types: non-resonant
and resonant according to the working mode. Usually, the resonant PAC can significantly
improve the SNR, so it can realize a meagre limit and continuous flow sampling detection
of gas. However, the structure of the resonant PAC is relatively complex with a large
volume. To get a compact structure and better performance, researchers have done quite a
lot of work to design different kinds of PACs. Typical resonant PACs includes Helmholtz,
H-type, T-type, their different combinations, and the optimization of PAC revolves around
these types. A T-type PAC was proposed by Gong, and the system achieved a 0.7 ppb
C2H2. Its volume was 180 mm × 20 mm × 20 mm [29]. Gong designed an H-type PAC
with a volume of 240 mm × 24 mm × 24 mm and reached a 1.26 ppb detection limit of
NO2 [30]. Cao et al. introduced a differential photoacoustic spectrometer, consisting of
two 220 mm × 70 mm × 70 mm H-type PACs [31]. The system can measure aerosol and
NO2 at the same time. A sphere-tube coupled PAC was developed to improve detection
sensitivity, composed of a diffuse-reflective sphere and an acoustic resonance tube. The
MDL of the system can reach 0.27 ppb in a 645 s average time [32]. It can be easily found that
the volume of these PACs is too large to restrict the ability to measure in a small space. So it
is crucial to decrease the volume of the PAC without compromising detection capabilities.

In order to solve the above problems, this paper first analyzes the mechanism of
photoacoustic signal generation and then optimizes the PAC by changing its radius and
length. An optimized PAC with a volume of 80 mm× 30 mm× 30 mm is designed through
finite element analysis. Then a highly self-made NO2 detection system with a 450 nm LD is
demonstrated, and its performance was evaluated at different concentrations of NO2. The
MDL of the system can achieve 4.85 ppb in a 2 s integration time. Through the comparison
with other reports, it can be found the volume of the PAC is decreased, and the performance
is not reduced.

2. Principle
2.1. Gas Absorption Line Selection

Based on the HITRAN database, a strong broadband absorption from 250 nm to 600 nm
of NO2 can be obtained [33]. The maximum cross-section of 7.4 × 10−19 cm2/molecule in
this area at 414 nm is strong enough to ensure a high SNR. However, Nitrogen dioxide



Atmosphere 2023, 14, 704 3 of 12

exhibits a photolysis effect under the illumination of 420 nm. It can be photolyzed to nitric
oxide and oxygen as follows [34]:

NO2 + hv→ NO2
∗ → NO + O (1)

O2 + O + M→ O3 + M (2)

So the condition of the induced light that the wavelength is over 430 nm should be
met. The cross-section line located at 450 nm satisfies the measurement requirements with
an intensity of 4.8 × 10−19 cm2/molecule, as shown in Figure 1.

Figure 1. Cross-section of NO2 in UV-area.

2.2. The Generation of Photoacoustic Signal

Photoacoustic spectroscopy technology is based on photoacoustic effect [25]. The gas
molecules absorb the energy of the induced light and release it in the form of heat energy.
The periodic release of heat can lead to a synchronous change in pressure, which is what we
call a photoacoustic signal. In the photoacoustic cavity, the gas will form a thermal power
density source after absorbing the modulated light, which can be expressed as H(−→r , t). If
the gas can be approximated to be ideal, the process is represented by the wave equation of
gas as follows [35]:

∇2 p− 1
v2

∂2 p
∂t2 = − (γ− 1)

v2
∂H
∂t

(3)

where p is the pressure in the cavity, γ =
Cp
Cv

is the heat capacity ratio, and v is the
sound velocity. Then the Helmholtz equation of the process can be obtained by Fourier
transformation of the Equation (3):(

∇2 +
ω2

v2

)
p
(−→r , ω

)
= − (γ− 1)

v2 iωH
(−→r , ω

)
(4)

the expression for p(−→r , ω) can be obtained by solving the non-homogeneous wave equation:

p(−→r , ω) = ∑
j

Aj(ω)pj(
−→r ) (5)

For pj(
−→r ) corresponding to the above formula, it can be obtained by solving the

Helmholtz equation and boundary conditions.
For an H-type photoacoustic cell, it always works in the first-order longitudinal mode,

which means [qmn] is equal to [100], and the amplitude of the photoacoustic signal can be
expressed as [30]:

p(−→r , ωj) = −
(γ− 1)QjLpj(

−→r )
∫∫∫

V p∗j (r)g(−→r )dV

Vωj
CαPlight (6)

In the formula, ωj is the lowest order normal angular frequency, Qj is the quality
factor, V is the cavity volume, α = Nσ is the gas absorption coefficient, σ is the cross-section
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of the detected gas, Plight is the optical power, g(−→r , ω) is the normalized light intensity
distribution, which usually presents a Gaussian distribution.

And the electrical signal induced by acoustic wave signal can be expressed as:

SPA = S · p(−→r , ωj) = CcellαPlightSC (7)

where Ccell = −
(γ−1)Qj Lpj(

−→r )
∫∫∫

V p∗j (r)g(−→r )dV
Vωj

represents the photoacoustic cell constant, α

is the absorption effect of the gas to be tested, Plight is the light intensity, S is the microphone
sensitivity, and C means the concentration of the gas.

An H-type photoacoustic is composed of one resonant cavity in the middle and
two buffer cavities in both ends, its resonance frequency can be expressed as:

f =
v

2(L + 16
3π Rres)

(8)

In the formula, Rres represents the radius of the resonant cavity, v is the sound velocity.
The finite element simulation method is used to optimize the structure of the photoa-

coustic cell. In the simulation, the accurate setting of the boundary layer plays a significant
role in the results. So the theoretical derivation and simulation process should be strictly
consistent. The detailed simulation process will be exhibited in the experiment as follow.

3. Experiment Configuration
3.1. Photoacoustic Cell Design

As one of the most important parts of the resonant photoacoustic detection system, the
PAC plays an influential role in the collection and amplification of the photoacoustic signals.
Therefore, the optimization design of PACs is an important process in the whole system
configuration. The finite element simulation is used in the process of PAC optimization
design. In the simulation, the light source is set to a Gaussian light source, which is
consistent with the actual situation. In the simulation process, we must consider obtaining
a large photoacoustic signal and reducing the possibility of light hitting the wall at the
same time. For these two points, we set the radius of the resonant cavity to 5 mm and the
radius of the buffer cavity to 15 mm [36] with a 3 mm light spot. After that, the simulation
parameters was changed in the following steps. First, adjust the total absorption path length
to a given value. To be clear, the total absorption path length is the sum of the resonator
cavity length and two buffer cavity lengths. Then we changed the resonator cavity length
every 5 mm and recorded the results we need. Afterward, change the value of the total
absorption length and repeat the previous two steps. The simulated resonance frequency
and signal intensity are as shown in Figure 2. It can be seen that when the length of the
buffer cavity is 10mm and the length of the resonant cavity is 60 mm, the photoacoustic
signal reaches the maximum. The resonance frequency obtained by simulation is 2953 Hz.
Compared with the H-type photoacoustic cell reported in the traditional literature, the
volume has been reuduced by half with an excellent performance.

Since the H-type PAC works in the first-order resonance state, the modulation fre-
quency of the light source should be adapted to the resonance frequency to ensure that
we can get the maximum photoacoustic signal. From the simulation results, it can be
seen that the theoretical resonance frequency is 2953 Hz, but considering the influence of
temperature, humidity and the processing accuracy of the photoacoustic cell, it is necessary
to calibrate the resonant frequency of the photoacoustic cell. So we introduced a specific
concentration of NO2 into the photoacoustic cell and scanned the frequency in the range of
2400–4000 Hz. In the meantime, the photoacoustic signals generated at different frequencies
were recorded. The fitted curve is shown in Figure 3, from which it can be seen that the
resonant frequency of the photoacoustic cell is about 3180 Hz. The blue line in the Figure 3
is at the

√
2

2 location of the maximum amplitude. The half-height width can be calculated
to 116 Hz from the intersection of the blue line with the resonance curve. So the quality
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factor can be calculated to 27.4. The real resonant frequency is close to the simulation result,
which can be used to support the reliability of simulation.

(a) (b)

Figure 2. Finite simulation for photoacoustic cell: (a) The acoustic pressure of the simulation; (b) The
frequency of the simulation.

Figure 3. The real (black line) and simulation (green line) first order resonant frequency of PAC.

3.2. Excitation Light Source Selection

A 450 nm laser (L450P1600MM, Thorlabs, Newton, NJ, USA) with a maximum power
of 1.6 W is utilized as the excitation source in the system. The laser has a multi-mode
output with a beam divergence angle of 23 degrees in the vertical direction and 7 degrees
in the parallel direction. So an aspheric condenser lens (ACL108U, Thorlabs) is used for
beam shaping, resulting in a 3 mm diameter spot. Figure 4 shows a physical diagram
of the packaged laser, whose total volume is 60 mm × 58 mm × 60 mm. The measured
L-I-V (light-current-voltage) and spectrum is shown in Figure 5. The spectrum data was
measured using a spectrum analyzer (OSA 201 spectrum analyzer, Thorlabs).
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(a) (b)

Figure 4. (a) Package strategy for the laser; (b) The picture of the packaged laser.

(a) (b)

Figure 5. Spectrum and L-I-V of the laser (a) L-I-V of the laser; (b) The spectrum of the laser.

In the system, the square wave is used to modulate the excited light. During the
modulation process, the duty ratio of the square wave will affect the intensity of the
photoacoustic signal. The relationship between the duty cycle and the signal strength is
studied. We use a signal generator (DG 3101A, RIGOL, Beijing, China) to apply a square
wave modulated signal to the current controller (ITC4005-QCL, Thorlabs). Then the study
starts with modulating the light to a specific frequency 3180 Hz corresponding to the
resonance frequency of the photoacoustic cell. Then the duty cycle of the square wave
at two different concentrations is changed with collecting the photoacoustic signal in the
meantime. The test results are shown in Figure 6. From the results, it can be found that the
photoacoustic signal reaches the maximum value when the duty cycle is 50%. So the duty
cycle of the square wave in the system is set to 50%.
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Figure 6. The relationship between duty cycle and photoacoustic signal.

3.3. Experimental Set-Up

Figure 7 depicts the total schematic of the compact gas measurement system. The
system comprises the optical section, mechanical structure and electrical section. In the sys-
tem, a 450 nm LD is used as the excitation light. The light source is modulated by a square
wave with a duty cycle of 50% and a frequency of 3180 Hz. Then the modulated light is
absorbed by the NO2 inter the photoacoustic cell and the photoacoustic signal is generated
after the absorption. The acoustic signal is collected by an electret microphone (MPA201,
BJSW, Beijing, China). After that, the signal from the microphone is pre-amplified and
passed into the DAQ (Data Acquisition, PXI4461, National Instruments, Austin, TX, USA).
All data are recorded and processed by LabVIEW software (2018, National Instruments) on
a personal computer.

Figure 7. Schematic of the photoacoustic gas measurement system.

4. Results and Discussion
4.1. Performance Evaluation

To verify the performance of the system, several concentrations of NO2 were tested.
The NO2 of different concentrations are obtained by mixing the 1 ppm standard NO2 and
high purity nitrogen with two flow controllers (MFC300, Altoly electronic, Suzhou, China).
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The continuous measurement of the 200 ppb, 333 ppb, 500 ppb, 666 ppb, 750 ppb, 1000 ppb
and the N2 atmosphere can be seen in the Figure 8. Figure 9 shows the results of the linear
fitting of the photoacoustic signal at different concentrations. The R-square of the linear
fitting is 0.9991, from which the linear response of the system can be proved. The stability
of the system can also be demonstrated from the results.As for the background noise in
200 ppb is calculated to 1.7776 µV, and the photoacoustic signal of the 200 ppb NO2 is
73.32 µV, the SNR of the system can be calculated to 41.247. Then the MDL of the system
can be obtained to be 4.85 ppb (1σ). As an allan variance is commonly used to evaluate
the performance of the sensor system, we record the data in 800 s in the N2 atmosphere.
The time-domain data is shown in Figure 10. An allan variance analysis is presented in
Figure 11. From the result, the MDL of the system can achieve 0.11 ppb with a average time
of 228 s.

Figure 8. The continuous measurement of NO2 with different concentrations.

Figure 9. Linear fitting of the acoustic signals under different NO2 concentrations.
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Figure 10. The measurement data of the system in 800 s in a N2 atmosphere.

Figure 11. The allan variance of the system.

The response time characteristics of the system have been also studied. As can been
seen from the interval between the dashed lines in the Figure 12, the rise time and the
descent time of the system are 10 s and 9 s, respectively. To some extent, the response
time of the system is related to the time used to fill the PAC. So the system can get a better
response characteristic by optimizing the gas flow structure in the future.

Figure 12. The response time characteristics of the system.

4.2. Discussion

Table 1 compared the results of this paper with similar reports. Through the size of the
reported PACs, we calculated the gas capacity which is equal to the volume of the resonant
cavity and two buffer cavaties. As can be seen, the volume of PAC optimized in this paper
is quite smaller than others, even less than half the size. And the detection performance of
NO2 is also similar. The optimization of the PAC is meaningful and valuable.
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Table 1. Comparison of the developed sensor and previously reported systems.

Reference PAC Type Frequency (Hz) Volume (mm × mm × mm) Gas Capacity (mL) MDL (ppb)

[37] differential 1780 170 × 50 × 50 55.35 0.25
[30] H-type 1415 240 × 24 × 24 55.79 1.26
[31] H-type 1430 220 × 70 × 70 431.58 300
[32] (sphere + tube) 1199 100 × 50 × 50 71.73 0.7
[38] H-type 14,400 45 × 8 × 8 1.877 1600
[39] H-type 5238 80 × 26 × 26 31.85 83

This paper H-type 3150 80 × 30 × 30 18.85 4.85

5. Conclusions

In conclusion, an ultra-sensitive NO2 gas sensor with an optimized PAC is demon-
strated in this paper. The excitation light source is a 450 nm laser module packaged by
ourselves, and the absorption line matches the absorption cross-section of NO2. By ana-
lyzing the modulation depth of the laser, a square wave modulation whose duty cycle is
50% is selected. Under the duty cycle, the maximum photoacoustic signal can be obtained.
Considering the size, the resonant frequency and the photoacoustic signal, an optimized
H-type PAC is designed with a volume of 80 mm × 30 mm × 30 mm. The size is quite
smaller than others have been reported, and the gas capacity is only 18.85 millilitres. The
gas sensor shows excellent performance in the NO2 standard gas test. The response of the
sensor at different concentrations has good linearity and stability. And the limitation of
detection can reach 4.85 ppb (1σ) in a 2 s integration time. With an analysis of an allan
variance analysis, the MDL can achieve 0.11 ppb with a 228 s integration time. With the aid
of a powerful signal-processing method, a level of minimum detectable concentration may
be reached that is interesting for applications in sub-ppb test.
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Abbreviations
The following abbreviations are used in this manuscript:

LD laser diode
PAC photoacoustic cell
NO2 nitrogen dioxide
SNR signal-to-noise
MDL minimum detection limit
TDLAS tunable diode laser absorption spectroscopy
FTIR fourier transform infrared spectroscopy
NDIR nondispersive infrared
CRDS cavity ring-down spectroscopy
PAS photoacoustic spectroscopy
QEPAS quartz-enhanced photoacoustic
HITRAN high resolution Transmission molecular absorption database
DAQ data acquisition
L-I-V light-current-voltage
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