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A B S T R A C T   

In this paper, we propose and experimentally demonstrate an ultra-sensitive all-optical PAS gas sensor, incor-
porating with a near-infrared (NIR) diode laser, fiber-optic microphones (FOMs) and a double channel differ-
ential T-type photoacoustic cell. The FOM is realized by Fabry-Perot interferometry and novel gold-chromium 
(Au-Cr) composite nanomembranes. To meet the demand of high sensitivity and flat frequency response for the 
FOMs, the Au-Cr composite diaphragm is deliberately designed and fabricated by E-beam evaporation deposition 
with 330 nm in thickness and 6.35 mm in radius. Experimental results show that the FOM has a sensitivity of 
about 30 V/Pa and a flat frequency response from 300 to 900 Hz with fluctuation below 1 dB. Moreover, a double 
channel differential T-type photoacoustic cell is designed and employed in the all-optical PAS gas sensor, with 
the first-order resonant frequency of 610 Hz. The all-optical gas sensor is established and verified for CH4 
detection and the normalized noise equivalent absorption (NNEA) is 4.42 × 10− 10 W•cm− 1•Hz− 1/2. The mini-
mum detection limit (MDL) of 36.45 ppb is achieved with a 1 s integration time. The MDL could be further 
enhanced to 4.87 ppb with an integration time of 81 s, allowing ultra-sensitive trace gas detection.   

1. Introduction 

Methane (CH4), a colorless, odorless, flammable and explosive gas, 
plays an important role in environmental atmospheric monitoring, 
clinical diagnosis and industrial control [1–3]. According to the 2021 
WMO Greenhouse Gas Bulletin [4], the concentration of methane in the 
atmosphere is about 1.8 ppm and arises yearly, which contributes to the 
greenhouse effect. Therefore, it is of great significance to implement 
accurate and sensitive CH4 detection. Beyond conventional methods 
such as electro-chemistry and gas chromatography [5,6], optical 
methods allow improved selectivity and sensitivity as well as fast 
response. Optical methods using laser absorption spectroscopy (LAS) 
based on the ‘finger-print’ absorption lines of molecules, such as tunable 
diode laser absorption spectroscopy (TDLAS), cavity ring-down 

spectroscopy (CRDS) and photoacoustic spectroscopy (PAS) [7–10], 
have been widely investigated for trace gas detection. TDLAS-based 
sensors have been widely commercialized [11], and it fundamentally 
relies on the long optical path and superior photodetectors to achieve 
favorable sensing performance. Also, ultra-stable cavity mode is essen-
tial in CRDS, which limits practical implementations. 

PAS is acknowledged as an indirect method for trace gas sensing 
based on the photoacoustic effect. The photoacoustic effect refers to the 
principle that optical absorption of gas molecules results in localized 
heating and then generates gas vibration, which produces the acoustic 
pressure wave detected by an acoustic sensor i.e. microphone [12]. The 
PAS sensor has the special advantages of no wavelength selectivity and 
proportional to the laser power. Benefit from the development of laser 
technology, high power or mid-infrared laser is used in the PAS sensor to 
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obtain high detection sensitive [13,14]. For example, Wu et al. reported 
a 3.3 µm inter-band cascade laser (ICL) in the quartz-enhanced photo-
acoustic spectroscopy (QEPAS) system to improve detection sensitivity 
[13]. Chen et al. reported a PAS sensor combined a high power 
near-infrared (NIR) laser with an erbium-doped fiber amplifier (EDFA), 
the output laser power up to 1 W [14]. Nevertheless, the use of ICL or 
EDFA made the sensor complex and costly, compared to single 
near-infrared diode laser. 

Beside optical sources, photoacoustic cells and microphones are the 
other key components in the PAS gas sensor. Initially, electrical micro-
phones were widely used in PAS due to low cost and excellent stability 
[15]. However, there are restrictions in electrical microphones such as 
electromagnetic interference and low sensitivity. Attributed to compact 
size, high sensitivity, remote sensing and immunity to electromagnetic 
interference, fiber-optic microphone (FOM) have been investigated in 
past decades [16–20]. To be noted, reported diaphragms such as poly-
mer and graphene composite used in optical microphones still have 
several limitations in the application [19,20]. The relatively low 
reflectivity of most non-metallic material diaphragm results in addi-
tional attenuation and noise. On the other hand, the unstable chemical 
properties of the diaphragm material bring the risk of performance 
degradation as working in harsh environment, which may restrict the 
gas sensing performance and could be enhanced. Moreover, considering 
relatively high resonant frequency of traditional H-type photoacoustic 
cell [21], the optical microphones often have a small area to obtain a 
larger flat response range to match the photoacoustic cell, but this would 
lead to lower sensitivity of the diaphragm. Taking account into the 
different boundary conditions of the T-type photoacoustic cell, lower 
resonance frequency and fast response can be obtained simultaneously 
compared to the traditional H-type cell [22]. However, existed acoustic 
wave antinodes at the end facet of the reported single channel T-type cell 
may lead to excessive signal noise due to optical window absorption and 
environmental interference. 

In this paper, we propose and demonstrate an ultra-sensitive all- 
optical PAS methane sensor incorporating with a pair of novel fiber- 
optic microphones (FOMs) and a double channel differential T-type 
photoacoustic cell. The acoustic signals are detected by two Fabry-Perot 
(FP) interferometric fiber-optic microphones with novel composite Au- 
Cr diaphragm and demodulated by the intensity-based quadrature 
point (Q-point) method. The proposed composite Au-Cr nano-
membranes are designed by diaphragm forced vibration and fabricated 
by E-beam evaporation deposition with 330 nm in thickness (gold of 
300 nm and chromium of 30 nm) and 6.35 mm in radius, achieving high 
acoustic sensitivity and flat frequency response. Moreover, a novel 
double channel differential T-type photoacoustic cell with the first-order 
resonant frequency of 610 Hz is designed and fabricated to match the 
proposed FOM for sensitivity enhancement. The wavelength modulation 
spectroscopy and second-harmonic detection (WMS-2f) with a low cost 
1.65 µm DFB laser is employed to eliminate the fundamental frequency 
noise and increase signal noise ratio [23]. This all-optical PAS gas sensor 
is established and verified for CH4 detection and the MDL of 36.45 ppb is 
achieved with a 1 s integration time. It could be further enhanced to 4.87 
ppb with an integration time of 81 s, allowing ultra-sensitive trace gas 
sensing in versatile applications. 

2. Experiment section 

2.1. Design of the composite diaphragm and FOM 

The essential acoustic detector directly determines the sensitivity 
and detection limit of the PAS sensor. For the diaphragm-based Fabry- 
Perot interferometric FOM, the vibration of diaphragm converts the 
acoustic signal into the variation of reflection spectrum. According to 
the membrane model for diaphragm vibration analysis, the tension of 
the diaphragm makes the diaphragm deformation to recover [24]. Based 
on the forced vibration of the diaphragm structure, the main influence 

on the sensitivity performance of the FOM is the deformation at the 
center of the circular diaphragm. By normalizing the deformation at the 
center of the diaphragm (r = 0), the vibration sensitivity Sm (nm/Pa) and 
the first-order resonant frequency f1 (Hz) can be calculated through the 
forced vibration equation by Eq. (1) and Eq. (2): 

Sm =
1

k2
wPh
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1

J0(kwa)
− 1
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2πa
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Where P, h, a, w, ρ, r is tensile stress, thickness, radius, angular frequency 
of acoustic, material density, radius in polar coordinates, respectively. 
kw is set as w/c = w/√P/ρ. J0 is zero-order Bessel function [25]. 

It is implied from Eq. (1) that the vibration sensitivity Sm could be 
directly improved by reducing diaphragm tension and thickness, as well 
as increasing material density and diaphragm radius. To be noted it 
could come across practical fabrication challenges, such as in the 
nanomembrane transferring process if the diaphragm is too thin. Gold 
diaphragm is primarily selected with high-density and chemical stability 
beyond other available materials. But in the metal nanomembranes 
deposition and transferring process, it is challenging to obtain thin layer 
and large proportion of pure gold nanomembrane simultaneously, due 
to tension and thermal effect. Here, a chromium substrate layer is 
introduced and a new type of Au-Cr composite diaphragm is proposed in 
our FOM. It is found that nanomembrane transferring process has been 
significantly upgraded by adding chromium as the substrate layer. 

The composite diaphragm can be considered theoretically as a uni-
form elastic diaphragm and deforms gradually in the process of dia-
phragm transfer. This approximation allows the interface force between 
the composite diaphragms around the free edge and the substrate 
approaching a shear force. Excessive shearing force will cause nano-
membranes wrinkles and even ruptures. When the external pulling force 
t(x) works on the free end of diaphragm, it will produce a corresponding 
tension σm. It is acknowledged that tension at the edge of the diaphragm 
σm will evenly transfer to the entire interface. The governing equation q 
(x) can be calculated by Eq. (3): 

q(x) = σm

̅̅̅̅̅̅̅̅
khf

2πx

√

(3)  

where q(x), hf , σm, x is interface shear force with distance from 
diaphragm edge, thickness, free end of diaphragm tension and distance 
from diaphragm edge, respectively [26]. Where k can be described by 
Eq. (4): 

k =
Es

1 − v2
s
⋅
1 − v2

f

Ef
(4)  

where Es,f , vs,f is Young’s modulus and Poisson’s ratio of substrate and 
film. Chromium has a higher Young’s modulus and a lower Poisson’s 
ratio than gold, therefore Cr-Si interface have less shear force according 
to Eq. (3). The composite diaphragm has higher chance of diaphragm 
formation, whose interface shear force distribution is shown in Fig. 1. 

Radius and thickness of the diaphragm play an important role in the 
FOM performance including frequency response and sensitivity char-
acteristics. In terms of gold-chromium diaphragm, the bulk density and 
tensile stress of the diaphragm are set to 19,300 kg/m3 and 50 MPa. 
Diaphragm response curve are obtained by changing radius and thick-
ness of the diaphragm. As shown in Fig. 2, it is indicated that the dia-
phragm thickness merely affects the sensitivity with inverse proportion 
relationship, and the enlarged radius contributes to increase sensitivity 
but also brings lower resonant frequency. 

Flat frequency response and optimized sensitivity are both required 
around the photoacoustic cell resonant frequency. With comprehensive 
analysis of sensitivity and response flatness characteristics, the 
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composite Au-Cr diaphragm is designed optimized and fabricated by E- 
beam evaporation deposition. The composite nanomembranes of 
330 nm thickness is realized with gold of 300 nm and chromium of 
30 nm and 6.35 mm in radius. The detailed fabrication procedure for the 
metal nanomembranes and FOM package were discussed in our previous 
work [27]. The resonance frequency is calculated to be 3.1 kHz ac-
cording to Eq. (2). 

The schematic structure and packaged samples of the proposed FOM 
is shown in Fig. 3. A low-finesse Fabry-Perot interferometer is estab-
lished with the fiber facet and the Au-Cr diaphragm. When an acoustic 
pressure is applied to the diaphragm, the FP cavity length will change. 
Therefore, reflected intensity can be approximately described by Eq. (5): 

Ir = 2I0[1+B cos(φ0 +φ(t))] (5)  

Where I0, B, φ0, φ(t) is the intensity of the incident light, the contrast of 
FOM, initial phase and phase to be measured [28]. The interference 
spectrum of the designed FOM (finesse number is about 2) was measured 
by the optical spectrum analyzer (AQ6370C-20, YOKOGAWA) as shown 
in Fig. 4. By choosing a proper wavelength, the FOM be operated in 
quadrature point (Q point, φ0 = (m+1/2)π, m is an integer), which can 
make the FOM achieve maximum measurement sensitivity and dynamic 
range. 

To characterize the performance of the designed FOM, measured 
frequency response with the frequency range of 100–2500 Hz is shown 
in Fig. 5. The sensor exhibits a flat frequency range between 300 and 
900 Hz. The sensitivity fluctuation is less than 1 dB while the average 
sensitivity is about 30 V/Pa. In addition, the first-order resonant 

frequency is about 1.9 kHz, which separates from frequency domain for 
acoustic detection, and experimental results show that the two proposed 
FOMs have similar sensitivity. Compared with the reported pure metal 

Fig. 1. The interface shear force distribution in the Au-Cr compos-
ite diaphragm. 

Fig. 2. Theoretical estimation of the influence of diaphragm parameters on sensitivity. (a) Influence of diaphragm thickness on sensitivity and resonant frequency, 
with operating frequency of 1 kHz and the nanomembrane radius of 6 mm. (b) Influence of diaphragm radius on sensitivity curve with the nanomembrane thickness 
of 300 nm. 

Fig. 3. Schematic of the structure of the proposed FOM.  

Fig. 4. Measured interference spectrums of the two FOMs with the probes 
showing the Q point demodulation. 
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diaphragm, the composite diaphragm has a thinner thickness and larger 
radius to obtain ultra-high sensitivity and improved stability. In addi-
tion, benefits from the extremely stable physical and chemical properties 
of Cr and Au, the designed FOM can be applied in the measurement of 
corrosive or viscous gases for a certain long time. 

2.2. Double channel differential T-type photoacoustic cell 

A novel double channel differential T-type photoacoustic cell is 
designed and experimentally implemented in the PAS methane sensor. 
To optimize the performance of the system, a photoacoustic cell should 
be designed to match the FOM geometry and frequency. Compared with 
the conventional H-type cell, the T-type cell has a lower resonant fre-
quency, a higher cell constant and faster response. For the T-type reso-
nant PA cell, the 1st resonant frequency f can be calculated by Eq. (6): 

f =
v

4(L + 8R/3π) (6)  

Where v is the speed of sound in the sample gas, L and R are the radius 
and length of the resonator [29]. Moreover, longer length and smaller 
radius of the photoacoustic cell could be properly considered to increase 
the cell constant and photoacoustic signals. 

The schematic design and 3D structure of the double channel dif-
ferential T-type photoacoustic cell are shown in Fig. 6(a) and (b), 
respectively. The differential photoacoustic cell consists of two identical 
cylindrical channels as two photoacoustic resonators and one buffer 
volume at the near end of these channels. The inner radius and length of 
the identical channels are 4 mm and 120 mm. The inner radius and 
length of the buffer are 15 mm and 30 mm. A finite element model is 
constructed to simulate the acoustic field distributions at the first reso-
nant frequency in the photoacoustic cell, as shown in Fig. 7(a). For the T- 
type differential cell, the end facet of the photoacoustic resonators ex-
hibits the acoustic antinode, thus a pair of identical FOMs is located at 
the end of each channel to detect the maximum acoustic pressure. In 
addition, the acoustic wave phase is reversed for the photoacoustic 
resonators, resulting the acoustic signals are doubled [30]. Since only 
one channel is excited by the laser source, the background noise caused 
by window absorption and external environment are effectively sup-
pressed by using a differential amplifier to subtract the signals from the 
pair of FOMs. The simulated frequency responses of the designed pho-
toacoustic cell are shown in Fig. 7(b). The first-order resonant frequency 
of the designed photoacoustic cell is about 629 Hz, which is located in 
the flat response region of the FOM. 

3. All-optical PAS gas sensor experiments 

3.1. Experimental configuration 

The WMS-2f experiment of the PAS methane sensor system is 
depicted in Fig. 8. A DFB laser (NTT NLK1U5EAAA) with a central 
wavelength of 1.65 µm is used as the excitation source to generate the 
photoacoustic signals. A laser driver (Wavelength Electronics, model 
LDTC0520) is used to control temperature and provide injection current, 
and the laser temperature and current are set at 29.5 ℃ and 97.5 mA 
respectively to align with the selected methane absorption line at 
1650.96 nm. The measured laser output power of the DFB laser is 
14.7 mW. According to the HITRAN2012 database [31], the absorption 
coefficient of CH4 gas molecule at 1650.96 nm is 0.37 cm− 1, corre-
sponding to line strength of 1.52 × 10− 21 cm− 1/(mol•cm− 2). An arbi-
trary waveform generator (Tektronix, Model AFG31102) is used to 
generate a sawtooth pattern with modulated sinusoidal wave. The 
sawtooth pattern is to sweep the laser central wavelength around the 
absorption line while the sinusoidal wave is used to modulate the laser 
wavelength for harmonics detection. The interaction of the modulated 
laser with the absorption line leads to the generation of signals at 

Fig. 5. The measured frequency responses of the two FOMs with the frequency range of 100–2500 Hz.  

Fig. 6. (a) Schematic design and (b) 3D structure of the double channel dif-
ferential T-type photoacoustic cell. 
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different harmonics of the modulation frequency, and the 2nd harmonic 
is used in the experiments. 

The output laser beam is horizontal collimated into one photo-
acoustic channel of the T-type differential photoacoustic cell through a 
fiber collimator (OZ optical, Model LPC-01). A CaF2 window with 
diameter of 20 mm and transmissivity efficiency of > 95% is mounted 
on the one side of the photoacoustic cell and a silver-plated reflector is 
mounted on the other side to double the absorption path length. Two 
identical FOMs are located to detect acoustic signals from two channels. 

In the FOM signal demodulation part, a dual-channel narrow linewidth 
tunable laser (Alnair Labs, Model TLG-200) is used to connect to the 
fiber-optic microphones through optical circulators. The output wave-
length of each channel is tuned to the Q-point of the interference spec-
trum of the two FOMs respectively. The interference spectrum is 
received by the photoelectric detector (New Focus, Model 1623) via the 
same optical circulator. The electrical signals are first processed by the 
differential pre-amplifier and then fed to a lock-in amplifier (LIA, Zurich 
Instruments, MFLI 500KHz) to demodulate the signals in a 2 f mode. The 
time constant and filter slope of the LIA are set to 1 s and 12 dB/Oct, 
corresponding to a detection bandwidth of 0.25 Hz. The demodulated 
signals are recorded and processed by the computer. The differential T- 
type photoacoustic cell has gas inlet and outlet controlled by two elec-
tromagnetic valves. The gas inlet was located near the ends of buffer 
volume. To ensure the gas exchange and diffusion within the photo-
acoustic cell, two gas outlets were symmetrically positioned at the end 
facet of two identical cylindrical channels. The PTFE membrane of 3 μm 
thickness and desiccant are set in the inlet to filter particles and water 
when monitoring the CH4 in air. Two bottles of CH4/N2 standard gas 
(2% uncertainty) with 20 ppm and 500 ppm are diluted with pure N2 gas 
to produce different concentrations by using a gas blender (MCQ In-
struments, GB100, 1% uncertainty). A pressure controller and a flow 
meter are used to control the gas pressure and the flow rate within the 
gas pipeline. 

3.2. Optimization of the laser modulation frequency 

In the resonant PAS system, the acoustic signal maximizes when the 
laser modulation frequency agrees with the resonant frequency of the 
photoacoustic cell. The 1st resonant frequency of the designed photo-
acoustic cell is measured experimentally. The 50 ppm CH4 is flowed 
photoacoustic the photoacoustic cell and the wavelength of the DFB 
laser is locked at 1650.96 nm for the CH4 absorption line. The sinusoidal 

Fig. 7. (a) Simulated acoustic field distribution of the double channel differential T-type photoacoustic cell at the 1st resonant frequency (b) Simulated frequency 
responses of the double channel differential T-type photoacoustic cell. 

Fig. 8. Schematic experimental diagraph of the PAS sensor for CH4 detection 
by using two fiber-optic microphones. PD: photoelectric detector; OC: opti-
cal circulator. 
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modulation frequency of the laser is scanned from 230 Hz to 1050 Hz, 
and the WMS-2f signal is recorded to measure the frequency response 
from 460 Hz to 2100 Hz. As shown in Fig. 9, there is a peak value at the 
modulation frequency of 305 Hz, therefore the 1st resonant frequency of 
the optimized T-type photoacoustic cell is about 610 Hz, close to the 
simulation value of 629 Hz and located in the flat response region of the 
employed FOM. Compared with the Fig. 5, it is known that a peak value 
of 950 Hz is generated at the first-order resonant frequency of the pro-
posed FOMs. 

3.3. Optimization of the laser modulation amplitude 

In order to improve the intensity of the 2nd acoustic harmonic, the 
laser modulation amplitude is optimized in this experiment. The DFB 
laser is thermostatically controlled, and the bias current is adjusted to 
set the laser wavelength to 1650.96 nm. The 310 Hz sinusoidal modu-
lation current ranging from 1.5 mA to 17.5 mA is then superimposed to 
the bias current. The photoacoustic cell is filled with 50 ppm CH4, and 
the output acoustic signal is recorded, as shown in Fig. 10. It is indicated 
that the optimal laser modulated bandwidth is about 11.78 GHz. 
Considering the full width at half maximum (FWHM) of the absorption 
line at 1650.96 nm being 4.64 GHz from the HITRAN database, the 
optimal laser modulation index is calculated to be 2.54 in the PAS 
sensor. 

4. Results and discussion 

In order to evaluate the performance of the PAS sensor for CH4 
detection, the parameters of this system are adjusted and setup properly. 
The CH4 gases with different concentrations are obtained by the com-
mercial gas blender. Various CH4/N2 mixture from 2 ppm to 500 ppm 
are flowed into the photoacoustic cell. The laser bias current is increased 
from 86 mA to 110 mA. 

The relationship between single channel and differential double 
channels was investigated as shown in Fig. 11. It is shown that the 
magnitude of WMS-2f signals from the differential double channels 
basically doubled compared to that of the single channel. Furthermore, 
the inset shows that the phases of the acoustic waves from the two 
resonators are reversed, which are detected by two photoelectric de-
tectors of the FOMs. 

The WMS-2f signals of CH4 with various concentrations are shown in  
Fig. 12(a). The sensor response curve is obtained by imposing a linear fit 
to the experimental data-points, characterized by an R2 value of > 0.999 
and a slope of 57.26 μV/ppm. 

The background noise of the sensor is obtained by flushing pure N2 

into the photoacoustic cell with an integration time of 1 s, which is 
shown in Fig. 12(b). The background noise (1σ) is calculated to about 2 
µV. The MDL could be estimated to be 36.45 ppb with the responsiveness 
of 57.26 μV/ppm, comparable with CH4 sensors using mid-infrared la-
sers. The normalized noise equivalent absorption (NNEA), which is in-
dependent excitation source power and absorption strength, is 
calculated to be 4.42 × 10− 10 W•cm− 1•Hz− 1/2 with the condition of 
0.25 Hz detection bandwidth and 14.7 mW optical power. 

For comparison, the performances of some state-of-the-art laser 
spectroscopy based CH4 sensors are summarized in Table 1. To the best 
of our knowledge, the sensing NNEA and achieved MDL in this work are 
optimum among previously reported optical PAS methane sensors so far, 
even superior than those using mid-infrared laser sources. This gas 
sensor could be directly upgraded if using amplified near infrared laser 
or the mid-infrared laser source. 

An Allan-Werle deviation analysis was conducted in pure N2 to 
evaluate the long-term stability of the PAS CH4 sensor [32,33], and the 
results are shown in Fig. 12(c). It is observed that the Allan deviation is 

Fig. 9. The measured frequency responses of the all-optical PAS gas sensor.  

Fig. 10. Amplitude of WMS-2f signals as a function of laser modu-
lated bandwidth. 

Fig. 11. The output WMS-2f signals from the single channel and from the 
differential double channel. In the inset are detected signals of the photoelec-
tric detectors. 
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0.2789 µV for an integration time of 81 s. The corresponding MDL can be 
further improved to 4.87 ppb, extended Allan variance data can be ob-
tained if further adding the PID feedback control to stabilize the Q point 
in the FOM demodulation [38]. 

Furthermore, the air in the laboratory environment is directly tested 
by the PAS sensor and the WMS-2f harmonic of CH4 in air is shown in 
Fig. 12(d). It shows that the peak value of the 2 f harmonic is 0.225 mV, 
therefore the methane in the laboratory environment is measured to be 
around 3.365 ppm. With benefits of the optical fiber scheme, such as low 
transmission loss, intrinsic safety and immunity to electromagnetic 
interference, the demonstrated all optical PAS sensor shows potentials in 
the long-distance sensing for accurate trace gas detection. 

5. Conclusions 

In summary, a novel all-optical ultra-sensitive PAS CH4 sensor is 
developed using a near infrared DFB laser. The essential composting 
diaphragmed FOMs and a differential T-type photoacoustic cell are 
designed and fabricated. Acoustic sensitivity and nanomembrane 
transfer success rate have be greatly improved by use of the novel Au-Cr 
composite diaphragm. The Au-Cr composite diaphragm is fabricated by 
E-beam evaporation deposition with 330 nm in thickness and 6.35 mm 
in radius. Compared with traditional electrical microphone, the FOM 
exhibits a high sensitivity of about 30 V/Pa and flat frequency response. 
Environmental and gas flow noise is inhibited and the acoustic signal is 
basically doubled by use of the unique multichannel differential T-type 
photoacoustic cell with the first-order resonant frequency of 610 Hz. 

Fig. 12. (a) The output WMS-2f signals of CH4 as function of concentration. (b) The output WMS-2f (maximum peak value) signals of CH4 gas as function of gas 
concentration. Inset: the background noise of the optimized T-type resonant photoacoustic cell by filling the photoacoustic cell with pure N2. (c) Allan variance 
analysis of the photoacoustic sensor. In the inset are output WMS-2f signals over 2000 s (d) The tested WMS-2f signals of CH4 in the lab atmosphere. 

Table 1 
Performance indicators of methane sensors based on absorption spectroscopy.  

Technology Laser wavelength (nm) Wavelength region Power (mW) MDLa (ppb) NNEA (W•cm− 1•Hz− 1/2) Ref 

QEPAS 3300 Mid infrared 6.5 50 2.9*10− 9 [13] 
PAS 3200 Mid infrared 2.8 3600 not stated [34] 
MPCb -TDLAS 1650.96 Near infrared 6.3 117 not stated [35] 
QEPAS 2300 Near infrared 6.3 2200 2.0*10− 9 [36] 
All-optical PAS 1651 Near infrared 20 9@500 s not stated [22] 
All-optical PAS 1650.9 Near infrared 12 8400 2.1*10− 8 [37] 
All-optical PAS 1650.96 Near infrared 14.7 36.45 4.42*10¡10 [This paper]  

a The MDL is obtained with a 1 s integration time. 
b MPC: Multi-pass cell. 
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The MDL and NNEA of the PAS sensor are detected to be 36.45 ppb with 
a 1 s integration time and 4.42 × 10− 10 W•cm− 1•Hz− 1/2. The MDL can 
be further decreased to 4.87 ppb with an integration time of 81 s. At-
mospheric CH4 in the lab has also been monitored verified by the PAS 
sensor. The experimental results indicate that ultra-sensitive CH4 gas 
monitoring can be achieved by the use of a low cost near infrared DFB 
laser. The developed all optical PAS sensor in this paper shows the 
features of ultra-sensitivity and optical fiber connection with the all- 
optical configuration, which pave the way for remote and long- 
distance trace gas detection. 
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