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A compact and robust optical excitation photoacoustic sensor with a self-integrated laser module excitation and
an optimized differential resonator was developed to achieve high sensitivity and full linear range detection of
carbon dioxide (CO3) based on dual modes of wavelength modulated photoacoustic spectroscopy (WMPAS) and
resonant frequency tracking (RFT). The integrated laser module equipped with three lasers (a quantum cascade
laser (QCL), a distributed feedback laser (DFB) and a He-Ne laser) working in a time-division multiplexing mode
was used as an integrated set of spectroscopic sources for detection of the designated concentration levels of CO5.
With the absorption photoacoustic mode, the WMPAS detection with the QCL and DFB sources was capable of
CO,, detection at concentrations below 20 %, yielding a noise equivalent concentration (NEC) as low as 240 ppt
and a normalized noise equivalent absorption coefficient (NNEA) of 4.755 x 10°°Wem™l/ \/ Hz, and dynamic
range as great as 11 orders of magnitude. Higher concentration detection ranges (20 %-100 %) of CO2 were
investigated using the RFT mode with an amplitude-stabilized He-Ne laser and a mechanical chopper. With the
dual modes of WMPAS and RFT, the optical excitation sensor achieved full-range CO2 detection, with an R?
> 0.9993 and a response time of 5 seconds. The compact and full-range CO5 sensor combines the advantages of
WMPAS and RFT and offers a solution for high sensitivity, linearity and full-range CO, detection.

1. Introduction

CO, is a commonly encountered colorless and odorless gas, the high
sensitivity and full-range detection capability of which through appro-
priate instrumentation and measurement methodologies has become a
growing requirement due to its wide range of applications in industrial
production, biomedicine, monitoring of environmental pollutants, and
atmospheric chemistry [1-4], to name a few. In microbiological envi-
ronments, such as those for fungi cultivation, the precise control of CO,
concentrations to parts per million (ppm) or even parts per billion (ppb)

levels is imperative[5-7]. The gaseous environment is a very important
factor for ensuring the proper survival of the fungus. Therefore, the
quantitative analysis of low-concentration COs is of great importance to
the biological field [8-12]. Additionally, in industrial settings, CO;
levels may reach alarming concentrations ranging from 1 % to 15 % due
to coal combustion and gas leakage [13,14]. Such a high concentration
of CO,, compared to atmospheric concentrations of about 0.036 %, can
lead to human breathing difficulties or even unconsciousness in people
working in such environments [15]. Furthermore, medium to high
concentrations of CO, emitted from factories are one of the main sources
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of greenhouse gases, and the monitoring of this concentration of CO5
plays an important role in industrial safety and monitoring of environ-
mental pollutants [16-20]. What’s more, in factories requiring heavy
metal smelting, high concentrations of COy as a reducing agent are
critical to the success of metal smelting, which makes it necessary to
provide continuously high concentrations of CO5 to ensure that the
smelting process is carried out successfully [21-23]. This situation re-
quires equipment to continuously and accurately monitor the CO,
concentration. Therefore, there is an urgent need for the development of
instrumentation and measurement methodologies targeting high sensi-
tivity to, and full-range sensing for, CO, detection.

The purpose of gas sensors is to analyze and detect target gases in
different application scenarios, and common sensor detection methods
include gas chromatography, electrochemistry, metal oxidation, cata-
lytic combustion, infrared spectroscopy, and so on. Gas chromatography
can separately determine the components of target gases. It is known for
its small size, high sensitivity, and high resolution. However, sensitive
chromatography instruments are expensive, and the analysis time is
relatively long (on the order of 3 minutes) [24]. It is also well-known
that the long-term stability of these instruments needs further
improvement. Electrochemical sensors face challenges such as poor
selectivity in detecting various trace impurity gases and susceptibility to
interference in environments like hydrogen fuel cells [25]. Metal oxide
sensors exhibit unsatisfactory stability in battery applications, requiring
repeated calibration and incurring high maintenance costs [26]. Cata-
lytic combustion sensors, used to detect key impurity gases, often suffer
from interference among target gases and have a short operational
lifespan [27]. WMPAS technology has the advantages of low cost, high
sensitivity, high selectivity, relatively small size, and real-time detec-
tion, which makes it a popular method for gas detection [28-31].
However, WMPAS tends to saturate at high concentrations and even
tends to drop the signal strength, making it impossible to accomplish
reliable full-range linear detection of gases [32].

There is a lack of common sensors capable of full-range gas detection.
The compact CO; sensor developed in this work combines the advan-
tages of WMPAS and RFT to provide an alternative solution for high-
precision and full-range CO» detection. Most of the sensors using this
mode are acousto-optic (AO) sensors, with the advantage of our
comprehensive all-optical CO, sensor being that it is more widely
applicable to many environments than AO sensors because light prop-
agation does not require a propagation medium. Moreover, the optical
source does not need to be in contact with the photoacoustic cell like AO
sensors require.

Aiming at the fact that WMPAS is unable to complete full-range CO,
gas detection, an all-optical laser source was used in our studies. By
combining WMPAS and RTF techniques with this all-optical excitation
method, we can detect gases in the sub-ppb range and achieve a
detection limit as low as 240 ppt. This approach offers an alternative
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solution to RFT for high sensitivity, linearity and full-range CO5
detection.

2. Experimental setup
2.1. Selection of absorption cross-section and laser source

According to the HITRAN database [33], CO, molecules exhibit
strong absorption bands in the near-infrared (NIR) and mid-infrared
(MIR) regions [34]. The absorption cross-section simulation results of
CO4 and water vapor background given in the HITRAN database at a
temperature of 296 K and 1 atm pressure are presented in Fig. 1. The red
lines represent the absorption intensities of CO5 and the blue lines show
the water vapor absorption spectra. Water vapor has fewer absorption
lines in this spectral band, and would not cause spectral interference for
CO5, detection. The NIR wavenumber 4989.971 em~! (line strength is
3.97 x107%! ecm?/mol) and MIR 2364.106 cm ' (line strength is
1.11 x10~%7 em?/mol) were chosen as the target wavelength for a DFB
(NTT Electronics, NLK1S5EAAA) at 2004 nm and a QCL (Healthy photo,
QC-Qube) at 4230 nm respectively based on WMPAS technology [35].

According to the photoacoustic theory of solids (Rosencwaig-Gersho
theorem, RG theorem) [36], when light is modulated and irradiates a
solid sample in the photoacoustic cell, the laser energy is absorbed by
the cell wall, resulting in the generation of modulated thermal energy.
The selected He-Ne laser has a wavelength of 632.8 nm, which falls
within the visible light range and is not absorbed by most gases,
including CO», making it universal. The spectral range of visible light
sources typically covers wavelengths from about 400 nm to 700 nm, a
wavelength range that is not absorbed by COs. Since the gas inside the
photoacoustic cell does not absorb the laser light, the light interacts with
the cell wall instead. Part of this energy is diffused inside the wall, while
the remainder is transferred to the gas in contact with the walls. This
interaction creates a boundary layer between the gas and the wall sur-
face that responds thermally to temperature changes. As the incident
laser light is periodically modulated, this boundary layer is also heated
periodically, generating an acoustic piston effect that affects the residual
gas in the photoacoustic cell [37]. This results in the production of
pressure waves within the cell. These acoustic signals are then detected
by a microphone. The frequency and amplitude of these acoustic waves
are influenced by the properties of the gas, with changes in the reso-
nance frequency significantly affecting the acoustic response. When the
modulation frequency of the laser is the same as the resonance frequency
of the photoacoustic cell, the signal in the photoacoustic cell reaches its
maximum. By analyzing the magnitude of the resonance frequency, the
concentration of the gas can be determined.
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Fig. 1. Simulated spectral distribution characteristics of CO5 and H,O based on HITRAN Database. Temperature and pressure: 296 K and 1 atm respectively. The

asterisk represents the selected wavenumber.
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2.2. Experimental setup

The schematic of the CO4 sensor based on the dual modes (WMPAS
and RFT) is depicted in Fig. 2.

The sensor integrates a light source unit, a self-designed control and
collected unit, a photoacoustic cell unit and a gas unit. The light source
unit includes QCL, DFB, and He-Ne lasers. The control and collected unit
manage the laser driver, signal acquisition, modulation and demodula-
tion, controlling the QCL, DFB, and He-Ne lasers through the control
output signal f;, fy and f3, respectively. The QCL and DFB use the
WMPAS technique, while the He-Ne laser utilizes RFT. The lasers
sequentially excite the differential photoacoustic cell with two resonant
cavities. Microphones (YINGLEAR, BO9745RT) with sensitivity of the
microphone is —30 dB to —46 dB in the photoacoustic cell detect pho-
toacoustic signals, enhancing the signal-to-noise ratio and ensuring
sensitive gas concentration measurements. The control and collected
unit perform real-time signal processing and reporting. Additionally, the
gas unit includes a humidifier and a pressure controller to adjust the
temperature and humidity of the gas.

For the light source unit, the core instruments include the QCL, DFB,
and He-Ne lasers. The optical power of the QCL, DFB and He-Ne lasers
were measured and monitored by a thermal power meter (THORLABS,
PM100D) at the target absorption lines. They were found to be 54 mW,
5 mW and 22.5 mW, respectively. The three lasers were managed by the
control and collection unit while the QCL and DFB were WMPAS-based
and He-Ne laser is RFT-based. The wavelength-modulated beam from
the QCL was emitted from left to right into the upper channel of the
differential resonant cavity unit. Similarly, the beam from the DFB was
launched into the lower channel from right to left through the fiber
collimator. The chopper (Stanford Research Systems, SR540) was syn-
chronized with the f3 signal for modulation of the He-Ne laser in RFT
mode. A He-Ne laser was fired right-to-left onto the inner wall of the
upper channel of the photoacoustic cell. The three lasers were excited in
a sequential order as per operational requirements.

The control and collection unit was equipped with self-designed
electronics based on FPGA chips (Altera, EP4CE15F256). It was inte-
grated in a box with dimensions of 40 x 28 x 14 cm® and a weight of
3.2 kg. It was responsible for the control of the light source unit, lock-in
demodulation of PA signals and real-time-concentration calculation and
reporting. The unit included a laser driver module, a signal acquisition
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module and a signal modulation and a demodulation module. The laser
driver module was used to conduct the power supply for the laser and
control the temperature and current of the laser. The signal acquisition
module supplied power to the microphone above the photoacoustic cell
and passed on the electrical signals collected by the microphone, out-
puting them to the computer to acquire the image profile. Signal mod-
ulation and demodulation modules were integrated modules that
combine the functions of a signal generator, an adder and a lock-in
amplifier. The sinusoidal wave and ramp signals generated in the
FPGA were used for the signal modulation of the QCL, DFB and He-Ne
lasers. For the setup, f; outputted a sine wave at 588 Hz and a
sawtooth wave with a 20-second period. f» outputted a sine wave at
570 Hz and a sawtooth wave with a 30-second period. f3 was connected
to the He-Ne laser controller and a custom frequency sweeping software.
The frequency of the chopper could be adjusted by varying the bias of
the sine signal, which could range from 2.2 mV to 2.916 mV, resulting in
a frequency sweep range from 900 Hz to 1220 Hz. Electrical signals
generated by the microphone driver circuit were acquired by the signal
demodulation module and were analyzed and calculated in real time
with an integration time of 1 s.

The proportioned gas flowed into the photoacoustic cell unit, which
in this experiment was a self-developed design. The differential photo-
acoustic cell consisted of two resonant cavities, each 140 mm in length
and 7 mm in diameter, with buffer cavities of 30 mm length and 34 mm
diameter positioned at either end. The inner wall of the resonance
chamber is made of aluminum alloy and polished. The polishing of the
wall not only reduces noise but also minimizes photoacoustic signal loss,
preventing signal dissipation and enhancing the photoacoustic signal
strength [38,39]. The inner and outer walls of the photoacoustic cell are
black in color, which effectively reduces the energy loss due to reflection
in the RFT mode. Additionally, Calcium Fluoride (CaF3) windows were
located at the ends of the buffer cavities for incident light beams. Two
microphones were strategically placed at the center of the resonant
cavities for detecting PA signals. In contrast to traditional H-shaped
cylindrical photoacoustic cell, this differential photoacoustic cell
featured two parallel resonant cavities, enhancing signal clarity and
stability. This design effectively minimized external ambient noise
interference and boosted the intensity of photoacoustic signals [40]. As a
result, it significantly improved the signal-to-noise ratio (SNR), ensuring
more reliable and accurate signal detection.
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Fig. 2. Schematic diagram of the full-range CO; concentration sensor based on the dual modes (WMPAS and RFT).
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Due to the relaxation effect of water vapor on CO5 photoacoustic
signal, a humidifier was introduced to add humidity or remove moisture.
The flow rate was regulated using a mass flow controller and needle
valves, while a pump was connected to both the resonator outlet and the
end of the airflow tube. Additionally, a pressure controller (Allcat Sci-
entific, LK 2) was positioned upstream of the resonator to maintain and
control the pressure within the resonator

3. Optimization design of the dual mode CO; sensor

3.1. Simulation optimization of CO2 detection range for the dual mode
sensor

To achieve high sensitivity and linearity in CO, detection using the
dual mode full-range sensor, careful consideration must be given to
resonant frequency drift and concentration saturation effect. The
simulation optimization experiments were carried out using the finite
element method software COMSOL Multiphysics ®[41] v6.0 to select
suitable laser light sources for various concentration intervals of CO;
with a differential multichannel resonant cavity (same dimensions as the
experiments). The QCL mode, DFB mode and RFT mode are simulated at
4230 nm, 2004 nm and 632.8 nm, The simulation results are shown in
Fig. 3.

In WMPAS mode, based on the Lambert-Beer law, a Gaussian thermal
source It was used to imitate the laser source incident beam through the
differential resonator, as shown in Eq. 1[42]

Iy = Ioe—ucgzcze—rz/az '6))
Where I, represents the power of the laser, I represents the transmitted
power.aco, denotes the absorption coefficient (0.1065 em ! at the
target wavelength 2004 nm for DFB and 275.6 cm™! at the target
wavelength 4230 nm for QCL) of pure CO, and C stands for the con-
centration of CO,. The laser beam propagated along the z-axis, where a
is the waist radius of the Gaussian beam, r represents the distance from
the center axis along the beam cross-section. The parameters of the
photoacoustic cell have been given in Section 2.2.

Given the high absorption coefficient of CO, at 4230 nm, the gas
strongly absorbs incident laser radiation in this wavelength band,
leading to saturation of the photoacoustic signal at a concentration of
60 ppm. To ensure linearity, the QCL laser was employed for detection
specifically within the 0-50 ppm range (Fig. 3a).

The photoacoustic signal from 0 % to 100 % CO; exhibited a trend of
initially increasing and then decreasing for the DFB mode (Fig. 3b).
There was a linear relationship between concentration and photo-
acoustic signal within the 0-20 % region. Between the range from 20 %
to 80 %, the signal increased nonlinearly. Beyond 80 %, the signal
decreased.

The resonant frequency is an important performance parameter of a
PA cell which is impacted by factors such as gas concentration and gas
species in photoacoustic chambers, as shown in Eq. 2[43].
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The velocity of sound v and the effective optical length L.y are related
as follows[43]. The effective optical length L refers to the distance that
light effectively travels through the CO2 (medium) considering factors
such as absorption and scattering, which represents the length of light
interacting with the medium. The velocity (v) depends on the ratio of
specific heat capacities at constant pressure and constant volume (), the
ideal gas constant (R), temperature (T), and the molar mass of the gas
(M). M is determined by the concentration of the gas (C), the volume of
the gas (V), the number of moles of the gas (n) and the mass of the gas
(m). Since the temperature, pressure and gas species in the photo-
acoustic cell are deterministic values, the resonance frequency of the
photoacoustic cell shows a positive correlation with the gas concentra-
tion. By utilizing this relationship, a curve illustrating the connection
between concentration and resonant frequency allows us to determine
one variable when the other is known. From Fig. 3(c), the He-Ne mode
shows a linear relationship in the detection of 0-100 % concentration,
but since the accuracy of RFT in low concentration detection is not as
good as that of PAS, PAS is prioritized in low concentration. RFT makes
up for the inability of WMPAS to achieve linear detection of high con-
centrations. By combining WMPAS and RFT, it becomes feasible to
achieve highly accurate and full-range linear CO5 detection.

Based on simulation results, concentrations were categorized into
intervals where there is a linear relationship between concentration and
signal. The QCL mode was utilized for detecting low concentrations
(0-50 ppm), while the DFB mode handled medium concentrations (50
ppm-20 %). High concentrations (20 %-100 %) were detected using the
RFT mode due to its capability of maintaining linearity in this range.

3.2. Optimization design of the CO, sensor

The optimization process meticulously fine-tunes key parameters
such as modulation depth, flow rate and humidity levels. It aims to
enhance the overall performance for achieving comprehensive CO5
detection across the entire concentration range, ensuring accuracy and
precision. The experiments were carried out at a temperature of 296 K
and 1 atm pressure. A CO: No gas mixture was used for the optimization
experiments.

3.2.1. Optimization of integrated laser

To obtain the optimal static operating current, a concentration of
20 ppm and 2 % CO3, gas was used as the gas sample and the differential
photoacoustic cell was excited with the QCL and the DFB in succession.
The temperature of QCL and DFB was set at 25°C and 23°C, while the
center currents were set to 102 mA and 109 mA, respectively. Fig. 4
shows the relationship between the amplitude signal (a.u.) and the
modulation amplitude for a QCL laser measuring 20 ppm CO5 and a DFB
laser measuring 2 % CO,. The optimal modulation amplitudes for the
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QCL and DFB are 308 mV and 127 mV, respectively.

The results of 2f-WMPAS spectral scanning are shown in Fig. 5. With
the optimal injection current found to be 109 mA for QCL and 127 mA
for DFB, the signals reached 90.2 mV and 9.8 mV at the center current,
respectively. Following the optimization of the modulation depth and
second harmonic, the center wavelength of lasers has been aligned with
the optimal absorption lines of the target gas—4230 nm for the QCL
laser and 2004 nm for the DFB laser. The center wavelength of the He-Ne
laser remains fixed at 632.8 nm, as its characteristics do not require
adjustment.

3.2.2. Optimization of gas flow rate

Flow rate is an important parameter in the experiment, as it impacts
both the stability and strength of the photoacoustic signal as well as the
level of background noise. Therefore, optimizing the flow rate is
essential for accurate and reliable measurements.

The noise levels and PA signals of the three modes of resonator were
recorded by measuring signals with 30 ppm CO2, 5 % CO and 90 % CO»
as reference gases. Noise was measured at a temperature of 296 K and
1 atm pressure. The laser is turned off during the measurement. The
number of accumulation points is set to 10,000 and the accumulation
time is 1 s. When measuring photoacoustic signals, the optical power of
the QCL, DFB and He-Ne laser were 54 mW, 5 mW and 22.5 mW,
respectively. With the optimal injection current found to be 109 mA for
QCL and 127 mA for DFB. He-Ne lasers have a fixed output wavelength
and do not require current regulation. Experiments were performed in
the flow rate range from 110 sccm to 1100 scem. Fig. 6 shows the noise
level and the PA signal. The signal for 30 ppm CO; increased with flow
rate and reached a maximum at 440 sccm. The noise level stayed at 1 pV
and increased dramatically to 3.2 times the original level when the flow
rate was increased to 880 sccm. The 5 % CO; signal increased and then
decreased as the flow rate increased, reaching a maximum at 440 sccm,

100

followed by a slight decrease at 770 sccm. The noise level stayed at 770
sccm and then increased sharply. 90 % CO; signal reached a maximum
at 550 sccm and then decreased smoothly. The noise level started to
increase at 660 sccm. Therefore, 440 sccm was chosen as the optimum
value for simultaneous gas measurements.

3.2.3. Analysis of water relaxation processes

Water vapor can be an effective catalyzer for slowly relaxing gas
molecules, and thus the photoacoustic signals are greatly enhanced
[42]. The samples used were gas mixtures of 50 ppm CO3, 20 % CO, and
90 % CO; diluted with Ny, excited by QCL, DFB and He-Ne lasers in
succession.

The humidification results of the 50 ppm COs are shown in Fig. 7(a),
where the photoacoustic amplitude of CO, increases significantly by
about 98.95 mV/%-H>0 at humidity levels above 0.325 %. When hu-
midity increased to 2.318 %, the photoacoustic signal rose to 7.673
times its original value, reaching 197.2 mV. Fig. 7(b) shows the results
for 20 % CO; measurements eusing the DFB laser, where the approxi-
mate linear increase in PA amplitude of CO5 is 6.573 mV/%-H30 at
humidity levels above 0.463 %. When the humidity reached 2.342 %,
the photoacoustic signal increased by 12.35 mV from the initial.

Absorption lines of HyO exist in the band at target line
2364.106 cm™! and 4989.971 cm™!, with line strengths of
2.506 x 10728 ¢m/mol and 3.320 x 10~2® cm/mol, respectively. The
Hy0 absorption line overlaps that of the target gas CO,. Taking the
2364.106 cm ™! line as an example, in the high humidity state energy is
generated by the exchange of V-V collisions between COy and H20
molecules. Thus, the vibrational energy of the excited state v3 of CO5 in
the band is transferred to the v; rotational vibrational energy level of
N5[42]. (Under 4989.971 cm ! laser irradiation, as humidity increases,
vibrational energy from the excited state 2v; + v3 of CO; transfers to the
rotational-vibrational energy level vy of N3[44].) Thus the increase of
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the WMPAS signal under wet conditions originates from the energy gain
of the rotational vibrational state of Ny. The presence of water vapor
adds an additional relaxation path.

During actual measurements using the He-Ne laser, it was observed
that the resonance frequency of high concentration CO; increases as
humidity rises. This phenomenon occurs because the total molecular
mass of the gas mixture inside the chamber decreases with the increase
in humidity (CO3 has a molecular mass of 44, HoO has a molecular mass
of 18), which leads to an increase in the molecular gas velocity, raising
the resonance frequency of the photoacoustic cell. However, the actual
increasing frequency range is less than 2.5 Hz. The frequency was cali-
brated for humidity during the analysis, ensuring that it does not affect
the accuracy of the results.

Based on the above experimental results, a humidity level of 2.2 %
was selected as the final parameter of wet experiments. At this humidity
level, the signal enhancement was 6.4 times for the QCL mode and 0.114
times for the DFB mode.

"I DFB d
z / -
= 9 |
5 /
£ ol rd
/ o= 20% CO,
88 [
(b) 0.0 0.‘5 1?0 ‘IfS ZTO 2.5

Absolute humidity (%)

humidity levels measured by QCL and DFB modes.

4. Results and discussions
4.1. Performance evaluation of the dual mode COz sensor

To validate the performance of the dual-mode CO, sensor, the
experimental parameters were set as the optimization values as
described in Section 3.2. The linearity of the dual mode full-range CO,
sensor was determined by testing the PA signal response for different
concentrations of gases in the range 0 ppm (100 % N3)-100 % CO» and
the results are shown in Fig. 8.

As plotted in Fig. 8(a), the concentration-PA signal relationship for
0-80 ppm of CO,, excited by the QCL, reveals a saturation concentration
of 80 ppm for CO,. The R? value exceeds 0.9993 within the concentra-
tion range of 0-50 ppm. As shown in Fig. 8(b), the R? value of 0.9999
indicates that the sensor has an excellent linear response to CO, con-
centrations below 20 %. When the concentration exceeded 20 %, the PA
signal exhibited a nonlinear relationship with changing CO, concen-
tration. Fig. 8(c) presents the concentration- resonant frequency plot

250 |- 200 | R2~0.9999 12001
- € 050 ppm - 50 ppm-20% = 20 %-100 %
E 200 2 E 150 100 ;;
| T r 19
3 R?~0.9993 3 w0 g
2sof 2 - E
g £ 100 % g oo
=100} = - g
e 2 o 5
2 2 st CR
50| = - 2 . ey
g u ngear fucttlng curve g B Linear fitting curve & 1000 | n I.clgea(rglet_tx; curve
ol * CZ(? ) of —e— CO, (DFB) 2
(@) 10 o 10 20 30 40 50 6 70 80 (b) 20 20 ) 20 100 (c) 0 20 40 60 80 100

Concentration(ppm)

Concentration (% )

Concentration(%)

Fig. 8. (a) The PA signals changing with CO, concentration range from 0 ppm to 80 ppm using the QCL; (b) The PA signals changing with CO, concentration range
from 0 % to 100 % using DFB (Localized enlargement of the 50ppm-20 % concentration range is shown in the small figure); (c) The resonance frequency changing

with CO, concentration from 0 % to 100 % using He-Ne Laser.
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covering 0-100 % using the He-Ne laser. The linear ranges of the signal
were determined as 20 %-100 % with a R? value of 0.9994. A compar-
ison of Fig. 8 and Fig. 3 shows a good agreement between the simulated
and experimental curves for the QCL and DFB modes. The QCL mode
becomes nonlinear beyond 50 ppm due to the high absorption at the
specific absorption line, while the DFB mode exhibits nonlinearity after
20 % concentration and becomes saturated at 80 %. For the RFT mode,
there are slight discrepancies between the experimental and simulated
results. In the experimental data, the 0-20 % range represents low
concentrations and 20 %-100 % represents high concentrations, with
each showing distinct linearities. Although the experimental data for the
RFT mode does not exhibit a perfect linear relationship in these ranges,
the overall trend remains positive.

According to these results, the accuracy of the WMPAS technique is
reduced due to photoacoustic saturation, making it difficult to accu-
rately measure highly concentrated gases. To solve this problem, we
have utilized the advantages of RFT as a complementary technology in
detecting high concentration gases, thus realizing the function of full-
range gas detection.

4.2. A continuous testing of the dual mode COz sensor

Based on the data obtained from the above experiments as a stan-
dard, the actual measurements of concentration response in the full-
range sensor were used to verify the stability and linearity of the sys-
tem. In the WMPAS technique, the NNEA coefficient was used to eval-
uate the sensor performance [45], as defined in Eq. 3.

aminP 0 aP, 0
VAT SNRVAF

where Py represents the actual power value of the excitation light
source and the remaining parameters are given in Section 2.2. Af is the
effective integration bandwidth of the system (0.125 Hz), o, and a
represent the minimum absorption coefficient and absorption coeffi-
cient of the system in succession. The SNR here indicates the ratio of
signal-to-noise under specific conditions of the actual system. When the
detection time was 20 s, the mean values of the QCL and DFB modes
noise were found to be 1.95 uV and 2.94 uV, respectively, with standard
deviations 0.95 uV and 0.99 pV, respectively.

NEC is also an important parameter for testing sensor performance
[46]:

NNEA = ()]

Cc
SpA/O'

NEC = ()]

where C denotes the concentration of the gas to be measured, Spp rep-
resents the signal, defined as the photoacoustic signal amplitude minus
the mean noise, and o signifies the standard deviation of the noise.
The results of the QCL mode for actual measurements of 0-50 ppm
CO4 are shown in Fig. 9(a). The average value of the photoacoustic
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signal was 199.87 mV at 50 ppm, which reveals a NNEA of 6.31 x 107°
Wem™l/ \/ Hz and a NEC of 240 parts per trillion (ppt). Fig. 9(b) shows
the concentration-signal response obtained from 50ppm to 20 % CO,
measurements using the DFB laser. At 20 %, the photoacoustic signal
averaged 100.31 mV, with a calculated NNEA of 4.755 x 107 1°
Wem™l/ \/Hz and a NEC of 2.26 ppm. Fig. 9(c) shows the resonance
frequency-signal response obtained from 20 % to 100 % CO, measure-
ments using the He-Ne laser. The results show that the stability and
linearity of the sensors are maintained at a good level.

Three environments were simulated in the laboratory: a microbial
growth setting (low concentrations), a factory production environment
(medium concentrations), and a metal smelting environment (high
concentrations). The temperature in the simulated environment was set
to 30° and the pressure was set to 1 atm. Low, medium and high con-
centration CO; leaks were set up according to the characteristics of each
environment, and the results were continuously monitored using the
compact and full-range CO; sensor, as shown in Fig. 10.

The initial mode of the sensor was the RFT mode. If the detection
frequency remains below 1126 Hz (corresponding concentration is
20%), the RFT mode was enabled, otherwise it automatically switched
to the DFB mode. This transition is achieved by changing the sinusoidal
signal f3, used for the He-Ne laser, to a sinusoidal signal with a sawtooth
waveform f, which applies to the DFB. If the result of the DFB mode was
below 0.0535 mV (corresponding concentration is 50 ppm), the system
would switch to the QCL mode, and the conversion process is like the
above, by changing the signals f5 for DFB sine and sawtooth waveforms
to the signals f3 for QCL sine and sawtooth waveforms. The corre-
sponding detection concentration ranges for the three modes are shown
in Eq. 5

QCL mode: 0-—50ppm
DFB mode: 50ppm—20% 5)
RFT mode: 20% —100%

Fig. 10 shows the results of actual measurements with 30 ppm, 10 %,
and 80 % CO, using the sensor. Pure N5 (0 % CO-) was first injected into
the sensor, and after 20 s when it was internally stabilized, CO, with a
concentration of 30 ppm was immediately injected at a flow rate of 440
scem, and the resonance frequency was stabilized after about 5 s. It took
a total of 7 s to switch to the DFB mode and complete the detection, and
8 s to switch to the QCL mode and complete the detection. The total
detection time ranged from a minimum of 5 seconds to a maximum of
20 seconds, which was determined by the gas concentration.

5. Conclusions

A compact and laser-based dual-mode sensor was developed and
confirmed to effectively detect CO, across the entire concentration
range with integrated laser module excitation and self-developed opti-
mized differential resonator.

Parameters such as the modulation depth of the QCL and DFB with
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Fig. 9. Continuous monitoring with the compact and full-range sensor (a): QCL mode for CO, of 0-50 ppm (b): DFB mode for CO, of 50 ppm-20 % (c): RFT mode for

CO;, of 20 %-100 %.
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Fig. 10. Practical measurements with the compact and full-range sensors (a): 30 ppm CO» (b): 10 % CO5 (c): 80 % CO»,

second harmonic current, gas flow rate, and humidity were optimized
before formal experiments. Additionally, the concentration intervals
detected by each laser were determined through simulation. The QCL
mode detected low concentrations (0-50 ppm), the DFB mode handled
medium concentrations (50 ppm - 20 %), and the RFT mode was capable
of accurately measuring high concentrations (20 % - 100 %), providing
linearity to the instrumentation in this range.

In summary, the new sensor has a NEC of 240 ppt and a NNEA of
4.755 x 1071 Wem™!/+/Hz with an R? value of > 0.9993. The dual-
mode gas sensor exhibits a fast response time of 5 seconds. Utilizing
both WMPAS and RFT modes, and combining QCL and DFB sources, the
sensor achieves a dynamic range of 0-20 %. Employing the RFT mode
extends the linear dynamic range to 100 %. Finally, the stability and
accuracy of the sensor was verified through continuous monitoring.
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