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A B S T R A C T   

A wavelength-locked light-induced thermo-elastic spectroscopy (WL-LITES) gas sensor system was proposed for 
long-distance in-situ methane (CH4) detection using a fiber-coupled sensing probe. The wavelength-locked 
scheme was used to speed the sensor response without scanning the laser wavelength across the CH4 absorp-
tion line. A small-size piezoelectric quartz tuning fork (QTF) with a wide spectral response range was adopted to 
enhance the photo-thermal signal. The optical excitation parameters of the QTF were optimized based on 
experiment and simulation for improving the signal-to-noise ratio of the LITES technique. An Allan deviation 
analysis was employed to evaluate the limit of detection of the proposed sensor system. With a 0.3 s lock-in 
integration time and a ~ 100 m optical fiber, the WL-LITES gas sensor system demonstrates a minimum 
detection limit (MDL) of ~ 11 ppm in volume (ppmv) for CH4 detection, and the MDL can be further reduced to 
~ 1 ppmv with an averaging time of ~ 35 s. A real-time in-situ monitoring of CH4 leakage reveals that the 
proposed sensor system can realize a fast response (< 12 s) for field application.   

1. Introduction 

In-situ flammable, explosive or toxic gas detection is important to 
avoid major safety accidents in the places of coal mine, gas station, gas 
pipeline and chemical plant [1]. In order to achieve safety detection, 
these sensors are usually designed to have the ability of long-distance 
gas monitoring. Optical methods are well established in many applica-
tions because they facilitate analysis without contact between human 
being and hazardous materials [2–5]. Among them, laser absorption 
spectroscopy for trace gas sensing are advantageous compared with 
other techniques, as they offer high gas specificity and sensitivity and 
permit real-time measurements [6–8]. Laser photo-
thermal/photoacoustic spectroscopy, which has the merits of a 
zero-reference and a signal enhancement by increasing the laser exci-
tation power, is an alternative to traditional laser absorption spectros-
copy [9]. 

Quartz tuning fork (QTF), acting as a sharply resonant acoustic 
transducer, has been widely used in trace gas sensing since 2002 
[10–17]. Compared to conventional resonant photoacoustic spectros-
copy, the advantages of the technique named quartz-enhanced 

photoacoustic spectroscopy (QEPAS) include immunity to environ-
mental acoustic noise, simple absorption detection module design, and 
the capability to analyze ultra-small volume gas samples (~ 1 mm3) 
[11]. However, gas sensors based on QEPAS technique require QTFs to 
be surrounded by the target gas, so it is difficult to achieve photo-electric 
separation, which limits the application of this technique in 
long-distance gas detection. Recently, the QTF was used as a thermal 
sensitive element in trace gas sensing and this technique was named as 
quartz-enhanced photothermal spectroscopy (QEPTS) or light-induced 
thermoelastic spectroscopy (LITES) [18–20]. Compared to the QEPAS 
technique, LITES is a non-contact measurement technique and can be 
used for long-distance gas sensing with an appropriate system deploy-
ment. Therefore, an in-situ long-distance gas sensing based on LITES was 
realized by using a fiber-coupled sensing probe. 

On another aspect, the response time of a sensor system is usually 
important for an early warning of the accidents for in-situ flammable, 
explosive or toxic gas detection. In the traditional QTF-based sensor 
system, laser current was usually generated by a composite signal 
including a high-frequency sine-wave signal (modulation signal) and a 
sawtooth-wave or triangle-wave signal (scan signal) to obtain the 
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complete second harmonic signal waveform (2f-signal), and then the 2f- 
signal amplitude or peak-to-peak value was obtained to retrieve gas 
concentration [10–20]. In order to improve the detection performances, 
the frequency of the scan signal is usually low enough to adapt to the 
long lock-in integration time (usually hundreds of ms to 1 s) for 
improving the signal-to-noise ratio. Therefore, the response time of the 
sensor is always limited by the period of the scan signal (typically tens to 
hundreds of seconds). An alternative method is to lock the laser central 
wavelength at the selected absorption peak of the target gas by replacing 
the scan signal with a direct current (DC) bias signal. With this scheme, 
the scan time and the time for calculating the 2f-signal amplitude or 
peak-to-peak value are unneeded at the same time, so the response time 
of the sensor system can be reduced undoubtedly. 

In this work, a miniature fiber-coupled sensing probe was employed 
innovatively in LITES for long-distance in-situ gas sensing. To realize a 
rapid response, a wavelength-locked detection scheme was adopted. A 
near-infrared distributed feedback diode laser was used as the excitation 
source to target the CH4 absorption line at ~ 1653.72 nm. A commercial 
QTF with a resonant frequency of ~ 32 kHz was employed to measure 
the optical signal coupled back from the sensing probe ~ 100 m away. 
To improve the QTF signal and the detection sensitivity of the sensor 
system, the optical excitation parameters were optimized by experiment 
and simulation carefully. The performance of the developed LITES 
sensor system was investigated with experiment detailly. A real-time in- 
situ monitoring of gas leakage measurement was carried out to evaluate 
the response time of the proposed sensor system. The high detection 
sensitivity, fast response time and low-cost design make the proposed 
sensor system suitable for in-situ gas sensing. 

2. Numerical simulation and optimization 

To improve the detection sensitivity of the LITES-based gas sensor, 
the optical excitation parameters are very important and should be 
optimized carefully. In this part, we will provide a numerical model 
based on COMSOL Multiphysics software with finite element method to 
optimize the optical excitation parameters in LITES. As a comparison, 
detail experimental investigations were carried out to verify the simu-
lation model. 

2.1. Numerical model 

The numerical model for the optimization of the optical excitation 
parameters is shown in Fig. 1. Two modules, solid mechanics and heat 
transfer in solid, are used for investigating mechanical deformation and 
thermal distribution of the QTF, respectively. The laser source is loaded 
on the surface of the QTF by the way of point heat source in heat transfer 

in the solid module. The power disturbance of the point heat source is 
related to the laser power disturbance and the absorption rate of the QTF 
surface. The silver film on the surface of the QTF is unconsidered in this 
model. The dependence of the LITES signal on the electrode pattern is 
discussed through a detailed comparison between simulation and 
experiment in Section 2.3. The heat power disturbance was set to 5 μW 
for qualitatively investigating the optimal optical excitation parameters. 
The geometric parameters of the QTF were built according to a com-
mercial ~ 32 kHz QTF. The thickness t, length l and width w of the prong 
and the prong gap g were ~ 0.22, 3.32, 0.47 and 0.24 mm, respectively. 
A chamfering was also realized to better match the actual structure and 
the distance dc from vertex was ~ 0.25 mm. There are two domains 
configured as quartz material in the numerical model and all of them are 
active in solid mechanics and heat transfer in solid models. Domain 1 
was set as fixed constraint and Domain 2 was set as free to simulate the 
real situation for the QTF in LITES sensing application. 

2.2. Frequency response of the QTF 

To investigate the frequency response of the QTF at atmospheric 
pressure and environment temperature, a structural loss parameter of 9 
× 10− 6 and a viscous damping related to the velocity and acceleration of 
the QTF prongs were used for the finite element model [21]. As shown in 
Fig. 1 and Fig. 2a, a point heat source was loaded on the QTF surface at 
the bottom of the QTF prongs in this part. The displacement of the QTF 
prongs at point A (shown in Fig. 1) was used to evaluate the QTF signal 
since the QTF current is positively correlated with the prongs’ defor-
mation [18]. Through eigenfrequency research, the resonant frequency 
of the QTF with an anti-symmetric mode is ~ 33,010 Hz. The simulated 
three-dimensional displacement field and the three-dimensional tem-
perature field of the QTF with an anti-symmetric mode was given in 
Fig. 2a and b, respectively. Therefore, the frequency response of the QTF 
range from 33,000 Hz to 33,020 Hz was investigated by frequency 
domain analysis and the normalized simulation results were given in 
Fig. 3a. As a comparison, the frequency response of a commercial QTF 
used in WL-LITES sensor system was investigated by an electric excita-
tion method [22]. The frequency response of the QTF was experimen-
tally characterized by sweeping the frequency of the sine-wave 
excitation signal with an amplitude of ~ 0.25 mV generated by a 
function generator (Good Will Instrument, Model AFG-2225) and by 
measuring the QTF signal using a transimpedance amplifier with a 10 
MΩ feedback resistor and a commercial lock-in amplifier (Stanford 
Research System, Model SR830). The experimental results are shown in 
Fig. 3b. 

The resonant frequency and the Q-factor of the QTF are two 
important parameters for a QTF-based sensor system [23]. The Q-factor 

Fig. 1. The numerical simulation model for the optical excitation parameters optimization built in the Multiphysics software with finite element method.  
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of the QTF was calculated by measuring the bandwidth △f over which 
the amplitude is 1/√2 of the resonant amplitude [24]. As shown in 
Fig. 3a, the resonant frequency f0 of the QTF was simulated numerically 
to be ~ 33009.77 Hz. The bandwidth is △f = 33011.37 Hz – 33008.06 
Hz = 3.31 Hz. Therefore, the Q-factor is f0/△f = 33009.77/3.31 ≈
9973, which is a typical value for a commercial QTF at normal atmo-
spheric pressure. The measured experimentally results reveal that the 
resonant frequency and the Q-factor are 32757.25 Hz and 11374, 
respectively, which are very close to the simulation results. 

2.3. Excitation position optimization 

With a heat source disturbance frequency of 33009.77 Hz, the QTF 
response at different excitation position was investigated numerically. 
As shown in Fig. 4a, four different paths were investigated by adjusting 
the position of the point heat source in the finite element model in 
Multiphysics software and the simulated results are given in Fig. 4b. As a 
comparison, the QTF signals at five different paths (shown in Fig. 4c) on 
the QTF surface were investigated experimentally. The experimental 
schematic is shown in the Fig. 4e. A function generator with a DC offset 
of 3 V and a ~ 32.757 kHz (resonant frequency of the employed QTF) 

Fig. 2. (a) The simulated three-dimensional displacement field and (b) the three-dimensional temperature field of the QTF with an anti-symmetric mode at a point 
heat source frequency of 33,010 Hz. 

Fig. 3. (a) The simulated frequency response curve of the QTF by a finite element model and (b) the measured experimentally frequency response curve of the QTF 
used in our WL-LITES sensor system by an electric excitation method. 

Fig. 4. (a) The schematic diagram of the exci-
tation position optimization based on the finite 
element model. (b) The numerically simulated 
QTF response at different excitation position 
with four different paths. (c) The schematic 
diagram of the excitation position optimization 
for a commercial ~ 32 kHz QTF. (d) The 
experimentally measured QTF response at 
different excitation position with five different 
paths. (e) The schematic of experimental 
structure for excitation position optimization. 
LIA: lock-in amplifier. FG: function generator. 
SMF: single mode fiber.   
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sine signal (200 mV peak-to-peak value) was used to modulate the laser 
driver. The current tuning coefficient of the laser driver is 20 mA/V and 
the power tuning coefficient of the laser is ~15 mW/A. Therefore, the 
sinewave signal with a peak-to-peak amplitude of 200 mV will lead to a 
light power disturbance of ~ 60 μW. After a path of ~ 100 m in fiber, the 
QTF signal at various hitting points on the QTF surface was investigated. 
The calculated light power disturbance at the output of the fiber-coupled 
focuser is ~ 18 μW due to a ~ 5 dB coupling loss during transmission. 
The measured laser beam diameter is ~ 200 μm with a propagation 
length of 15 mm (refer to Section 3.3). The current generated by the QTF 
was converted into a voltage signal by a transimpedance amplifier with 
a feedback resistor of 10 MΩ. The 1f-signal was demodulated by a lock- 
in amplifier and the measurement results for different hitting points on 
the QTF surface were shown in the Fig. 4d. 

Path A was proved to be the least sensitive area for LITES sensing 
application by the simulation results in Fig. 4b. For a commercial QTF, 
this area is usually covered by a silver film, which further deteriorates 
the sensitivity of this region since the reflectivity of the silver film is 
higher than that of the quartz material, which is not conducive to photo- 
thermal conversion. This is verified by the experimental results for path 
A and path E in Fig. 4d. For path E, the front surface without silver film 
at the bottom of the QTF improves the QTF signal. According to the 
simulation results, path B realizes a close sensitivity to that of path C. 
However, path B has a higher silver film coverage area for a commercial 
QTF and path C is more suitable for sensing application [18]. The effect 
of silver film was also verified by the experimental results for path B and 
C in Fig. 4d. The numerically simulated results for path A, B and C reveal 
that the most sensitivity area are located at the bottom of the QTF 
prongs. Therefore, we further investigated numerically path D at the 
bottom of the QTF prongs and the results reveal that the most sensitivity 
position was located at point B as shown in Fig. 4a, which is consistent 
with the experimental results in Fig.4d and the previous research results 
[18–20,25]. The optimized excitation position (point B) was used for our 
in-situ WL-LITES sensing system. 

2.4. Effect of the power characteristics 

In addition to the excitation position, another factor affecting QTF 
signal is the power characteristics of the light source. A high power of 
the light source will linearly improve the light power disturbance in the 
LITES-based sensor system with a specific gas absorption strength, 
leading to a high heat power disturbance at the prong surface of the QTF. 
With a point heat source located at Point B, the numerically simulated 
QTF response as a function of heat source power disturbance range from 
1 to 9 μW is shown in Fig. 5a. The results reveal that a high heat power 
disturbance is benefit to improving the QTF signal. Therefore, the QTF 
signal is proportional to the power of light source [20,25]. With a spe-
cific light power, the QTF signal may be also related to the power density 

of the light source. We investigated the influence of light power density 
by changing the power density of the heat source. As shown in Fig. 5b, 
the center of the heat source was set to be ~ 50 μm below the bottom of 
the two prongs in the front surface of the QTF. With a specific power 
disturbance of 5 μW, the simulated QTF response as a function of the 
heat source diameter is given in Fig. 5c. The results reveal that a 
high-power density with a specific power disturbance is more conducive 
to improve the QTF signal, but the effect is weak compared to the effect 
of the excitation position and power disturbance. For a commercial QTF, 
the area without silver film is limited at the bottom of the QTF, and a 
light source with a large diameter is also not conducive to thermo-elastic 
conversion. 

2.5. Summary 

To improve the detection sensitivity of the LITES-based sensor sys-
tem, the optimal optical excitation parameters can be summarized as: 
(1) the optimal optical excitation position is located at the bottom of the 
QTF prongs at point B as can be seen in Fig. 4a; (2) an excitation source 
with a high power and a large power density is suggested. 

3. Experimental setup for in-situ sensing application 

3.1. Fabrication of the sensing probe 

The sensing probe used in the WL-LITES sensor system was designed 
as a fiber-coupled structure realized by two FC/APC connectors with a 
0.25 dB connection loss. The principle and photograph of the fiber- 
coupled probe is shown in Fig. 6. The incident light is collimated by a 
fiber-coupled collimator and reflected by a reflector to another fiber- 

Fig. 5. (a) The numerically simulated QTF response as a function of power disturbance of the point heat source. (b) The schematic diagram of the light power density 
optimization. (c) The numerically simulated QTF response with different heat source diameter at a specific power disturbance of 5 μW. 

Fig. 6. The principle and photograph of the employed sensing probe in our WL- 
LITES sensor system for in-situ sensing application. SMF: single mode fiber. 
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coupled collimator. The distance between the collimators and the 
reflector is ~ 15 cm. Therefore, a light path of ~ 30 cm was realized in 
the long-distance sensing probe whose coupling loss was measured to be 
~ 5 dB at the wavelength of ~ 1653.72 nm. 

3.2. Experimental setup 

The schematic of the proposed WL-LITES sensor system is shown in 
Fig. 7a. A near-infrared distribute feedback (DFB) diode laser operating 
at ~ 1653.72 nm with a ~ 3.5 mW output optical power was used as the 
excitation source. The DFB laser was controlled by a commercial laser 
temperature controller (Thorlabs, Model TED 200C) and a laser current 
driver (Thorlabs, Model LDC202C). The laser temperature was 
controlled at 18 ◦C for all experiments in this research. The laser current 
driver was modulated by a composite signal generated by a home-made 
analog adder and a function generator (Good Will Instrument, Model 
AFG-2225). The output beam of the DFB laser was coupled to the sensing 
probe with a ~ 100 m single mode fiber (SMF) by a FC/APC connector. 
After an absorption path length of ~ 30 cm in the gas sample, the output 
light of the sensing probe ~ 100 m away was coupled to another SMF. 
Finally, the absorption light was focused by a fiber-coupled focuser (OZ 
optics Ltd., Model LPF-05) on the QTF surface for photo-thermal 
detection. As shown in Fig. 7b, the focus position is taken as the 
optimal excitation position according to the numerical simulation and 
experiment in the Section 2. The output optical power of the fiber- 
coupled focuser is ~ 1 mW without gas absorption due to a ~ 5 dB 
coupling loss of the probe. The piezoelectric current signal generated by 
the QTF was converted into a voltage signal by a trans-impedance 
amplifier (TA) with a 10 MΩ feedback resistor and demodulated by a 
commercial lock-in amplifier (Stanford Research System, Model SR830) 
to extract the second harmonic signal (2f-signal). The time constant of 
the lock-in amplifier and the slope filter were set to 0.3 s and 18 dB/ 
octave, respectively, leading to a detection bandwidth of ~ 0.44 Hz. The 
2f-signal was obtained by a digital acquisition card (DAQ) and used to 
retrieve the sample gas concentration. 

3.3. Evaluation on beam characteristics 

Considering the influence of beam characteristics on the LITES 
signal, the output laser beam characteristics of the fiber-coupled focuser 
was investigated experimentally by a commercial beam quality analyzer 
(Ophir-Spiricon, Model PY-III-HR-C-A). The laser beam passes through 
the SMFs and the sensing probe to the focuser with a path of ~ 100 m. 
The experimental results of the mode field distribution are shown in 
Fig. 8a. The corresponding intensity profiles and Gaussian fitting curve 
are shown in Fig. 8b. The measured beam profile shows a good Gaussian 

distribution, which may be due to the good single mode transmission 
characteristics of the employed SMF at ~ 1653.72 nm. The measured 
laser beam diameter is ~ 200 μm with a propagation length of 15 mm 
using the fiber-coupled focuser, which ensures that the beam is effi-
ciently illuminated on the surface of the quartz material without being 
reflected by the silver layer. 

3.4. Optimization of the modulation depth 

The wavelength modulation depth is an important parameter in 
wavelength modulation spectroscopy (WMS) based sensor system. To 
realize an optimal detection sensitivity, the laser wavelength modula-
tion depth was optimized at first. The optimization was carried out by 
scanning the laser wavelength around the CH4 absorption line at ~ 
1653.72 nm. A 10 mHz scan signal (sawtooth wave) with an amplitude 
of 1 V and an offset of 3.2 V was generated by CH2 of the function 
generator to modulate the laser injected current. The dependence of the 
2f-signal amplitude of the WL-LITES sensor system as a function of the 
modulation voltage amplitude for a 10,000 ppmv CH4:N2 sample gas is 
shown in Fig. 9. The 2f-signal amplitude increases with the modulation 
voltage amplitude, but when the modulation voltage is higher than 0.15 
V, no further significant change is observed. Therefore, a modulation 
voltage amplitude of 0.15 V can be found to be the optimum, leading to a 
modulation depth of ~ 0.21 cm− 1. The optimized modulation depth was 
used in the following experiments for performance improvement. 

3.5. Determination on wavelength-locked parameters 

As shown in Fig. 7a, a composite signal generated by an analog adder 
and a function generator was used to drive the DFB laser in the proposed 
WL-LITES sensor. Channel 1 (CH1) of the function generator was used to 
generate the high-frequency modulation signal with a frequency of f0/2 
(f0 is the resonant frequency of the QTF), while channel 2 (CH2) was 
used to scan or lock the central wavelength of the laser to the absorption 
line of the target gas. A modulation voltage amplitude of 0.15 V was 
used, which is the optimized result in Section 3.4. Since wavelength- 
locked mode was employed in our LITES sensor system, the 
wavelength-locked parameters should be determined at first. 

The gas sensing probe was put into a gas cell with a volume of ~ 700 
mL, which was filled by a 10,000 ppmv CH4:N2 sample gas in this part. 
The laser temperature was controlled at 18 ◦C by a commercial laser 
temperature controller as mentioned before. The central emission 
wavelength of the laser was locked at the selected CH4 absorption peak 
in two steps. 

First, a 10 mHz scan signal (sawtooth wave) with an amplitude of 1 V 
and an offset of 3.2 V was generated by CH2 of the function generator. 

Fig. 7. (a) The schematic of the WL-LITES sensor system. DFB laser: distributed feedback diode laser; CD: laser current driver; TC: laser temperature controller; DAQ: 
data acquisition card; LIA: lock-in amplifier; QTF: quartz tuning fork; SMF: single mode fiber. (b) The light focus position employed in the proposed WL-LITES 
sensor system. 
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The current tuning coefficient of the laser driver is 20 mA/V, and a 
current scan range from 54 mA to 74 mA for a voltage scan signal with 
an amplitude of 1 V and an offset of 3.2 V generated by CH2 of the 
function generator. The demodulated 2f-signal as a function of scan 
voltage and laser injected current for a 10,000 ppmv CH4:N2 sample gas 
is shown in Fig. 10a. With a laser operating temperature of 18 ◦C, the 
measured result reveal that the 2f-signal peak value can be obtained 
with a scan voltage of 3.2 V, leading to a laser injected current of 64 mA. 
As a comparison, the laser emission wavelength as a function of the 
injected current for different operating temperature was investigated by 
a commercial Fourier transform spectrometer (Thermo Fisher Scientifc, 
Model Nicolet iS50), and results are given in Fig. 10b. With a laser 

operating temperature of 18 ◦C, the emission wavelength of the laser is 
~ 1653.72 nm for an injected current of 64 mA, which is consistent with 
the selected CH4 absorption line in our LITES sensing system. Therefore, 
the laser wavelength locked parameters with an operating temperature 
of 18 ◦C and an injected current of 64 mA are determined for the selected 
CH4 absorption line at ~ 1653.72 nm. 

Second, a direct current (DC) bias voltage equal to the scan voltage 
corresponding to the 2f-signal peak value was set for CH2 of the function 
generator to lock the central wavelength of the laser. The DC bias 
voltage was set to 3.2 V as claimed in the first step, leading to a laser 
injected current of 64 mA. The measured 2f-signal as a function of 

Fig. 8. (a) The measured mode field distribution and (b) the corresponding intensity profile (dotted curve) of the output laser beam of the fiber-coupled focuser at a 
propagation distance of 15 mm after a path of 100 m in fiber. The solid line in Fig. 8b denotes the Gaussian fitting of the absorption profile. 

Fig. 9. The measured 2f-signal amplitude and the modulation depth as a 
function of modulation voltage amplitude for a 10,000 ppmv CH4:N2 sample 
gas at atmospheric pressure and environment temperature of ~ 25 ◦C. 

Fig. 10. (a) Demodulated 2f-signal as a function of scan voltage and laser injected current for a 10,000 ppmv CH4:N2 sample gas. (b) The laser emission wavelength 
as a function of injected current for different operating temperature range from 16 to 18 ◦C. 

Fig. 11. The measured 2f-signal as a function of measurement time for a 
10,000 ppmv CH4:N2 sample gas by locking the laser emission wavelength at ~ 
1653.72 nm. 
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measurement time was recorded and shown in Fig. 11. The average 
amplitude of the 2f-signal is 2.3 mV, which is consistent with the 2f- 
signal peak value obtained in a scan period as shown in Fig. 10a. The 
measured values vary around 2.3 mV without a baseline drift, which 
reveal that the laser emission wavelength was locked at the selected CH4 
absorption line steadily. 

4. Results and discussion 

4.1. Linearity of the proposed WL-LITES sensor system 

The linearity of the proposed WL-LITES sensor system was evaluated 
by measuring CH4 gas sample with a concentration range from 0 to 
10,000 ppmv, where the balance gas was N2. During experiment, the gas 
sensing probe was put into a gas cell with a volume of ~ 700 mL. CH4 
samples with different concentration levels diluted in N2 were prepared 
using a commercial gas dilution system (Environics, Model S4000). By 
locking the laser wavelength to target the selected CH4 absorption line at 
~ 1653.72 nm, the 2f-signal amplitude for different CH4 concentration 
levels shown in Fig. 12a were obtained and sent to a LabVIEW-based 
laptop. For each concentration, the 2f-signal amplitudes were recor-
ded for ~ 600 s with a data sampling rate of 1 Hz. As shown in Fig. 12b, 
the averaged 2f-signal amplitude for each concentration level was used 
to evaluate the linearity of the sensor system. The high R-square value of 
0.9998 reveals that the proposed WL-LITES sensor system realizes a high 
linear relation between the CH4 concentration level and the 2f-signal 
amplitude. 

4.2. Allan deviation 

To evaluate the long-term stability and detection limit of the WL- 
LITES sensor system, the sensing probe was immersed in a gas cell fil-
led with ultra-highly pure N2 and the Allan deviation analysis was 
performed. The DFB laser central wavelength was locked at the selected 
absorption peak of CH4. The measurement was carried out for ~ 30 min 
and the measured 2f-signal amplitude are shown in Fig. 13a. The Allan 
deviation results were converted to CH4 concentration values according 
to the linear fitting curve provided in Section 4.1. As shown in Fig. 13b, 
the Allan deviation (in ppmv) decreases by increasing the averaging 
time, which is proportional to 1/√τ as shown by the red solid line in 
Fig. 13b. The results reveal that the dominant noise in the WL-LITES 
sensor system follows from thermal noise. For a 0.3 s integration time, 
a sensitivity of ~ 11 ppmv can be realized and a minimum detection 
limit of ~ 1 ppmv can be reached for a ~ 35 s averaging time. 

5. Field experiment 

A field CH4 leakage experiment was carried out to evaluate the long- 
distance in-situ monitoring capability of the WL-LITES sensor on the 

Jilin University campus. As shown in Fig. 14a, the WL-LITES sensor 
system was located in room No.539 in Area D, Tangao Qing building 
except for the sensing probe. The sensing probe ~ 100 m away was 
placed outside the State Key Laboratory of Integrated Optoelectronics to 
monitor the variation of gas concentration levels during CH4 leakage, 
which is marked as Test Point in Fig. 14a. The photograph shown in 
Fig. 14b and 14c were taken at the Test Point during the field experi-
ment. The environmental temperature and the wind speed were ~ 20 ◦C 
and 1 m/s. A 10,000 ppmv CH4:N2 mixture was used for leakage 
detection and the distance between the leakage source and the sensing 
probe was ~ 10 cm as shown in Fig. 14c. The response time is an 
important parameter for the design of a sensor for the desired applica-
tion. The rise time and fall time are defined as the time required for a 
sensor to reach 90 % of its full response/recovery ability with respect to 
the baseline when the gas is turned on or off. The measured CH4 con-
centration curve as a function of measurement time is given in Fig. 14d, 
where the gas leakage starts at ~ 100 s and lasts about ~ 50 s. A rise time 
of ~ 11.8 s and a fall time of ~ 3.5 s can be realized. The rise time is 
obviously longer than the fall time and during the diffusion equilibrium 
period, the measured CH4 concentration is ~ 5200 ppmv although a 
10,000 ppmv CH4:N2 mixture was employed. This may be because a 
rapidly diffusion rate of the sample gas in the air. The rapid response (<
12 s) for gas leakage is helpful to detect leakage sources in time and to 
avoid safety accidents in the field application. This experiment proves 
the sensor’s ability of long-distance in-situ gas monitoring. 

6. Conclusions 

An in-situ CH4 sensor system was proposed based on a novel 
wavelength-locked light-induced thermo-elastic spectroscopy (WL- 
LITES) and a fiber-coupled sensing probe. To enhance the QTF signal 
and improve the detection sensitivity, the optical excitation parameters 
were optimized by experiment and a proposed finite element model 
carefully. A commercial ~ 32 kHz quartz tuning fork (QTF) instead of a 
traditional photoelectric detector was used to establish a sensor system 
with small size, low cost and wide spectral response range. Wavelength 
modulation spectroscopy (WMS) combined with the second harmonic 
(2f) detection technique was utilized to improve the detection sensi-
tivity. The proposed WL-LITES in-situ CH4 sensor system realizes a high 
detection sensitivity, low cost design and rapid response, which is 
suitable for real-time in-situ gas sensing. In addition, although a ~ 100 
m conductive fiber was employed in the sensor system, it is possible to 
realize a relatively longer distance in-situ gas detection by simply using 
a longer fiber due to the low transmission loss in the near infrared range 
of the SMF. Because of a wide spectral response range of the QTF in the 
optical-domain, the proposed WL-LITES sensor system can be used for 
the detection of any kind of gas species with interference-free absorption 
line located in the transmission window of the optical fiber. 

Fig. 12. (a) Recorded 2f-signal amplitudes for different CH4 concentration levels (0, 500, 1000, 2000, 4000, 6000, 8000, 10,000 ppmv). (b) Plot of the averaged 2f- 
signal amplitude versus CH4 concentration within the range of 0-10,000 ppmv. 
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Fig. 13. (a) Measured 2f-signal amplitude as a function of measurement time for ultra-highly pure N2. (b) Allan deviation plot (in ppmv) of the WL-LITES sensor 
system with a 0.3 s integration time for ultra-highly pure N2 at atmospheric pressure and an environmental temperature of ~ 25 ◦C. 

Fig. 14. (a–c) Photograph of the long-distance gas leakage measurement on Jilin University campus, Changchun, PR China. (d) Measured CH4 concentration curve as 
a function of measurement time. 
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