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A B S T R A C T   

An ultra-high sensitivity sensor combining a mid-IR (MIR) interband cascade laser (ICL) at center wavelength of 
3.37 μm and a multi-pass cell (MPC) with a path-length of 580 m was designed and implemented for methane 
detection. The ultra-high sensitivity is achieved due to the higher absorbance in the MIR than in the near infrared 
(NIR), a long interaction path length, and the implementation of a wavelet denoising processing algorithm. The 
performance of the sensor was evaluated with direct absorption spectroscopy (DAS) and wavelength modulation 
spectroscopy (WMS) in a series of measurements. For the sensor working in the DAS measurement mode, the 
optimal set of sub-wavelet functions was chosen and utilized for denoising. A calibration gas with methane 
concentration of 2.0 ppm was measured with a relative error of ± 1%. The minimum of the Allan deviation of the 
sensor of 3 ppb was achieved with an averaging time of 200 s. For the WMS technique with the Allan deviation 
analysis the sensor detection limit for methane of 560 ppt with 290 s averaging time was determined, which is a 
significant improvement compared to our DAS results and previous reports. The developed sensor has broad 
applicability in the high-sensitivity measurements of methane and other trace gases.   

1. Introduction 

Methane is a highly potent greenhouse gas. As reported by the U.S. 
Environmental Protection Agency in 2017 [1], the methane emission 
accounted for over 10 % of all greenhouse gas emissions from human 
activities. The main sources of methane are seeps from natural gas sys
tems, coal mines, and emissions related to industrial processes, live
stock, and other agricultural practices [2,3]. Highly sensitive detection 
of methane is also important for biomedical applications, environmental 
monitoring, and the detection of leaks in the gas and oil industry. 
Compared to traditionally used chemical techniques, optical absorption 
spectroscopy provides the advantages of real-time, high resolution, and 
high sensitivity measurements. The theory of optical absorption 

spectroscopy is based on the Beer-Lambert law for the light absorbed by 
atoms or molecules, which results in the transmission of light depending 
on the effective optical path in the sample and its absorption coefficient. 
The highly sensitive optical absorption spectroscopic techniques include 
wavelength modulation spectroscopy (WMS) [4,5], cavity ringdown 
spectroscopy (CRDS) [6], cavity-enhanced spectroscopy (CEAS) [7] and 
others. The methane sensor in the NIR wavelength interval around 1.65 
μm that we developed previously achieved ppb level for the detection 
limit [8]. For a sensor with even higher sensitivity at the ppt level, the 
NIR wavelengths are not optimal. The absorption cross-sections for 
methane are about two orders higher in the MIR wavelength range 
around 3.3 μm than those in the NIR. In the MIR, such techniques as 
CRDS or CEAS can achieve even higher sensitivity by increasing the 
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optical interaction path with high reflectivity mirrors. For low absorp
tion, the effective optical path can be estimated as ~ L/(1-R), where L is 
the distance between the two mirrors and R is the reflectivity. For the 
MIR sensors with CRDS or CEAS to achieve high sensitivity it is 
important to have ultrahigh reflectivity coatings of the mirrors and 
avoid their contamination since the latter can strongly reduce the 
effective interaction path. Also, for such resonance techniques, the 
reduction of vibrational noise should be implemented. To overcome 
these technical challenges, the combination of WMS and a multi-pass 
cell (MPC) is the preferred choice for trace gas detection in many 
practical applications. Many types of MPCs such as the White cell [9], 
the Herriot cell [10], the astigmatic Herriot cell [11] were reported over 
the past decades. With special design, the optical path of MPC can be 
increased to hundreds of meters. Various MIR MPC lengths were re
ported and used for trace gas detection: 18.3 m [12], 36.2 m [13], 89.6 
m [14], 100 m [15,16]. Up to now, the longest reported optical path for 

MIR MPC is ~ 240 m [17]. There were several previous reports on the 
MIR methane sensors with MPC. In a proof of principle study in 2010, 
Tsai et al. reported a widely tunable external cavity ICL with a center 
wavelength of 3.15 μm and showed the capability of detection of 2.2 % 
methane [18]. In 2016, Dong et al. developed a dual gas sensor with a 
CW ICL at a center wavelength of 3.3 μm and a 54.6 m optical path 
MPC, achieving the detection limit of 11.2 ppb for methane with an 
averaging time of 3.4 s [19]. Davis et al. used an ICL and DAS with a 
gold-coated integrating sphere as a short gas cell with a length of 54.4 
cm to measure methane with the detection limit of 1 ppm [20]. In 2018 
Ye et al. developed a MIR methane sensor at 3.293 μm with a 16 m 
optical path MPC [21], reaching the detection limit of 17.4 ppb. 

In this work, to realize a longer path, we used the confocal principle 
to design an MPC with an optical path of 580 m, while the distance 
between the mirrors was 1 m. This MPC was tested and used for the 
development of a highly sensitive MIR methane sensor. The DAS and 
WMS approaches were used to measure the absorption and infer the 
methane concentration. For the DAS method, we evaluated the sub- 
wavelet functions for wavelet denoising of the signal [22] and extrac
ted the absorption signal with the optimal wavelet function selection. 
Series of experiments were performed to assess the sensor performance. 
With DAS, the signal-to-noise-ratio (SNR) of 156 was determined with a 
standard calibration gas having a methane concentration of 2 ppm. The 
sensitivity of 3 ppb with an averaging time of 200 s was achieved. For 
the same conditions, the SNR with the WMS method increases to 3000. 
The detection limit of 560 ppt with the same calibration gas and an 
integration time of 290 s was achieved, thus enabling the ppt level of 
methane detection. We describe the sensor principle and design in 
Sections 2 and 3, present the results of performance tests in Section 4, 
and draw the conclusions in Section 5. 

2. Wavelength coverage and detection principle 

2.1. Wavelength tuning range and absorption line selection 

The laser source used in this work is a commercial single-mode 

Fig. 1. The absorbance simulation with a 2 ppm concentration of CH4 and 1.6 
% of H2O under ambient air pressure, using a 1 cm path length and assuming 
Voigt line profile. 

Fig. 2. The illustration of determining the IM/ 
FM phase shift: (a) The simulated sine signal 
with four absorption peaks. (b) The methane 
absorption peaks: at relatively low pressure four 
well-separated peaks are obtained with the 
HITRAN database. (c) The four absorption 
peaks are detected in our experiment at the 
positive and negative slopes of the current scan. 
(d) The phase shift variations for different 
modulation frequencies. The red dotted line 
shows the borders of the frequency intervals 
with different trends of the variations of the 
IM/FM phase shift, as the modulation frequency 
is increasing.   
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continuous-wave ICL. The maximum output of the laser power was 10 
mW at an injection current of 80 mA. The wavelength was measured by 
a spectrometer with a resolution of ~0.14 cm− 1 (Thermo Scientific 
Nicolet 8700 FT-IR, Thermo Fisher Inc.). The tunable wavelength range 
was from 3361 nm to 3372 nm covered by changing the laser current 
from 20 mA to 80 mA at three different temperatures 10 ◦C,15 ◦C, and 20 
◦C (as shown in Fig.S1, see Supplementary Information). 

The spectrum from 3361 nm (2971 cm− 1) to 3372 nm (2967 cm− 1) 
covers the absorption lines of both H2O and CH4 (Fig. 1). The simulation 
in Fig. 1 for H2O and CH4 absorbances is performed with the 2009 
HITRAN database [23] for the conditions of 296 K temperature, 1 atm 
pressure, and 1 cm optical path-length with fractional volumes 1.6 % of 
H2O and 2 ppm of CH4. Voigt profiles of the water and methane ab
sorption lines were assumed in this simulation. There are two strong 
water absorption lines and four methane lines (2968.40 cm− 1, 2968.47 
cm− 1, 2968.73 cm− 1, 2968.85 cm− 1) in the indicated wavelength in
terval. At room temperature and atmospheric pressure, the methane 
lines centered at 2968.40 cm− 1 and 2968.47 cm− 1 overlap; the lines at 
2968.73 cm− 1, 2968.85 cm− 1 also partially overlap (we note that at low 
pressure the peaks are well separated, as is shown further in Fig. 2 (b)). 
The lines selected for methane measurements belong to the P-branch of 
the ν3 rovibrational spectrum of methane [24]. These methane lines 
only slightly interfere with the water lines and therefore are suitable for 
methane detection. 

2.2. Wavelength modulation spectroscopy and phase correction 

WMS is a highly sensitive technique for trace gas detection [25]. It 
uses modulation of the laser injected current by the combination of a 
ramp voltage, tuning the wavelength over the absorption line region, 
and a higher frequency sine voltage, providing the signal that charac
terizes the absorption line. The signal of the transmission containing the 
gas concentration information is fed into a lock-in amplifier, and the 
second harmonic signal is extracted. The intensity and laser emission 
frequency are modulated as follows: 

I(t) = I + △Icos(ωt + ψ), (1)  

v(t) = v + △vcos(ωt). (2)  

Here, I is the average laser intensity, depending on the injected current, 
△I is the modulation amplitude, ω = 2πf , where f is the modulation 
frequency, v is the average frequency of the laser, △v is the frequency 
modulation amplitude, ψ is the phase shift between intensity modula
tion and frequency modulation (IM/FM). By the Beer-Lambert theory, 
the laser output intensity is expressed as I0(t) = I(t)exp[ − ξφ(v(t))], 
where ξ = PXLopS, S = S(P,T) is the absorption line strength depending 
on the pressure, P and temperature, T of the gas, Lop is the optical path, 
φ(v,P,T) is the absorption line profile and X is the fractional concen
tration of the species of interest. The laser frequency v is oscill oscillating 
while scanning the average frequency across the absorption line. Using 
Eqs. (1,2) with the Beer-Lambert equation for the transmitted light we 
obtain for the 2f-signal after demodulation with the lock-in detection 

S2f =
GI
2

{[

H2 +
ΔI
2I
(H1 + H3)cosψ

]2

+

[
ΔI
2I
(H1 − H3)sinψ

]2
}1/2

, (3)  

where G is a coefficient proportional to the system gain and the co
efficients Hk (k is the harmonic index) can be expressed as 

Hk(v,△v) =
1

2π

∫ π

− π
exp( − ξφ(v + △vcos(θ)) )cos(kθ)dθ, k = 1, 2, 3....

(4) 

For a relatively small absorption, ξφ(v(t))≪1, S2f is proportional to 
the concentration of the species, However, Eqs. (4–5) describe also the 
case of significant absorption, ξφ(v(t)) ≥ 1, leading to a nonlinear 

relation between the measured signal and gas concentration. 
The importance of accurate accounting for the IM/FM phase shift 

follows from the fact that it always affects the detected signal in WMS 
through the residual amplitude modulation. To obtain the actual phase 
shift, the mirror reflection method by Lytkine et al. [26] and the time 
differences method by Liu et al. [27] were reported. We used the time 
differences method, which is relatively simple and allows us to improve 
the accuracy by using several absorption peaks. 

The determination of the IM/FM phase shift is illustrated in Fig. 2(a), 
assuming that there are four absorption peaks within the scanning 
range. Each absorption peak labelled with certain color appears as a pair 
of dips in the signal: one on the slope of the increasing current and one 
on the falling slope. The black and red lines are the modulated current 
and modulated absorption signals, respectively. The average of four 
time-differences can be calculated as 

Δt =
1

2 × 4
(Δt1 + Δt2 + Δt3 + Δt4)

=
1
8
(
t’
1 + t1 + t’

2 + t2 + t’
3 + t3 + t’

4 + t4 − 8tc
)
, (5)  

where Δtk = δt’
k − δtk (k = 1,2, 3,4) is the time difference for the k-th 

absorption peak pair; tc is the central time at the maximum amplitude of 
the modulation signal, while δt’

k = t’
k − tc and δtk = tc − tk are time dif

ferences relative to tc for the k-th pair of the signal dips (see Fig. 2(a)). 
The phase shift is then ψ = 2πfΔt. For an arbitrary number N of ab
sorption peaks, the phase shift is proportional to the averaged time 
differences of pairs 

Δt =
1

2N
∑N

k=1
Δtk. (6) 

In our experiment, we chose four methane absorption lines between 
3368 nm and 3369 nm to find the IM/FM phase shift. The pressure in the 
chamber was lowered to 100 Torr to separate the overlapped methane 
lines. Four absorption peaks are simulated with the HITRAN database, as 
shown in Fig. 2(b). As depicted in Fig. 2(c), there are four pairs of the 
absorption peaks (1, 1′), (2, 2′), (3, 3′), (4, 4′) in one full frequency scan. 

To determine the frequency dependence of the phase shift (Fig. 2(d)), 
the driving current of the ICL-DFB laser was modulated by a voltage with 
different frequencies, and the data were acquired by an oscilloscope 
with a 100 MHz sampling rate (Tektronix MDO4104B-3). The phase 
shift is determined using Eq. (5). There are three modulation frequency 
intervals (separated by vertical red dashed lines) showing different 
behavior: (1) with the modulation frequency increasing from 100 Hz to 
500 Hz, the phase shift decreases from 0.3 π to 0.1 π, (2) in the frequency 
interval from 500 Hz to 4 kHz the phase shift varies within the limits 
from 0.07 π to 0.12 π, and (3) above 5 kHz the phase shift increases, 
reaching ~0.2 π at 50 kHz. The obtained IM/FM phase shift has similar 
trending to previously reported in Ref. [27], which also exhibited a 
significant phase delay at low frequency. The phase delay is produced 
due to the intrinsic properties of the laser itself. The ICL-DFB laser has 
the similar structure as the VCSELs reported by Hangauer el al. [28], 
which was packaged in a TO66 housing, including a thermoelectric 
cooler and a temperature coefficient thermistor. In the Interval 1 (Fig.2 
(d)) additional thermal resistance due to the contact of the laser chip and 
the submount contributes to the time delay. In the Interval 2, the effect 
of the laser chip submount is small. While in the Interval 3, the intrinsic 
thermal effect leads to the increase of the phase shift. 

3. Mid-IR multipass cell and sensor design 

The MIR MPC is designed on the principle of a confocal cavity. The 
radii of curvatures of the two 50 × 50 mm2 mirrors are 1 m and equal to 
the distance between the two mirrors. Both mirrors are composed of 3 
partitions, including two 25 × 25 mm2 squares, and one 25 × 50 mm2 

rectangle. In one of the square partitions, a 5 mm diameter hole serves as 
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the entrance and exit hole. The volume of the multi-pass cell is 2.5 L. The 
subsequent spots are aligned using the corresponding mirror mounts 
according to the performed simulation. After all six mirror partitions are 
aligned, the spot patterns are formed on the mirrors, and the laser beam 
exits the MPC (after bouncing between the mirrors) through the same 
hole it entered. The number of bounces for each spot can be different as 
the simulation shows (Fig. 3). The total number of reflections is 579, 
thus the effective path length is 580 m. The mirrors (Layertec GmbH) are 
coated for the MIR range assuring high reflectivity (>99.85 % for 
3100~3600 nm). 

The implementation of the MPC was realized as follows. A computer 
simulation code in MATLAB was developed to calculate a path with a 
large number of reflections. On each side the whole mirror arrangement 
was divided into 64 equal subareas, namely squares of 6.25 × 6.25 mm2 

size each. The simulation considered all subareas as the possible loca
tions of the entrance and exit aperture. The program follows several 
optimization rules: each mirror side has its own center of curvature; 
each spot on the mirror is projected to the spot of the image position 
according to the optics of the curved mirror, from which the reflection 
took place. The calculation is performed in a loop finding the optimum 
sequence of reflections from the six mirrors with coordinates of each 
subsequent reflection determined by those from the previous reflection. 
The process continues until the beam exits through the same hole, from 
which it entered the system, and the appropriate configuration yielding 
the high number of reflections is obtained and used for adjusting the 
MPC. In calculation, the following restrains were imposed: the reflected 
beam cannot go outside the mirror areas, it must not go back to the edge 
of the incident aperture and must not be incident on the edges of the 
mirrors, the multi reflected beams must completely cover the volume of 
the MPC. In cases in which the beam leaves the surface of the mirrors, 
the simulation is terminated, and new locations and orientations of 
curvatures are assigned. The finding of the configuration with 579 re
flections in the MPC took about two days on a personal computer. With 
calculated sequence of reflections and spot configuration, the mirrors 
were adjusted accordingly, and after correct positioning of certain 
number of reflection spots (typically less than ~20) the desired 
configuration corresponding to the calculated one was achieved (see 
also Supplementary Information, Figs. S2,S3). 

Based on the MIR MPC, we designed a highly sensitive sensor, as 
shown in Fig.4. The MIR laser is controlled by a commercial laser current 
and temperature controller (ILX Lightwave, LDC-3724). The output from 
the ICL-DFB was injected into the MPC with two mirrors. After bouncing 
in the MPC the laser beam was reflected by a beam splitter and focused 
by an off-axis parabolic mirror with a focal length of f = 10.2 cm on a 
four-stage thermoelectrically cooled MCT photodetector (Mercury 
Cadmium Telluride, Vigo, PIP-DC-20M-F-M4) with a bandwidth of 15 
MHz. To control spectral measurements a LabVIEW program based on 
the DAQ software with a multifunction I/O device (National In
struments, USB6361) was developed. The program controls the laser 
scanning and modulation, data acquisition, demodulation, lock-in 
amplification, and saving of the data. A detailed description of the 
software was presented in our previous work [8]. For the alignment, we 
first used a visible red diode laser to adjust the multi-pass mirrors and to 
achieve the simulated spot patterns, as shown in Fig.4(b). Then the MIR 
beam replaced the red laser beam by turning up the flip mirror and was 
aligned through two pinholes to enter the MPC. The output of the MPC 
was around 10 μW, which depended on the humidity because of the 
large water vapor absorption. 

Fig. 3. The mirror image plot of the number of reflections from each subarea of the right and left mirrors.  

Fig. 4. (a) The schematic of the experimental setup of the methane sensor 
platform. ICL: distributed feedback interband cascade laser, MPC: multipass 
cell, M: plane mirror, BS: beam splitter, RL: red laser, OPM: off-axis parabolic 
mirror, MCT: HgCdTe detector, D: pinhole, TC/CC: temperature and current 
controller. FP: flip mirror. (b) The aligned spot distributions on the multipass 
mirrors. The spot brightness depends on the view angle and does not directly 
reflect the number of reflections. 
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4. Experimental results 

4.1. Direct absorption spectroscopy measurement and data processing 

In the DAS experiment, to assess the performance of the sensor we 
used the standard calibration gas with a methane concentration of 2 
ppm from the GASCO company. The scanning voltage of the laser was a 
sawtooth wave with a peak-to-peak value of ~2 V from 6 V to 8 V, 
corresponding to the input current from 60 mA to 80 mA, and a fre
quency of 1 Hz. The raw signal was acquired by a data acquisition card 
(National Instruments USB 6361) with a sampling rate of 10 kHz. We 
first flushed the MPC with pure nitrogen for about thirty minutes until 
only the background signal was left and then filled it with the methane 
calibration gas. The strong absorption signals for H2O and CH4 were 
acquired, as shown in Fig. 5. The signal exhibited some fringes due to the 
optical etaloning effect. The fringes are mainly caused by spurious re
flections in the MPC. The intensity of the fringe noise varied sinusoidally 
with changing the laser frequency. The magnitude of this fringe noise is 
usually larger than from other noise sources, such as laser intensity 
fluctuations or the shot noise of the photodiode. The free spectral range 
(FSR) was calculated with the confocal equation FSR = C/4 L = 75 MHz, 
where L is the length between the two mirrors of the MPC. These fringes 
are responsible for the noise in the plot, but can be suppressed in some 
approaches, such as wavelength modulation spectroscopy or frequency 
modulation spectroscopy. 

To get the precise signal the procedures of signal denoising, baseline 
removal and signal fitting were applied to the absorption raw data. For 
signal processing the wavelet denoising method based on the denoising 
package from MATLAB 2019 was used, and a more detailed description 
of its implementation is presented in Ref. [29]. Wavelet denoising is an 
efficient method to remove noise, and it has been widely used in the 
TDLAS sensors [22]. The basic idea of this method is to decompose the 
signal into the sum of sub-wavelet functions with some coefficients. 
After the coefficients are filtered using a certain threshold frequency 
value, the signal is recombined with these filtered coefficients. Gener
ally, the wavelet functions, such as dB, sym, fk, and coif were used in the 
wavelet analysis. Different function sets show different performance. We 
employed wavelet denoising with four sets of wavelet functions applied 
to the raw data, and the results are shown in Fig. 6. From the compar
ison, we have chosen the optimal set of dB9 wavelet functions at the 
decomposition level of 6 to remove the noise in the data. 

After the signal was denoised with the wavelet method, the absorp
tion signal was further refined by the baseline removal, as shown in 
Fig. 7(a). The standard deviation in the interval within the 

blue dashed lines with no methane absorption (the base noise) in 
Fig. 7(a) was calculated resulting in the value of 0.0053 V. The signal 
amplitude for the selected absorption peak of methane at 3.37 μm 
(within vertical blue dashed lines) is 0.87 V. Consequently, the SNR was 
calculated to be 164, i.e. ~44 dB. The selected absorption peak was 
measured for twenty minutes, and fitting of different acquisitions pro
vided the methane concentration values with some distribution. The 
histogram of this distribution is shown in Fig. 7(c). It can be well fitted 
by a Gaussian distribution with the HWHM of 30 ppb, also shown in 
Fig. 7(c) by a red line. The standard deviation (1σ) of the concentration 
measurement is 20 ppb. Thus, for the CH4 concentration value of 2 ppm, 
the relative error (uncertainty of the measurement) is ±1%. The sensor 
detection limit was determined to be 3 ppb with an averaging time of 
200 s by the Allan deviation analysis [30,31], as shown in Fig. 7(d). 

4.2. Wavelength modulation spectroscopy measurements 

To improve the sensitivity of the sensor we employed the WMS 
technique. We realized this method similarly to previously reported 
work [8] based on LabVIEW program, which included ramp and sine 
signal generation, data acquisition and data demodulation. The wave
length was scanned by applying a sine voltage with a peak-to-peak value 
of 1 V from 6.5 V to 7.5 V and a frequency of 1 Hz and the sine modu
lation voltage at a frequency of 10 kHz and amplitude of 0.15 V corre
sponding to the input current of 15 mA from the DAQ card (NI, 
USB-6361). The output voltage first went into a home-made voltage 
follower, increasing the impedance, and then it was sent to the laser 
controller (ILX Lightwave, LDC-3724) to modulate the laser current. The 
IM/FM phase shift ψ was determined to be 0.08π, based on measure
ments of the time delays and Eq. (6). The 20 kHz sine signal was also 
generated by the LabVIEW-based software to extract the second har
monic from the absorption signal measured with the photodetector. The 
second harmonic signal of H2O and CH4 is shown in Fig. 8(a). The SNR of 
the signal is ~3000, i.e. 70 dB or ~20-fold improvement compared to 
the DAS method. To establish the relationship between the signal 
amplitude and methane concentration the sensor was calibrated with 
the calibration gas in the MPC. The overall dependence up to a con
centration of 3 ppm was also calculated with Eqs. (1–4) and is shown in 
Fig. 8(b). For methane concentration less than 0.25 ppm (the signal 
amplitude ≤0.0093 V) a linear relationship with an error of less than 1% 
takes place C = 27.0×V2f (ppm), where C is the concentration of 
methane with unit of ppm and V2f is the measured 2f-signal amplitude 
with unit of Volt; for higher concentrations a nonlinear sensor response 
takes place. The WMS measurement was continued for twenty minutes 
at a 1 Hz sampling rate, acquiring a total of 1200sampling points, shown 
in Fig. 9(a). The standard deviation (1σ) for this data is 8 ppb, about 
3-fold improvement compared to the DAS method. The Allan deviation 

Fig. 5. The raw data acquired in the DAS measurement. Methane peaks are 
labelled with a solid box, and water peaks are shown with dashed boxes. 

Fig. 6. The comparison of four sets of subwavelet functions for denoising of 
the signal. 
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Fig. 7. (a) Methane absorption signal (b) Methane concentrations determined from the measurement for twenty minutes. (c) The Gaussian distribution of the 
methane concentration measurement. (d) Allan deviation analysis of the DAS methane measurement. 

Fig. 8. The second harmonic signal of methane and water (a) and the calculated dependence of methane concentration on the amplitude of the measured signal (b).  

Fig. 9. The results for WMS measurements: (a) Methane concentrations for 1200 sampling points obtained in twenty minutes of continuous measurement. (b) The 
Allan deviation analysis of the measurement results. 
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analysis is presented in Fig.9(b). We fitted the Allan deviation of data 
from 20 s to 300 s by a line with a descending slope in Fig. 9(b), and also 
fitted the Allan deviation data from 200 s to 500 s. The middle line 
minimum of the Allan deviation was determined by the crossing point of 
the two fitting lines. Consequently, we obtained the detection limit of 
560 ppt with 290 s averaging time, corresponding to minimum detect
able absorption coefficient of 7.2 × 10− 9 cm-1. 

Also, we carried out a long-time measurement of the ambient air for 
~ 24 h (Fig. 10). The data were acquired at the scanning rate of 1 Hz, 
modulation frequency of 10 kHz, and sampling rate of 100KHz. During 
this long measurement the setup was in the indoor environment with 
temperature variations ≤1◦K. The estimates show that even temperature 
variations as large as ~7◦K induce signal variations, which are less than 
the detection limit. The methane concentration decreased with time 
from 2.02 ppm to about 1.60 ppm and then increased to ~2.02 ppm 
again. 

5. Discussion and summary 

In this paper, we designed a mid-IR multipass cell with an optical 
path of 580 m, which is the longest optical path in the MIR reported to 
date. We built a sensitive methane sensor and used two measuring 
methods of direct absorption spectroscopy (DAS) and wavelength 
modulation spectroscopy (WMS). With the first method, in the mea
surement of methane in atmospheric air, the signal with the high signal- 
to-noise-ratio (SNR) of 44 dB and the sensitivity of 3 ppb with an 
averaging time of 200 s was achieved using the wavelet denoising 
method. The measured concentration of ~2 ppm had a standard devi
ation of 2.5 % and an Allan deviation of 3 ppb. The sensitivity of the 
sensor was further improved with the WMS technique. Within this 
approach, we used four methane absorption lines to determine the phase 
shift between the intensity modulation and frequency modulation. With 
the WMS method, the SNR was increased to 70 dB and the detection 
limit of 560 ppt was achieved with an averaging time of 290 s, thus 
permitting the ppt level of methane detection. 
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