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A palm-sized laser spectrometer has been developed for detecting trace gases based on tunable diode laser absorption spectroscopy (TDLAS) in combination with a novel double-layer toroidal cell. With the benefit of a home-made electronic system and compact optical design, the physical dimension of the sensor is minimized into 24×15×16 cm 3 . A toroidal absorption cell, with 84 reflections in 2 layers for an effective optical path length of 8.35 m, was used to enhance the absorption signals of gaseous species. A home-made electronic system was designed for implementing distributed feedback (DFB) diode laser controller, analog lock-in amplifier, data acquisition and communication. Calibration-free scanned wavelength modulation spectroscopy was employed to determine the concentration of the gas and reduce the random fluctuations from electronical noise and mechanical vibration. The measurement of CH4 in ambient air was demonstrated using a DFB laser at 1.653 μm. The rise time and fall time for renewing the gas mixture are approximately 16 s and 14 s, respectively. Vibration and temperature tests have been carried out for verifying the performance of the spectrometer, and standard deviations of 0.38 ppm and 0.11 ppm for 20 ppm CH4 at different vibration frequencies and temperatures, respectively, have been determined. According to the Allan deviation analysis, the minimum detection limit for CH4 can reach 22 ppb at an integration time of 57.8 s. Continuous measurement of atmospheric CH4 for two days validated the feasibility and robustness of our laser spectrometer, providing a promising laser spectral sensor for deploying in unmanned aerial vehicles or mobile robots.

Introduction

Trace gas detection plays an important role in multiple application fields, such as analyzing human breath [START_REF] Heinrich | Infrared laser-spectroscopic analysis of 14 NO and 15 NO in human breath[END_REF] , monitoring pollutants 2 or greenhouse gases [START_REF] Wang | Applications of a tunable diode laser absorption spectrometer in monitoring greenhouse gases[END_REF] and measuring gases of interest in industrial process [START_REF] Hirschmann | Trace gas detection of benzene, toluene, p-, m-and o-xylene with a compact measurement system using cantilever enhanced photoacoustic spectroscopy and optical parametric oscillator[END_REF] . A variety of conventional techniques are successfully used for trace gas detection, such as gas chromatography [START_REF] Loftfield | Automated Gas Chromatographic System for Rapid Analysis of the Atmospheric Trace Gases Methane, Carbon Dioxide, and Nitrous Oxide[END_REF] , mass spectroscopy [START_REF] Maity | Formation of Ketene (H2CCO) in Interstellar Analogous Methane (CH4)-Carbon Monoxide (CO) ICES: A Combined Ftir and Reflectron Time-of-Flight Mass Spectroscopic Study[END_REF] and Fourier transform spectroscopy [START_REF] Tanaka | Aircraft measurements of carbon dioxide and methane for the calibration of ground-based high-resolution Fourier Transform Spectrometers and a comparison to GOSAT data measured over Tsukuba and Moshiri[END_REF] . Although these methods have high sensitivity and selectivity, they are costly, time-consuming and bulky. Therefore, these approaches are not suitable for a real-time, in-situ and mobile measurement of trace gases. Tunable diode laser absorption spectroscopy (TDLAS) has been widely employed in detecting trace gases due to its high selectivity, sensitivity and rapid response [START_REF] Pogany | Development and metrological characterization of a tunable diode laser absorption spectroscopy (TDLAS) spectrometer for simultaneous absolute measurement of carbon dioxide and water vapor[END_REF][START_REF] Zellweger | Evaluation of new laser spectrometer techniques for in-situ carbon monoxide measurements[END_REF][START_REF] Dong | Compact TDLAS based sensor design using interband cascade lasers for mid-IR trace gas sensing[END_REF][START_REF] Wienhold | TRISTAR-atracer in situ TDLAS for atmospheric research[END_REF] . In recent years, the trend of compact laser spectrometers has been the focus of TDLAS for fulfilling the embedding requirements for unmanned aerial vehicles [START_REF] Yang | Natural Gas Fugitive Leak Detection Using an Unmanned Aerial Vehicle: Measurement System Description and Mass Balance Approach[END_REF] or mobile robots [START_REF] Bennetts | Towards Real-World Gas Distribution Mapping and Leak Localization Using a Mobile Robot with 3D and Remote Gas Sensing Capabilities[END_REF] . Due to restriction of physical dimension, the effective optical path length is commonly shortened, which decreases the detection sensitivity of the sensor. Therefore, a multipass cell (MPC) is a better choice for compact laser spectrometer. White cells [START_REF] White | Long Optical Paths of Large Aperture[END_REF][START_REF] Pilston | A Long Path Gas Absorption Cell[END_REF] , Herriott cells [16][START_REF] Guo | A portable sensor for in-situ measurement of ammonia based on near-infrared laser absorption spectroscopy[END_REF][START_REF] Li | High-speed multi-pass tunable diode laser absorption spectrometer based on frequency-modulation spectroscopy[END_REF] and Chernin absorption cells [START_REF] Chernin | Optical multipass matrix systems[END_REF] are three typical MPC used in TDLAS. These absorption cells consist of two or more individual mirrors. However, they are susceptible to mechanical vibration and temperature variation. Thus, a compact, stable and welladapted absorption cell is desirable for a TDLAS senor to be employed in artificial intelligence inspection vehicles. Recently, a compact toroidal MPC with low-volume monolithic ring [START_REF] Tuzson | Compact multipass optical cell for laser spectroscopy[END_REF][START_REF] Jouy | Mid-infrared spectroscopy for gases and liquids based on quantum cascade technologies[END_REF] was presented and we also proposed a toroidal cell with multi-layer patterns [START_REF] Chang | Implementation of the toroidal absorption cell with multi-layer patterns by a single ring surface[END_REF] .

Wavelength modulation spectroscopy (WMS) [START_REF] Guo | A portable sensor for in-situ measurement of ammonia based on near-infrared laser absorption spectroscopy[END_REF][START_REF] Kluczynski | Wavelength modulation absorption spectrometry -an extensive scrutiny of the generation of signals[END_REF] , offering a substantial decrease of 1/f noise, is a preferred technique in TDLAS to improve the sensitivity and robustness via transforming the detection frequency to a higher region. In contrast to direct absorption spectroscopy, the absolute concentration of a targeted gas cannot be determined from WMS spectral signals: the intensity of the WMS signal is dependent on pressure, temperature and laser output power etc. In order to lessen the common-mode noise, Rieker et al. proposed the 2f/1f normalization [START_REF] Rieker | Calibration-free wavelength-modulation spectroscopy for measurements of gas temperature and concentration in harsh environments[END_REF] , and Wang et al. developed a 2f/DS-sine to further simplify the calibration approach [START_REF] Wang | Laser frequency locking and intensity normalization in wavelength modulation spectroscopy for sensitive gas sensing[END_REF] . Moreover, Qu et al. presented a calibration-free scanned wavelength modulation spectrometer to derive species concentration and temperature by fitting to the 2f/1f-WMS lineshapes [START_REF] Qu | Calibration-free scanned wavelength modulation spectroscopy--application to H(2)O and temperature sensing in flames[END_REF] . The previous calibration-free WMS methods, in most cases, were based on a digital lock-in technique that demanded huge amounts of computing resources and was usually time-consuming. For the goal of fast response measurements, analog lock-in technology offers the function of instant demodulating process without occupying computing resources. Therefore, it is suitable for real-time WMS detection, especially for some cases including complex spectral line fitting procedures.

CH4 is of significant importance due to its strong greenhouse effect, and it's use in industry and urban utility, so its detection is critical for global warming and safety in human activity [START_REF] Willis | GHG Methodologies for Sewer CH4, Methanol-Use CO2, and Biogas-Combustion CH4 and their Significance for Centralized Wastewater Treatment[END_REF][START_REF] Saunois | The global methane budget 2000-2012[END_REF][START_REF] Vojtisek-Lom | On-road and laboratory emissions of NO, NO2, NH3, N2O and CH4 from late-model EU light utility vehicles: Comparison of diesel and CNG[END_REF] . On-board compact laser sensors for patrol vehicles can enormously increase the efficiency of leakage inspection. The strong fingerprint fundamental bands for CH4 locate at around 3.3 μm and 7.3 μm, so it is easy to reach sensitive detection in the corresponding regions. Based on the WMS, Qu et al. used mid-IR quantum cascaded laser (QCL) to detect CH4 at 7.5 μm and achieved a sensitivity of 0.04 ppm [START_REF] Qu | Mid-Infrared Trace CH4 Detector Based on TDLAS-WMS[END_REF] . Dong et al. monitored CH4 by using a 3.3 μm interband cascade laser and achieved minimum detection limit of 1.4 ppb for a 60 s averaging time [START_REF] Dong | Compact CH4 sensor system based on a continuouswave, low power consumption, room temperature interband cascade laser[END_REF] . Nevertheless, mid-IR diode lasers and detectors are more expensive, bulky and less durable compared to robust near-IR diode lasers. Thus, near infrared diode lasers are more appropriate for integration into small-sized laser sensors. Recently, Liu et al. [START_REF] Liu | Highly sensitive detection of methane by near-infrared laser absorption spectroscopy using a compact dense-pattern multipass cell[END_REF] and Dong et al. [START_REF] Cui | Three-Dimensional Printed Miniature Fiber-Coupled Multipass Cells with Dense Spot Patterns for ppb-Level Methane Detection Using a Near-IR Diode Laser[END_REF] , respectively, developed the novel multi-pass cells with low-volume and achieved a minimum detection limit of tens to hundreds ppb in the near-IR region.

In this work, a palm-sized spectrometer was developed based on TDLAS combining with a novel double-layer toroidal absorption cell (DLTAC). A home-made electronic circuit system was designed for laser control, signal acquisition, demodulation and data communication. Calibration-free scanned (CFS)-WMS was employed and a lineshape fitting procedure was carried out for deriving the concentration of the trace gas. The measurement of CH4 was performed by a distributed feedback (DFB) diode laser. The characteristics, such as response time and robustness towards temperature variation and mechanical vibration were measured for characterizing the performance of the spectral sensor. Allan deviation was utilized to analyze the stability of the sensor. To validate the application of the sensor, a demonstration of atmospheric CH4 monitoring was shown by two days of continuous detection.

Principle of CFS-WMS

For WMS, both the laser intensity and laser wavelength (frequency) are modulated by a high frequency sinusoidal modulation (fm) superposed in a low frequency sawtooth scan (fs). For one sawtooth period, the expression of the wavelength ν(t) is described as [START_REF] Qu | Calibration-free scanned wavelength modulation spectroscopy--application to H(2)O and temperature sensing in flames[END_REF] :

ν(t) = ν s (t) + a(t)cos(2πf m t + θ) , (1) 
where νs(t) is the center laser wavelength without modulation and a(t) is the modulation depth that relies on the amplitude of the modulation signal, θ is the initial phase of wavelength modulation. According to Lambert-Beer's law, the laser intensity transmitted through the absorbing species is represented as:

I(t) = I 0 (t)exp[-α(ν)] = I 0 (t)exp[-cPLS(T)φ(ν)],
(2) where I0(t) is the laser intensity without absorbing medium and α(ν) is the absorbance defined by the concentration of the detected gas c, total pressure P, optical length L. Herein, line strength of transition S(T) relies on the temperature of the gas T in the cell and on the line shape function φ(ν). The harmonic signals Snf are extracted by a lock-in amplifier:

S nf = I(t)sin(2πnf m t) ⊗ LPF 2 + I(t)cos(2πnf m t) ⊗ LPF 2 , ( 3 
)
where LPF is a low-pass filter. The WMS-2f signal is the preferred option relating with the signal to noise (SNR) and the signal amplitude at the center of the absorption line. The 2nd-harmonic signal normalized by the 1stharmonic signal (WMS-2f/1f) [START_REF] Salati | Apodized 2f/1f wavelength modulation spectroscopy method for calibration-free trace detection of carbon monoxide in the near-infrared region: theory and experiment[END_REF] can improve the robustness and reliability of sensors in harsh environments. The concentration of the absorbing gas is determined by least-square fitting of the observed WMS-2f/1f signal to lineshape function. For reliable fitting, temperature and pressure were measured by built-in sensors. The amplitude of WMS-2f/1f signal depends dramatically on both modulation amplitude (MA) and phase shift (PS) between laser intensity and wavelength modulation, therefore these factors need to be known before fitting WMS-2f/1f signal. In the present CFS-WMS scheme, MA and PS are determined by least-square fitting the direct absorption spectral signal to the measured signal in the presence of the absorbing gas, as depicted in Fig. 1(a). The temperature and pressure parameters in Eq.( 2) can be obtained by built-in sensor. Then, the concentration was derived by fitting the observed WMS-2f/1f signal using a Lorentzian function [START_REF] Topfer | Room-temperature mid-infrared laser sensor for trace gas detection[END_REF] , plotted in Fig. 1(b).

H2O and CO2 are two perturbing species to the CH4 spectral measurement near 1.65 µm, so it is necessary to choose a discrete and strong CH4 absorption line. Based on the HITRAN 2016 database [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF] , the absorption lines for 30 ppm CH4, 1% H2O and 0.3% CO2 around 6047 cm -1 are simulated at 1 atm, 300 K and 8.4 m absorption path, and are plotted in Fig. 2. As depicted in Fig. 2, the CH4 line is discret and the influence from H2O can be neglected. To ensure that the H2O concentration was less than 0.1% even for applications at high humidity, a drier was applied in our measurements.

Experimental

The schematic diagram of the palm-sized spectrometer for CH4 is shown in Fig. 3(a). The output of a fibercoupled distributed feedback (DFB) diode laser (NLK1U5FAAA, NEL) operated at 1.653 μm and room temperature passed through an optical collimator and was then coupled to a novel DLTAC. In principle, it is more suitable for ICL or QCL lasers emitting at the mid-infrared spectral region than the near infrared one due to our gold-coated inner surface with a higher reflectivity. The laser scanned from 6043 to 6050 cm -1 , covering the CH4 line at 6046.96 cm -1 . The temperature of the TEC was fine-tuned around 25.1 ℃ for guaranteeing the absorption peak of CH4 being located at the center of the scanning range. The output laser intensity from the DLTAC was collected by a homemade extended InGaAs detector (Netopto, NT52-1K-N). The thermometer and barometer sensors were used to monitor the parameters of the ambient atmosphere. As shown in Fig. 3 (b), the physical dimension of the sensor is minimized into 24×15×16 cm 3 due to the compact optical and home-made electronic design. The sensor is made of aluminum alloy, a low dense material, while the thin toroidal multipass cell is made of stainless steel. The total weight of the sensor is 2.2 kg. The wavelength modulation and WMS-2f/1f signal were applied to enhance the detection sensitivity.

The effective optical path length of the DLTAC is 8.35 m with 84 reflections exhibiting a polygon star spot pattern of two layers. It was indicated that the optical interference was weak, and the signal amplitude was rational for our designed toroid cell at 8 meters optical path length. The laser entrance and exit angles are both 8.57°. The number of reflections is determined by both the angle of incidence and the curvature radius in sagittal plane (Rs) and tangential plane (Rt). Herein, Rt is 99.57 mm and Rs is 50 mm. For illustrating the practical beam pattern, a 650 nm laser was used to form the visible beam trace, as presented in the insert of Fig. 3 (b).

The electronic part includes the temperature and current controller of the laser, the signal acquisition, temperature and pressure sensors, analog lock-in amplifier and data communication. The spectrometer is powered by business electricity with AC 220 V or by DC with 5 V for laser controller and 15 V for analog lock-in amplifier. The total electrical power consumption of the sensor is less than 10 W. The current sensor is powered by the homemade power board supplied by AC 220V, and it can also be powered by a battery. The laser controller module was designed on an 8 cm diameter PCB board. For the analog lock-in amplifier, the modulated signal at 7.572 kHz was generated by a voltage controlled oscillator (74HC4046A). A complex programmable logic device (CPLD, Altera, EPM7064AE) produced 1f and frequency-doubling (2f) signals and phase-shift. One of the 1f TTL signals from the CPLD output was smoothed by a 5th order Butterworth low-pass filter and superposed with slow sawtooth signal at 5 Hz. The output of the photo detector was first acquired by the ADC for determining the parameters of the laser and then demodulated by two AD630 lock-in amplifiers for 1f and 2f. Two LPFs were used for further filtration, respectively. The demodulated signals were collected by the ADC (AD7616) and then transmitted to the microcontroller unit (STM32F405). ADC was used for fitting the 2f/1f spectral signal transmitted by a serial port. The concentration of the trace gas can be derived by a least-square fitting procedure. 

Results and discussion

In wavelength modulation spectroscopy, the amplitude of the WMS-2f/1f signal depends on the modulation amplitude [START_REF] Liu | Highly sensitive detection of methane by near-infrared laser absorption spectroscopy using a compact dense-pattern multipass cell[END_REF][START_REF] Sur | Multi-species laser absorption sensors for in situ monitoring of syngas composition[END_REF] . To determine the optimum modulation amplitude, WMS-2f signals of 50 ppm CH4 were measured at a series of modulation amplitudes at atmospheric pressure. From the measured signal, the maximum signal for CH4 is obtained at 0.27 V and the corresponding modulation index is around 2.2 [START_REF] Sur | Multi-species laser absorption sensors for in situ monitoring of syngas composition[END_REF][START_REF] Ste´ Phane Schilt | Wavelength modulation spectroscopy: combined frequency and intensity laser modulation[END_REF] , which is in accordance with the theoretical prediction. Thus, a modulation amplitude of 0.27 V was employed in the following measurements. To verify the CFS-WMS principle, the measured and simulated WMS-2f/1f signals of a series of different CH4 concentrations are presented in Tests were performed to investigate the performance of our sensor to mechanical vibrations and changes in ambient temperature. The vibration test is a crucial index to evaluate an on-board or airborne sensor. The toroidal multipass cell is constructed by a monolithic ring, so its instinct is immune to vibration effect. The slight intensity fluctuation of laser is mainly arisen from a tiny displacement between the incident beam and the toroidal multipass cell due to mechanical vibration. As presented in Figure 5(a), the vibration test was simulated by a shaker table (Fang Ce Precision instrument technology co. LTD, LD-35BL) with frequency from 0 to 400 Hz. As shown in Fig. 5(b), the concentration of the cell was set to 20 ppm. Overall, the difference between the measured and the real concentration was small in the entire range from 0 to 400 Hz. The largest error bar occurs at 200 Hz. It can be deduced that the natural frequency of our spectrometer is approximately 200 Hz. The test shows that the standard deviation of measurement is 0.36 ppm. The spectral intensity of peak-peak is sensitive to temperature variation, so one needs to either keep the temperature constant or correct the temperature influence if the sample concentration is determined by the spectral peak-peak amplitude. As depicted in Fig. 5(c), a test of our sensor to variation of the temperature is carried out by a high-low temperature test box (Wuxi yi'er da test equipment manufacturing Co., Ltd, GDW-150). The temperature interval was set to 10 ℃ and each temperature took 30 min to ensure the stability and reliability of the measurement. It illustrates that the peak-peak values of the spectra show an approximately linear decrease as the temperature increases from -10 to 50 ℃, as presented in Fig. 5(d). However, the temperature influence is diminished by line-fitting considering the temperature factor. The standard error, as result of temperature variation, is approximatly 0.11 ppm from -10 to 50 ℃. To evaluate the detection precision and the stability of the sensor, the signal of 20 ppm CH4 sealed in the cell was measured for about one hour. 34320 data points were obtained with the scan frequency of 5 Hz. As shown in Fig. 6(a), the Allan variance is a function of the measurement time. The figure indicates that the minimum detection limit is reached at 57.8 s and the minimum detectable concentration can be down to 22 ppb. The histogram of the measured concentration of CH4, helpful to evaluate the measurement precision, is plotted in Fig. 6(b). The data distribution resembles a Gaussian profile, red line in Fig. 6(b). The measurement precision, determined by the half width at half maximum (HWHM), was found to be 0.8 ppm and the R 2 value and the standard deviation value (σ) were calculated to be 0.986 and 0.680 ppm, respectively. The high sensitivity and high measurement precision confirm the high performance of the developed CH4 sensor based on toroidal multipass cell. The dynamic response of the sensor has been performed at the flow rate of 500 mL/min while the volume of the cell is about 157 mL. In Fig. 7(a), the rise time (10-90 %) and the fall time (90-10 %) are 16 s and 14 s, respectively. Fig. 7 By real-time and in-situ measurement of CH4 in ambient air for two days, the performance of the developed CH4 sensor was validated. The test was conducted on the campus of the Taiyuan University of Science and Technology. It is a mixed-use area with woods, apartments and nearby the Xizhonghuan Road with heavy traffic especially during rush hours. The temporal resolution of the sensor is determined by the scanning frequency of the diode laser (2 s) and the interval of gas extracted into the multi-pass cell (~20 s) which is usually shorter than the time to reach equilibrium of gases. Therefore, the time interval between the measurement and the process of extracting gas into the multi-pass cell does not affect the real-time measurement. During the measurement, a dryer and a particle filter were placed before the inlet of the multi-pass cell to remove humidity and aerosols. The sensor operated continuously during the measurement. The concentrations of ambient CH4 are shown in Fig. 8, while the data were captured at 0.5 Hz and averaged over 8 laser scans. The results of consecutive measurements in two days indicate the same CH4 concentration variation trends. The highest concentration of CH4 occurs at ~2am and the lowest concentration appears after 5am on both days. Moreover, the CH4 concentration is higher during the night than at daytime. The photochemical removal of CH4 from the atmosphere is very slow, leading to an atmospheric lifetime of CH4 of more than 10 years. Therefore, the variation in the CH4 concentrations during the day are possibly due to increased mixing of local CH4 sources after sunrise (6:40 am) while the increase in concentration after sunset (5:40 pm) is due to a decreased boundary layer height.

Conclusions

A portable optical sensor for trace gas quantification with a toroidal cell based on near infrared TDLAS is reported. The 8.35 m optical path length is realized with 84 reflections in two layers in a toroidal cell with an aspheric surface. The WMS-2f/1f calibration free method is employed to derive the concentration of the absorbing gas. The laser driver is implemented in a home-made electronic system. The minimum achieved detection limit of CH4 was 22 ppb with an integration time of 57.8 s. To validate the performance of the sensor, we continuously monitored the concentration of CH4 in ambient air for two days using a DFB laser emitting at 1.653 μm. The results indicate that the sensor is appropriate for monitoring trace gas. 
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 3 Fig. 3. (a) Schematic diagram of the experimental setup for CH4 detecting; (b) photograph of the real instrument

Figure 4 :Fig. 4 .

 44 Fig. 4. Linear relationship between the real concentrations and the fitted ones.

Fig. 5

 5 Fig.5 (a) Layout of the vibration test; (b) measured results obtained for 20 ppm CH4 at different vibration frequencies; (c) structure of the temperature test; (d) observed amplitude of peak-peak of WMS-2f/1f and best fitted concentration of 20 ppm CH4 at different temperatures.
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Table of Content

 of Graphic For Table of Contents Only

Acknowledgement

The work presented in this paper was supported by National Natural Science Foundation of China (U1810129, 52076145, 11904252 & 42077201), State Key Laboratory of Applied Optics (SKLAO-201902), Transformation of Scientific and Technological Achievements Fund of Shanxi Province (201904D131025), Excellent Youth Academic Leader in Higher Education of Shanxi Province (2018), Key Research and Development Program of Shanxi Province of China (201803D31077, 201803D121090), Shanxi "1331 Project" Key Innovative Research Team (1331KIRT), Natural Science Foundation of Shanxi Province (201801D221017) and Fund for Shanxi Key Subjects Construction.