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Abstract

:

Dispersive Fourier transform (DFT) has emerged as a powerful technique, enabling the transformation of spectral information from an optical pulse into a temporal waveform. This advancement facilitates the implementation of absorption spectroscopy using a single-pixel photodetector and a pulsed laser, particularly effective when operating on wavelengths near the absorption lines of the gas under study. This paper introduces a DFT-spectrometer employing a mode-locked tunable fiber laser with the central wavelength of 1531.6 nm. We demonstrate fast acquisition NH   3   absorption spectroscopy with a 0.2 nm spectral resolution, achieved through the utilization of the HITRAN database for estimating ammonia concentrations. Alongside the successful demonstration of NH   3   absorption spectroscopy, we explore practical limiting factors influencing the system’s performance. Furthermore, we discuss potential avenues for enhancing sensitivity and spectral resolution, aiming to enable more robust and accurate gas sensing applications.
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1. Introduction


Dispersive Fourier transform (DFT) presents a promising approach for the detection of fast non-repetitive events in a wide range of applications [1,2], and especially to replace conventional spectrum analyzers with low scanning rates, thereby enabling high-speed real-time spectroscopic measurements [3]. The DFT method relies on frequency-to-time mapping achieved through the time stretching of an ultra-short optical pulse under study, employing group-velocity dispersion (GVD) provided, for example, by a large span of the optical fiber. As the pulse propagates through a dispersive medium, different spectral components become temporally separated, allowing the broadened pulse to faithfully reproduce its input spectrum. Then, a single-pixel fast photodetector followed by an appropriate analog-to-digital converter is sufficient to acquire and derive the actual radiation spectrum. The efficiency of the DFT method has been demonstrated in various applications, including single-shot characterization of extreme events in optical supercontinuum generation [4,5,6], and the investigation of spectral variations in outputs of mode-locked fiber lasers [7,8,9,10], as well as wavelength-resolved polarization state along an each ultrashort pulse [11], and more broadly, for studying nonlinear dynamics in optical systems [12].



At the same time, the spectral-to-time mapping appeared to bring benefits into absorption spectroscopy of gas mixtures and searching molecular fingerprints. Initially realized with a chirped pulsed quantum-cascade laser for 1,1-difluoroethylene spectroscopy at 10.26 μm [13], DFT spectroscopy has been effectively applied to investigate the absorption spectra of CH   4  , utilizing a supercontinuum source [14]. An unprecedented acquisition rate of DFT spectrometry has facilitated the real-time visualization of chemical reactions during the combustion process of acetylene [15]. Additionally, the DFT approach has been tested for fiber Bragg grating interrogation [16]. Recent advancements include several DFT-based techniques that enhance the capabilities of spectral-to-time mapping for spectroscopy. Among these is the combination of optical sampling and DFT spectroscopy, relying on the dynamical tuning of the cavity of the master oscillator mode-locked laser [17]. This approach eliminates the need for fast photodetectors and acquisition devices typically required in the DFT paradigm. Another example is the implementation of self-heterodyning into the conventional DFT scheme [18], transferring the time-mapped optical spectrum to the radio-frequency Fourier space. This technique has proven useful for probing HCN absorption in the 1.5 μm range [18,19].



Among the various gases of interest for spectroscopic measurements, ammonia stands out prominently due to its status as a well-known environmental gas and its crucial role as a target gas in industrial and agricultural process monitoring, health surveillance, and air pollution studies. The second overtone of the vibrational excitation of ammonia falls within the range of approximately 1520–1530 nm. This positioning makes erbium fibers, endowed with gain in the telecommunication C-band spectral range, promising candidates for creating light sources with ultra-short pulses. Consequently, DFT spectroscopy of ammonia emerges as a potentially fruitful approach. However, the design of a pulsed laser precisely at the ammonia absorption wavelengths can be challenging. Shifting the generation of erbium laser radiation to the short-wavelength end of the amplification spectrum necessitates the use of specialized techniques, such as intracavity spectral filtering or the control of polarization states. It has been demonstrated that spectral filtering, while not disrupting the process of mode locking [20] and the generation of dissipative solitons [21], can significantly alter the generation parameters. Consequently, the generation of picosecond pulses in erbium lasers has previously been achieved by integrating filters with sufficiently large spectral widths, such as a Lyot filter [22] or a tunable interferometric filter [23]. Techniques like controlling effective losses with an attenuator [24] and polarization control [25] can also facilitate lasing near 1530 nm.



In this study, we implement ammonia spectroscopy employing the DFT method for the first time. To achieve this, we designed a pulsed fiber laser with intracavity filtering, operating at a wavelength of 1531.6 nm. The short duration of laser pulses enabled the utilization of the spectral-to-time mapping method with a resulting resolution of 0.2 nm. Consequently, this opened the avenue for conducting ammonia spectroscopy. We showed that even the weak absorption of 10–20 cm   2  /molecule exhibited by ammonia near wavelengths of 1530 nm can be used for its detection using the conventional erbium-doped mode-locked laser.



Our estimates indicate that the created DFT scheme is capable of detecting NH   3   concentrations as low as 0.1%. Furthermore, we explore the potential for enhancing sensitivity to probe concentrations at the ppm level. The implemented approach is distinguished by its ability to measure down to the microsecond time scale. Although the speed of spectroscopic measurement was not an important parameter in the current work, this advantage of the proposed DFT system can be used, for example, in applications related to monitoring reaction rates in chemical plants, where a fast acquisition rate is desirable.




2. Materials and Methods


The experimental setup is shown in Figure 1. As a source of short pulses suitable for DFT, we implemented a mode-locked fiber laser. The ring cavity of the laser comprised 0.2 m of the Erbium-doped mode with an absorption of 80 dB/m. The full length of the cavity was 8.2 m, corresponding to a repetition rate of 25 MHz. Mode locking was ensured with a reflective semiconductor saturable absorber (BATOP Optoelecronics SAM-1550-25-5ps-FC/APC-PMF1550) incorporated into the cavity by an optical circulator. To adjust the central wavelength of the generation, we introduced a tunable filter based on a reflective diffraction grating with 600 grooves per millimeter and a dual fiber collimator. The filter had a 3 dB bandwidth of 10.9 nm and 2.17 dB losses. The central wavelength of the filter was tuned to 1531.6 nm, corresponding to one of the strong NH   3   absorption lines concentrated at 1.5 μm. Note that by tuning to wavelengths shorter than 1528 nm, the mode-locked generation is ceased. The resulting generation spectrum in the mode-locked regime at this wavelength appeared to be 3.2 nm wide (see Figure 2). The pulse duration, measured with an intensity autocorrelator, was estimated as 2 ps. The average power was measured at 80 μW, resulting in a peak power of 1.6 W.



The ultrashort pulses emitted by the master oscillator passed through a telecommunication dispersion compensation module with a net dispersion of −470 ps/nm at a wavelength of 1530 nm. As a result of this distortion, the pulse duration increased from 2 ps to 2 ns. Adhering to the principles of energy conservation, the peak power of the pulse underwent a significant reduction passing through the dispersive fiber. To counteract this reduction, we employed the Thorlabs semiconductor optical amplifier (SOA 1013S) with a gain of 20.5 dB to enhance the pulse power. Following the amplification by the SOA, the pulses were directed into free space using a collimator, passed through a custom-made gas cell with a 20 cm optical path, and were then recaptured by another collimator. The optical signal, carrying information about the transmission spectrum, was subsequently divided into two channels to enable the simultaneous comparison of different gas analysis methods. The first channel involved DFT measurements utilizing the single-pixel photodetector Keyang KY-BPRM-20G-I-FA (with an electrical bandwidth of 20 GHz) and the Agilent Technologies Infiniium DSO-X 92004A oscilloscope (with an 80 GS/s acquisition rate and a 20 GHz electrical bandwidth). The second channel employed a conventional Fourier spectroscopy approach, utilizing the commercially available optical spectrum analyzer (OSA) Redstone OSA305 with a typical resolution of 16 pm.



To estimate the concentration, one should derive the transmission spectrum at the peak absorbance of a gas, or, in general, retrieve the entire transmission spectrum within the range of interest. In accordance with the Beer–Lambert law, the concentration can be determined by:


  n = −  1  α  ( λ )  L lg  e    lg    P ( λ )    P 0   ( λ )     = −   T ( λ )   10 α  ( λ )  L lg  e    ,  








where    P 0   ( λ )    represents the initial pulse peak power before the gas cell,   P ( λ )   denotes the output power,  α  is the absorption coefficient    [ α ]  =    cm 2  molecule    , L is the length of a gas cell, and   T  ( λ )  = 10 lg    P ( λ )    P 0   ( λ )       corresponds to the transmittance in dB. We calculated the ammonia absorbance using the HITRAN database at 0 Celsius degrees and a pressure of 1 atmosphere, without apodization, and using the Hartmann–Tran profile at negligible concentrations of ammonia. Note that this calculation does not imply resonance collision broadening that may occur at a higher NH   3   concentration. That may bring relative error at the high concentrations, which we estimated at 1%.



The spectral power   P ( λ )   is reconstructed from the time traces within the spectrum-to-time paradigm, taking into account the net dispersion   D n   of the DFT system. The time grid is converted to a wavelength grid as   P  ( λ −  λ 0  )  = P  ( t /  D n  )   . It is important to note that there is an uncertainty in the central wavelength   λ 0   that cannot be defined from the DFT measurements.



The resolution of the DFT system, denoted as   δ  λ res   , is constrained by various factors [1]. The first factor is the sampling rate of the digitizer, limiting the spectrometer’s resolution to   δ  λ dgtl  = 1 /   f ADC   D n    , where   f ADC   is the digitizer’s sampling rate. The second factor arises from the analog bandwidth of the detection system, restricting the resolution to   δ  λ det  = 1 /  B  D n    , where B is the bandwidth of the detection system (the maximum bandwidth of digitizer and photodetector). Lastly, the dispersion process introduces an additional limitation, expressed as   δ  λ GVD  =  λ 0   2  /   c  D n     , where c is the speed of light, and   λ 0   is the central wavelength of the radiation. The ultimate resolution is determined by the maximum value among these three limiting factors:


  δ  λ res  = max  ( δ  λ dgtl  ,  δ  λ det  ,  δ  λ GVD  )  .  











In the employed measurement system, the implemented DFT-spectrometer achieves a resolution of 182 pm, constrained by   δ  λ GVD   . It should be noted that the NH   3   absorption line at 1531.6 nm has a line width of 40 pm. Consequently, the DFT-derived transmission spectrum is expected to exhibit significant distortion.




3. Results


We initially estimated the DFT spectrometer’s performance by comparing the derived spectra with the spectrum obtained by a conventional Fourier spectrometer. Given that high temporal resolution is not critical for the particular study, we averaged spectra acquired from time traces of 6400 consecutive pulses, resulting in an effective time resolution of 0.128 milliseconds. To facilitate a proper comparison, we normalized spectra measured with both the DFT and the optical spectrum analyzer. Despite the disparity in resolutions between the DFT and OSA, as illustrated in Figure 3, the DFT spectrometer provided reliable data, exhibiting good agreement with the commercial OSA. Note that there are many absorption lines falling into the generation spectrum (as per Figure 2); spectra of the radiation transmitted through the gas appeared to have many low-prominent dips, with the most intense appearing at 1531.6 nm. The resolution difference between DFT and OSA introduced distortions in the depth of the absorption lines. Notably, a narrow peak preceding the main absorption line was observed, originating from the photodetector’s apparatus function [14]. In the temporal domain, this peak emerges just after the absorption line. The transmission spectrum was subsequently determined by comparing it with the reference spectrum measured for the empty gas cell.



Whereas the DFT resolution falls short in accurately measuring the depth of the absorption line, we chose the integral form of the Beer–Lambert law to precisely determine the NH   3   concentration:


   ∫   λ 1    λ 2   T  ( λ )   d λ = − 10   N A   V m     n %   100 %   L lg  ( e )   ∫   λ 1    λ 2   α  ( λ )   d λ ,  










   n %  = −    ∫   λ 1    λ 2   T  ( λ )   d λ   10   N A   V m   L lg  ( e )   ∫   λ 1    λ 2   α  ( λ )   d λ   · 100 % ,  








where   n %   is a concentration as a percentage,   V m   is the gas molar volume under normal conditions, and   N A   is Avogadro’s constant. Here,   λ 1   and   λ 2   should be chosen such that the entire broadened absorption dip in the transmission spectrum lies within the interval [  λ 1  ,   λ 2  ]. We set    [  λ 1  ,   λ 2  ]  =  [ 1531.273 , 1532.041 ]   , with the integration length being four times the DFT resolution. Thus, the integral was calculated over the red highlighted part of the transmission spectrum shown in Figure 4.



To assess the DFT spectrometer’s capability for quantitative NH3 detection, we conducted the following experiment: initially, the gas cell was filled with a mixture of NH   3   and air, achieving a concentration in the tens of percent range at the atmospheric pressure, and the spectral measurement was performed. Subsequently, the cell was purged with air to reduce the NH   3   concentration while maintaining the atmospheric pressure within. Then, the spectral measurement for the new concentration was conducted. This cycle was repeated multiple times. The volume of the cell was 500 cm   3  . After completely purifying the cell from NH   3  , the baseline spectrum was measured. This spectrum served as a reference to account for all drawbacks of the gas cell, including optical losses, reflections at the cell walls, and the impact of the Fabry–Perot interferometer introducing incidental weak modulation into the transmission spectrum.



With this approach, we investigated different concentrations of ammonia ranging from 40% down to a tenth of a percent (see Figure 5a). We assumed the measurements made by the commercial OSA to be absolutely reliable, given its higher resolution than the absorption line width. We explored the discrepancy between the DFT and OSA methods, revealing that the two methods provided well-coincided results with a small relative error at high concentrations. However, the error increased at the level of a single percent (see Figure 5b). The systematic nature of the error was evident, leading to a reduction in the value provided by the DFT method. This effect was attributed to the appearance of side lobes in the time trace due to the finite electrical bandwidth of the system. At higher concentrations, the absorption line increased, causing the side lobes to rise above the baseline level of the transmission curve. Consequently, this positive contribution to the integral in the Beer–Lambert law reduced the concentration value measured by the DFT method.




4. Discussion


The minimum detectable concentration   n  min  %   of the DFT method is determined by the noises of the acquisition system and the optical master oscillator. The gas can still be traced if the absorption dip in the measured transmission spectrum is larger than the noises present in the time trace used for spectrum reconstruction:


   n  min  %  =  n min    V m   N A   · 100 % ≈ 100 % ·   δ U   U 0     Δ  λ res    Δ  λ abs      V m   N A    1  α L   ,  








where   δ U   is the noise level,   U 0   is the reference signal level (the signal measured without absorption),   Δ  λ res    is the resolution of the DFT system, and   Δ  λ abs    is the absorption line spectral width.



As we apply the averaging of the pulse train and use integral absorption, the minimum detectable concentration should acquire a statistical factor:


   n  min  %  = 100 % ·   δ U   U 0     Δ  λ res    Δ  λ abs      V m   N A    1  α L   ·   M   N   ,  








where N is the number of averaged pulses, and M is the number of points in the integral. In our experiments,   N = 6400   and   M = 30  .



In general, several sources of disturbance contribute to the noise in the time trace of the DFT signal. Firstly, there are noises from the pulse laser, including pulse jitter and amplitude jitter. Secondly, the SOA utilized to amplify the signal possesses a gain that also experiences fluctuations. These two types of noises are attributed as optical noises. Thirdly, there are detector noises, mainly shot noise and thermal noise, contributing at high frequencies. Lastly, there are noises from the oscilloscope, including amplification noise and quantization distortion. These two types of noises, attributed to electrical noises   δ  U  e l e c t r i c a l    , may be estimated with measurements of background noise at the absence of the signal at the scope’s input. The joint impact of the optical and electronic noises can be estimated from the statistics acquired for the large pulse train as it appears in Figure 3. With the given electrical amplification set in our experiments, the electrical noise level amounts to   δ  U  e l e c t r i c a l   = 1.6   mV RMS, while the joint impact of both optical and electrical noises yields   δ U = 2.5   mV RMS, which with   U = 200   mV gives the signal-to-noise ratio of 19 dB. In this case, the minimum detectable concentration is of the order of 0.1%, which aligns well with the minimum concentration observed in the experiments (see Figure 5). Note that optical noises such as pulse jitter do not have a profound effect on the minimal detectable concentration, being only two times larger than the electrical noises.



To enhance the sensitivity of the spectrometer and lower the minimum detectable concentration to several ppm, which could be of practical interest, various approaches are possible. In addition to the straightforward method of increasing the optical path (using commercial multipass gas cells with an effective length of tens of meters), one can introduce a dispersive element with greater dispersion. However, the additional DCF fiber brings considerable losses that must be compensated with another optical amplifier. Alternatively, a dispersive element can be created using a chirped fiber Bragg grating (CFBG), which can provide dispersion up to 2 ns/nm [26], or by utilizing the intermodal dispersion in a multimode fiber [1]. Employing both a multipass gas cell along with a ten-fold dispersion line and utilizing master oscillators with higher pulse energies (which, in principle, can be 1 nJ and higher [27,28,29]) would bring DFT spectroscopy to ppm-level accuracy while preserving its fast response of 0.2 ms. However, it should be noted that adding dispersion should be followed by additional amplification, not only due to losses but also to conserve its peak power. Stretching the pulse by a factor of  χ  reduces the peak power   U 0   by this factor, adversely affecting the resulting minimum detectable concentration.



Another challenge preventing the practical application of DFT systems is the high cost associated with broad bandwidth photodetectors and oscilloscopes. However, as the resolution is inversely proportional to the measurement system bandwidth and net dispersion, increasing the latter becomes necessary to maintain both the resolution and the minimum detectable concentration. This implies that limiting the photodetector and oscilloscope bandwidth to 1 GHz, in order to preserve a resolution of ∼200 pm in our measurement setup, requires a tenfold increase in net dispersion. It is important to note that the peak power is reduced by the same order due to this adjustment, necessitating a 1 dB increase in gain to maintain the minimum detectable concentration. This complication adds challenges to the efforts aimed at cost reduction.




5. Conclusions


We investigated the capability of NH   3   concentration analysis using the DFT method. To achieve spectrum-to-time mapping, we developed a pulsed fiber laser as a master oscillator, employing SESAM for mode locking. The central wavelength was tuned by adjusting the intracavity filter based on a diffraction grating with a bandwidth of 10.9 nm and 2.17 dB losses. The resulting output pulses exhibited a spectrum width of 3.2 nm, pulse duration of 2 ps, average power of 80 μW, and a repetition rate of 25 MHz. The DFT spectrometer proposed in this study possesses a resolution of 0.2 nm, enabling a minimum detectable concentration of NH   3   on the order of 0.1%, despite its weak absorption of only 10–20 cm   2  /molecule near the operation wavelength of the laser. The achieved resolution and sensitivity open avenues for practical applications, demanding high acquisition rates, such as monitoring intermediate the products of chemical reactions in chemical production, where the fast and easily implemented proposed realization might be especially desirable. Potentially, an increase in sensitivity can be achieved by using a mode-locked laser with a higher peak power, as well as by utilizing a multipath gas cell and stronger dispersion line. In general, our suggested enhancements provide a roadmap for further improving the method’s performance in gas sensing and related domains.
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Figure 1. Experimental setup (SA—saturable absorber, WDM—wavelength division multiplexer, SOA—semiconductor optical amplifier). 
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Figure 2. The generation spectrum of the mode-locked laser with intracavity filtering (blue line) and the absorption spectrum of ammonia (green line). Inset shows the time dependence of the output pulse train. 
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Figure 3. Comparison of the spectrum transmitted through the gas cell as measured by the DFT spectrometer and the commercially available OSA. Grey dots—the spectra derived for different pulses in a 6400 pulses train. Red line—the averaged derived spectrum. 
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Figure 4. Blue curve: transmission spectra derived with the (a) DFT spectrometer and (b) the commercial OSA for different ammonia concentrations. Red curve: the absorption dip according to which integration was performed. 
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Figure 5. (a) NH   3   concentration measured by the DFT method and the conventional Fourier spectroscopy method. (b) Relative discrepancy between the concentrations derived from the two methods. 
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