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Abstract

:

Mid-infrared frequency modulation spectroscopy (FMS) in a tellurite hollow-core antiresonant fiber (HC-ARF) is investigated for gas detection. The spectroscopic system is demonstrated for nitric oxide (NO) detection by exploiting its strong absorption line at 1900.08 cm−1 with a quantum cascade laser (QCL). By modulating the injection current of the QCL at 250 MHz and measuring NO in a 35 cm long HC-ARF, we achieve a noise equivalent concentration of 67 ppb at an averaging time of 0.1 s. Compared to direct absorption spectroscopy with a low-pass filter for etalon noise reduction, the FMS technique shows an improvement factor of 22. The detection limit of FMS can be further improved to 6 ppb at a longer averaging time of 100 s, corresponding to a noise equivalent absorption coefficient of 1.0 × 10−7 cm−1.
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1. Introduction


Tunable diode laser absorption spectroscopy (TDLAS), known for its high selectivity and simple configuration, has been widely used for the development of optical gas sensors [1]. Wavelength modulation spectroscopy (WMS) with high sensitivity and etalon noise immunity is an essential extension of TDLAS for trace gas sensing in the infrared region [2]. WMS is normally performed by tuning the laser wavelength across the target absorption line with a superimposed kHz rate wavelength modulation. By comparison, frequency modulation spectroscopy (FMS) is conducted when the modulation frequency is large enough, which is comparable to the width of the spectral feature of interest, i.e., at hundreds of MHz or several GHz [3,4].



The choice of WMS and FMS depends on the characteristics of the system and how well each technique can be experimentally implemented [5]. Frequency modulation of a monochromatic laser results in the emergence of discrete sidebands around the carrier frequency, where the modulation depth determines the relative intensities of the carrier and the sidebands. Frequency modulation can be achieved either by direct modulation of the laser source or by external phase modulation using an electro-optical modulator (EOM). The frequency-modulated laser beam can be scanned across the absorption feature either by tuning the laser frequency or the radio-level modulation frequency [6]. A phase-sensitive detection scheme can be applied to the demodulation of the heterodyne beat note after a photodetector. FMS has been investigated in the near-infrared region by several groups [7,8]. A distributed feedback (DFB) laser at 1.51 µm was modulated by an EOM at 340 MHz for the detection of acetylene, and the beat note signal was demodulated by a double-balanced mixer (DBM) [9]. To overcome the issue of light intensity fluctuations and phase randomness in quadrature demodulation, a self-corrected method was devised and applied for water detection at 1.39 µm [10].



It is more interesting to explore FMS in the mid-infrared region to target the stronger absorption lines [11]. For instance, a continuous-wave optical parametric oscillator (cw-OPO) pumped by a fiber-coupled DFB laser was used for FMS detection of CH4 at 3.26 µm by using a mid-infrared EOM and DBM detection, showing the single-tone FM absorption spectra [12]. A two-tone frequency modulation spectroscopy (TTFMS) configuration was demonstrated with a 13 m long multi-pass cell by using a portable difference-frequency source at 3.3 µm, achieving a sub ppb detection limit [13]. The use of quantum cascade lasers (QCLs) for FMS was first reported for the detection of methane (CH4) and nitrous oxide (N2O) with a current modulation of 170 MHz at 8.06 µm, reaching a noise equivalent concentration (NEC) of 20 ppm [11]. The modulation characteristics of QCL were then investigated in the frequency domain using an optical frequency-to-amplitude conversion technique based on CH4 absorption [14]. A comparison between single-tone FMS and TTFMS was performed using two QCLs of 8.06 µm and 7.3 µm, showing a considerable reduction in detection bandwidth and an improvement in detection sensitivity for the TTFMS configuration [15]. FMS was also investigated in a terahertz spectrometer by a current modulation up to 50 MHz, showing the potential of frequency modulation to be applied in high-resolution THz spectroscopy [16]. A calibration-free FMS model was then proposed in a frequency range from kHz to GHz to account for the influence of intensity tuning during the injection-current scan of the laser source [17]. In addition to the current modulation at radio frequency, FMS has also been demonstrated by optical illumination. All-optical frequency modulation of a DFB-QCL at 200 MHz was demonstrated by illuminating the 4.67 µm QCL using a 1.55 µm near-infrared laser [18]. FMS was also applied for high-temperature measurement of hydrogen cyanide (HCN) using a single-tone MIR frequency modulation detection scheme [19].



However, all the previous FMS systems were performed with bulky free-space gas cells. Recently, hollow-core antiresonant fibers (HC-ARFs) have shown the potential to replace conventional free-space gas cells for providing a smaller gas volume and a more compact system [20,21,22,23,24,25,26]. In this work, we demonstrate the FMS of nitric oxide (NO) in a tellurite HC-ARF using a DFB-QCL at 5.26 µm. The frequency modulation is achieved up to 350 MHz by the direct current modulation. A down-conversion scheme is adopted to satisfy the bandwidth limitation of the lock-in amplifier in the demodulation process. With a 35 cm long tellurite HC-ARF, we demonstrate an NEC of 67 ppb at an averaging time of 0.1 s for FMS, which shows an improvement factor of 22 compared to direct absorption spectroscopy (DAS).




2. Experimental Setup


Figure 1 presents the experimental setup of the mid-infrared HC-ARF-coupled FMS. A continuous-wave QCL (AdTech Optics) can be tuned across the absorption line of NO centered at 1900.08 cm−1. The radio frequency modulation is achieved by the direct current modulation from RFSG1 (SG382, Stanford Research Systems) exerted from the AC port of a bias-tee circuit. The QCL current is also swept by a triangular waveform at 10 Hz to scan across the NO absorption profile. The custom-made tellurite HC-ARF is composed of a single layer of hollow capillaries, forming a hollow air core with a diameter of 130 µm, and has a total length of 35 cm. The QCL beam is coupled to the HC-ARF by an AR-coated CaF2 plano-convex lens (focal length of 50 mm) with the HE11 mode transmission. One end of the HC-ARF used in this study is fixed inside a gas cell with high compactness for gas introduction into the fiber, as indicated in the inset graph (a) of Figure 1. More details of the HC-ARF gas cell can be found in our recent work [27].



After exiting the HC-ARF, the QCL beam is focused onto an MCT photodetector (Vigo System, Ożarów Mazowiecki, Poland) with a bandwidth of 1 GHz via a plano-convex lens (focal length of 20 mm). For the frequency down-conversion to 200 kHz, the AC port of the photodetector is mixed with the sinusoidal signal from RFSG2 (SG382, Stanford Research Systems, Sunnyvale, CA, USA). The 200 kHz signal output is then sent to a commercial lock-in amplifier (Zurich Instruments, Zurich, Switzerland) with a bandwidth of 500 kHz to obtain the FMS spectra. Finally, the amplitude of the in-phase FMS-1f signal is obtained by adjusting the relative phase difference between the input and reference signals sent to the lock-in amplifier.



For comparison purposes, the DAS signal can be measured at the same time through the DC port of the photodetector. A low-pass filter with a cut-off frequency of 30 kHz is used to eliminate the fringe noise, which may come from the mode interference inside the HC-ARF. Two gas cylinders, 100 ppm NO/N2 and pure N2 (purity 99.999%), are used for the gas mixture preparation. A commercial gas mixer (Jinwei Electronics Co. Ltd., Wuhan, China) is used to dilute NO to the target gas concentration. A pressure difference of 2 kPa between the two ends of the HC-ARF is maintained to pressurize the gas mixture into the fiber core. Since one end of the fiber is open to atmosphere, a slow gas flow guarantees the homogeneous pressure inside the fiber with a short length.




3. Results and Discussion


Figure 2 depicts the spectral measurement of 100 ppm NO using DAS and FMS methods, respectively. To mitigate the fringe noise in DAS, an electrical low-pass filter with a cut-off frequency of 30 kHz is used. The fringe noise may come from the mode interference in the HC-ARF and the etalon noise caused by the windows and lenses. Figure 2a presents the measured absorbance together with the profile fitting using the Voigt line-shape function. A germanium etalon (FSR = 0.0164 cm−1) is used in this work (not shown in Figure 1) to transform the x-axis from sample time to wavenumber. The bottom panel of Figure 2a shows the fitting residual of ±5%. The noise level is evaluated by a standard deviation (1σ) of 9 × 10−4, resulting in a signal-to-noise ratio (SNR) of 67 in DAS. Thus, an NEC of 1.5 ppm NO is determined for DAS measurement. In comparison, Figure 2b shows the representative FMS-1f signals measured under different modulation depths. The modulation depth in FMS can be varied by adjusting the output power level of RFSG1 (8–14 dBm), which is injected to the QCL through the bias-tee circuit. The peak-to-peak amplitude of the FMS-1f signal is plotted as a function of modulation depth in the inset of Figure 2b. Note that the noise level remains the same under different modulation depths. Hence, the output power of 13 dBm is selected as the optimal value for the highest SNR.



The influence of modulation frequency on FMS is also investigated with the typical results shown in Figure 3. Despite the variation of the FMS-1f profile, there is a negligible difference in the peak-to-peak amplitude when the modulation frequency is changed from 100 to 350 MHz. The tendency of the reduced spectral width of the FMS-1f profile with the decrease in modulation frequency indicates the frequency shift of the sideband [28]. Two separate peaks can be expected when the modulation frequency is larger than the spectral width [5]. In this work, we selected the modulation of 250 MHz for the following experiment.



To evaluate the performance of the FMS measurement in the mid-infrared HC-ARF, the sensor response is examined under varied NO concentrations. Figure 4a depicts the representative FMS-1f signals for various NO mixtures. The background signal of pure N2 is also shown in the same figure with a 1σ of 1.2 mV. According to the linear response (17.8 mV/ppm, R-square 0.998) of the sensor over the concentration range of 0–100 ppm, as shown in Figure 4b, the HC-ARF-coupled FMS sensor shows an NEC of 67 ppb or a noise equivalent absorption (NEA) coefficient of 1.2 × 10−6 cm−1. In order to evaluate the repeatability of the gas sensor, three groups of measurements are conducted from 5 to 40 ppm with an interval of 5 ppm, as indicated in Figure 4c. The error bars represent the standard deviation with a maximal uncertainty of 0.8%.



The long-term stability of the FMS sensor is evaluated by performing the Allan-Werle deviation analysis with pure N2 flowing through the HC-ARF. By locking the laser wavelength to the absorption line center of NO, the signal of pure N2 is continuously measured for 20 min with the acquisition rate of 10 Hz. An improved NEC of 6 ppb is observed at an averaging time of 100 s, as shown in Figure 5, corresponding to an NEA coefficient of 1.0 × 10−7 cm−1. The sensitivity of the current FMS sensor is mainly limited by the short length of the tellurite HC-ARF and the possible fringe noise.




4. Conclusions


In conclusion, we demonstrate the FMS of NO detection with the 35 cm long tellurite HC-ARF. Both DAS and FMS demonstrations are performed to evaluate the sensor performance by targeting the strong NO absorption line at 5.26 µm. For FMS, the direct current modulation of QCL at 250 MHz is conducted to achieve an NEC of 67 ppb NO, which shows an improvement factor of 22 compared to DAS. The NEC can be further reduced to 6 ppb at a longer integration time of 100 s, corresponding to an NEA coefficient of 1.0 × 10−7 cm−1. Future work involves the use of a longer HC-ARF for a more sensitive and compact FMS gas sensor development.
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Figure 1. Schematic of the experimental setup for the HC-ARF-coupled FMS system. PD: photodetector; QCL: quantum cascade laser; LPF: low-pass filter; DAQ: data acquisition card; M: mixer; S: power splitter; RFSG1, RFSG2: radio frequency signal generator; PM: pressure meter; GM: gas mixer. Inset (a): Photo of the gas cell enclosed with the fiber end. 
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Figure 2. Comparison between DAS and FMS measurements of 100 ppm NO. (a) Calculated absorbance based on the Voigt fitting. The fitting residual is plotted in the bottom panel. (b) Representative FMS-1f signals under varied modulation depths. Inset: Variation of FMS-1f amplitude with modulation depth. 
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Figure 3. Representative FMS-1f signals measured under varied modulation frequencies. 
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Figure 4. (a) Variation of FMS-1f signal with NO concentration. (b) Relationship between the FMS-1f signal amplitude and NO concentration. (c) Response of the present sensor to NO concentrations with error bars. 
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Figure 5. Allan-Werle deviation plot (in ppb) for a 20 min measurement of pure N2. 
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