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Abstract

Hollow-core anti-resonant fibers (HC-ARFs) have emerged as a transformative platform for high-performance gas sensing. This review systematically summarizes recent advances in HC-ARF-based gas sensors. It begins by elucidating the light-guiding principles of HC-ARFs. Subsequently, key strategies for enhancing sensor performance are discussed, encompassing structural optimization of the fiber, selection of mid-infrared substrate materials, femtosecond laser fabrication of microchannels to accelerate gas diffusion, and surface modification with functional materials for improved selectivity. The core of the review analyzes representative sensing techniques integrated with HC-ARFs, including direct absorption spectroscopy (DAS) and its highly sensitive derivatives, photothermal and photoacoustic spectroscopy, as well as multiplexed Raman spectroscopy. Finally, current challenges and future prospects are outlined, highlighting the potential of HC-ARF sensors to achieve ultra-sensitive, rapid, and compact gas detection for various applications.
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INTRODUCTION
Recent advances in specialty optical fiber fabrication have significantly transformed the field of gas sensing with hollow-core fibers (HCFs). Among these, hollow-core anti-resonant fibers (HC-ARFs) trap light within their low-refractive-index air cores through the combined effects of the anti-resonant reflecting optical waveguide (ARROW) mechanism and inhibited coupling (IC) theory, which reduces the impact of fiber material properties on transmission performance [1]. Compared to hollow-core photonic bandgap fibers (HC-PBGFs), which guide light via the photonic bandgap effect, HC-ARFs do not require a periodic cladding structure and provide a wider transmission bandwidth [2,3]. Additionally, HC-ARFs have faster gas diffusion due to their larger core size and offer several key advantages, including low transmission loss, a large mode field area, and enhanced single-mode performance [4]. Using HC-ARFs as a medium for light-gas interaction allows efficient coupling between gas molecules and optical fields over long distances. Unlike free-space optical systems that utilize multipass cells (MPCs) to enhance light-gas interactions [5], HC-ARF-based gas sensors achieve higher sensitivity with smaller sample volumes, thereby supporting system miniaturization [6].
In this review, we systematically summarize recent progress in HC-ARF-based gas sensing. First, the light-guiding mechanism of HC-ARFs is briefly introduced. Second, strategies for enhancing the performance of HC-ARF gas sensors are discussed. Subsequently, the operating principles and characteristics of representative HC-ARF-based sensing techniques, including direct absorption spectroscopy (DAS) and its derivatives, as well as Raman spectroscopy (RS), are analyzed. Finally, current challenges and prospective directions in HC-ARF gas sensing are outlined to guide the development of high-performance fiber-optic gas sensors.
LIGHT GUIDANCE PRINCIPLE OF HC-ARFS
In sharp contrast to the total internal reflection mechanism of solid-core fibers, the light-guiding principle of HC-ARFs primarily relies on the ARROW theory. The essence of this theory lies in the reflection and refraction of light at the interface between the hollow core and the cladding: part of the light is reflected into the core, while the remainder propagates into the cladding. After entering the cladding tubes, the refracted light undergoes multiple reflections between the inner and outer interfaces, forming stable multi-beam interference within the wavelength-scale thin cladding layers. This process essentially constitutes a Fabry-Pérot (F-P) resonant cavity [7,8].
When the incident wavelength satisfies the anti-resonant condition of the F-P cavity, the light is refracted back into the core, and the originally reflected light undergoes in-phase superposition, resulting in high reflectivity at the cladding interface. Consequently, optical energy is effectively confined within the hollow core for transmission, corresponding to the low-loss region in the transmission spectrum (yellow region in Figure 1a). Conversely, when the wavelength meets the resonant condition, the refracted light resonates within the cladding, causing the optical energy to leak through the cladding and leading to a sharp increase in transmission loss within the core. This corresponds to the high-loss peaks in the transmission spectrum (orange region) [9]. The mode simulation of the fundamental mode (LP01) of HC-ARF under both resonant and anti-resonant conditions is illustrated in Figure 1b [10]. The anti-resonant wavelength is expressed by Eq. (1):	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 (a) Illustration of the light-guiding principle in an HC-ARF (adapted from Ref. [9]). (b) Mode simulation of the LP01 mode in the HC-ARF under resonant and anti-resonant conditions (adapted from Ref. [10]).




[image: Mathematical equation](1)
where n1 and n2 denote the refractive indices (RI) of the cladding and core, respectively, t represents the cladding thickness, λ represents the anti-resonant wavelength, and m is a positive integer corresponding to the anti-resonance order.
The ARROW theory elucidates the formation mechanism of discrete high-transmission bands in the optical transmission spectra of fibers. It demonstrates that both the spectral positions and bandwidths of these bands in HC-ARFs primarily depend on the capillary wall thickness, the RI of the air core, and the RI of the capillary wall material. This theory provides the fundamental framework for understanding the optical transmission characteristics of HC-ARFs.
In addition, because both the core and cladding tubes of an HC-ARF are filled with air and thus share the same RI, stable waveguide modes can exist in both regions when the anti-resonant condition is satisfied. When the effective RI of the core and cladding-tube modes approach each other, energy transfer between these modes occurs, leading to leakage of core-mode energy through the cladding and a consequent increase in optical loss. Figure 2 provides an intuitive illustration of the IC principle [11]. It can be observed that as the diameter of the cladding tube ring gradually increases, the effective RI of the cladding like-LP01 mode also increases correspondingly. When the effective RI of the like-LP01 mode in the cladding tube ring and the higher-order core mode (LP11) coincide, mode coupling occurs, resulting in energy leakage of the higher-order mode. Furthermore, based on the variation trend of the effective RI of these modes, it is evident that if the tube-ring diameter is further increased, the like-LP01 mode in the cladding tube ring strongly couples with the core LP01 mode, leading to substantial optical loss.	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 The modal contents in core and tubes [11].




Therefore, to minimize energy leakage from the core, the fiber design must simultaneously satisfy the anti-resonant condition and suppress coupling between the fundamental core mode and the cladding-tube modes. This can be achieved by optimizing the cladding tube configuration, such as reducing the capillary-to-core diameter ratio or incorporating nested structures, to increase the effective RI difference and mitigate mode-coupling loss. Conversely, selectively enhancing the coupling of higher-order core modes facilitates their leakage, thereby improving the fiber’s single-mode performance.
PERFORMANCE OPTIMIZATION OF HC-ARF GAS SENSORS
Fiber-optic gas sensors combine conventional spectroscopic techniques with optical fiber technology to identify gas species and quantify their concentrations by monitoring variations in light properties, such as intensity, wavelength, frequency, phase, and polarization, induced by light-gas interactions. Key performance metrics for these sensors include sensitivity, limit of detection (LoD), and response time [12]. In practical applications, additional factors such as long-term stability, selectivity, and repeatability must also be considered [13]. Current research on HC-ARF-based gas sensors focuses on enhancing measurement accuracy, shortening response time, and enabling multi-gas detection. To achieve these goals, researchers have pursued performance improvements through structural optimization, material selection, microchannel fabrication, and surface modification.
Structural optimization
Building on a comprehensive understanding of the light-guiding mechanism in HC-ARFs, researchers have achieved low-loss, single-mode transmission over a broad spectral range by refining the design and optimizing the structural parameters of the fiber. 
Since the first HC-ARF was reported (Figure 3a) [14], numerous novel fiber structures have been designed and fabricated. In 2011, Wang et al. [15] identified the shape of the core’s inner wall as the primary factor influencing transmission performance. By optimizing this geometry, an HCF with a hypocycloid-shaped inner wall, later termed the negative-curvature HCF, was fabricated in 2012, achieving record-low loss (Figure 3b) [16]. In the same year, the introduction of HC-ARFs featuring an ice-cream-cone-shaped cladding extended the transmission window from the visible to the mid-infrared (MIR) region (Figure 3c) [17]. However, in both designs, “Fano resonances” induced by junctions between cladding tubes increased transmission loss. Node-less HC-ARFs were subsequently developed to significantly reduce bending loss and broaden the transmission bandwidth (Figure 3d) [18]. In 2018, Gao et al. [19] successfully fabricated a conjoined-tube HC-ARF (Figure 3e). By precisely controlling parameters, they mitigated the adverse effects of coupling between cladding and core modes at the nodes, thereby reducing fiber loss. Subsequently, researchers discovered that incorporating nested structures increases the effective RI difference between the core fundamental mode and the cladding tube modes, which reduces mode coupling and enhances optical field confinement. HC-ARFs with nested structures exhibit broader transmission bandwidths, lower losses, and improved single-mode transmission performance (Figure 3f) [20,21].	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Scanning electron microscopy (SEM) images of HC-ARFs. (a) The first Kagome type fiber [14]. (b) Negative curvature fiber [16]. (c) Ice-cream-cone HC-ARF [17]. (d) Node-less HC-ARF [18]. (e) Conjoined tube HC-ARF [19]. (f) Nested HC-ARF [21].




Recently, advances in understanding the light-guiding mechanisms of HC-ARFs have promoted the diversification and functionalization of their structural designs. As illustrated in Figure 4, researchers have proposed various novel HC-ARF configurations that achieve substantial reductions in transmission loss across specific wavelength bands through optimized optical field confinement and mode control [22–29]. Some of these designs have demonstrated propagation losses on the order of dB km−1. However, such low-loss fibers are currently employed mainly in applications with stringent loss requirements, such as high-power laser delivery and broadband optical communications. Moreover, as structural designs become increasingly sophisticated, existing fabrication techniques encounter growing challenges and limitations, thereby constraining further engineering applications and performance optimization.	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Cross-sections of recently developed low-loss HC-ARFs [22–29].




Substrate material selection
The MIR spectral region, spanning 2.5–13 μm, is of critical importance for gas sensing because many gas molecules exhibit strong ro-vibrational transitions within this range, leading to fundamental vibrational absorption bands. These fundamental absorption peaks are typically 2–3 orders of magnitude stronger than the corresponding overtone peaks in the near-infrared (NIR) region (0.75–2.5 μm). Consequently, extending the operating window of HC-ARFs into the MIR region enables more sensitive detection of a broader range of gases. 
According to the light-guiding principle of HC-ARFs, one effective approach to reducing transmission loss in the MIR band is to optimize the geometric design of the fiber, thereby minimizing the overlap between the core mode field and the microstructured cladding. In 2023, Belardi’s team [30] at the University of Lille shifted the transmission window toward longer wavelengths by increasing the fiber core diameter and the wall thickness of cladding quartz glass tubes, achieving a minimum loss of 0.22 dB m−1 at 4.6 μm in an eight-tube single-ring HC-ARF. In 2024, Arman et al. [31] first optimized the cladding tube dimensions and core diameter of a seven-tube single-ring HC-ARF, reducing the confinement loss (CL) of the fiber to 3.5 × 10−2 dB m−1 at 3.3 μm. They subsequently introduced nested tubes within the cladding to construct a more efficient anti-resonant structure, aiming to further suppress leakage loss. Simulation results showed that the CL values of the secondary structure with nested elements and the tertiary structure with nested-in-nested rings were significantly lower than those of the original configuration, with respective losses of 3.5 × 10−2, 4.76 × 10−3, and 1.85 × 10−4 dB m−1. However, due to the intrinsic absorption of silica, further reducing transmission loss in the MIR band remains challenging, making it difficult to extend the operating wavelength beyond 4.5 μm [32].
Chalcogenide and tellurite glasses exhibit high transparency and broad transmission windows in the MIR band, thus enabling effective overcoming of the above limitations when used as the substrate materials. In 2024, Zhu et al. [33] designed and fabricated a tellurite-based HC-ARF that exhibits multiple low-loss transmission bands across the 3–6 μm range. Its theoretical loss in the anti-resonant bands could be reduced to 0.1 dB m−1 through further structural optimization. In the following year, they optimized the fabrication process through precise pressure control, achieving a record-low loss of 0.3  ±  0.02 dB m−1 at 4.65 μm and extending the transmission capability up to 10 μm [34]. In 2021, Yao et al. [35] reported a MIR absorption spectroscopy system based on a tellurite HC-ARF coupled with a quantum cascade laser (QCL), achieving highly sensitive NO detection at 5.26 μm. Additionally, several low-loss chalcogenide HC-ARFs have been developed for broadband MIR operation. He et al. [36] first designed and successfully fabricated a large-mode-area, all-solid chalcogenide anti-resonant fiber operating in the MIR spectral range of 4.5–7.5 μm, with a minimum loss of 7 dB m−1 at 4.8 μm. Zhang et al. [37] later designed a seven-hole chalcogenide HC-ARF with touching cladding capillaries, fabricated from purified As40S60 glass using the “stack-and-draw” technique combined with dual gas-path pressure control, achieving a measured fiber loss as low as 1.29 dB m−1 at 4.79 μm. Subsequently, by optimizing the fiber structure into a six-cell nodeless HC-ARF, they further reduced the loss at 4.79 μm to 0.56 dB m−1 [10]. However, tellurite fibers have difficulty operating beyond 6 μm due to phonon energy limitations [38]. In contrast, chalcogenide glasses exhibit excellent transparency across the 2–11 μm range, along with stable physicochemical properties and strong glass-forming ability, making them promising candidates for high-transmittance optical fibers in the long-wave infrared (LWIR) region [39]. In 2016, Gattass et al. [40] fabricated an HC-ARF from chalcogenide glass via extrusion molding, achieving a low-loss window spanning 9.5–11.5 μm in the LWIR region, with a minimum loss of 2.1 dB m−1 at 10 μm. In a similar vein, Hayashi et al. [41] developed a chalcogenide glass-based HC-ARF, extending its operating wavelength to 11 μm. These advancements demonstrate the feasibility of gas sensing using HC-ARFs at ultra-long wavelengths. In 2023, Hu et al. [42] detected the strong absorption line of ethylene (C2H4) at 10.5 μm using a chalcogenide HC-ARF, highlighting its potential as a promising platform for MIR gas sensing.
It is worth noting that Zhang et al. [43] recently proposed an analytical framework for evaluating the total loss of single-ring and nested tubular HC-ARFs fabricated from silica, tellurite, and chalcogenide glasses. They systematically investigated the effects of RI, material absorption, and cladding structure on various loss mechanisms and presented a decision-making process for selecting fiber materials and cladding structures based on the operating wavelength, as shown in Figure 5. The results offer a comprehensive guideline for material selection and structural optimization to enhance the transmission performance of MIR HC-ARFs.	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Selection process of materials and cladding structures for HC-ARFs across different wavelength regions (adapted from Ref. [43]).




Microstructural processing
According to the Beer-Lambert law, laser-based gas spectroscopy relies on the interaction path length between light and target gas molecules. Therefore, increasing the optical path length is typically employed to enhance sensor sensitivity. However, due to core size constraints, depending solely on passive gas diffusion in HC-ARFs results in long gas-filling times for long fiber lengths. Although pressure-assisted filling significantly reduces the response time, it increases the complexity of the sensing device. The development of precision machining technology enables the fabrication of microchannels on optical fibers and offers novel approaches to improving the response time of HC-ARF-based sensors. Since optical fibers are brittle materials, non-contact processing methods such as femtosecond laser (FSL) or focused ion beam (FIB) can reduce mechanical damage and efficiently etch microchannel structures on the surface of fibers. FIB has the advantages of high precision, high resolution, and low damage, but the etching speed is exceedingly slow, and the effective processing range of FIB can be limited during high-precision processing [44,45]. With its ultra-narrow pulse width and extremely high peak intensity, FSL has become an important tool for the fabrication of optical fiber sensors with novel microstructures. By focusing the laser beam inside the material, the laser can trigger nonlinear interactions in the focusing region to fabricate specific microstructures. However, certain transmission loss occurs during the fabrication of microchannels by FSL, which is mainly attributed to local damage of the fiber structure or glass debris generated during the laser ablation process [46,47]. 
In 2021, Kozioł et al. [48] determined the optimal laser processing parameters by controlled experiments and processed 25 microchannels, with the process resulting in only a low transmission loss of 0.17 dB. In 2025, the same research team investigated the influence of microchannels on gas diffusion rates using a low-loss microchannel fabrication approach [49]. The results demonstrated that increasing the number of microchannels significantly accelerated gas diffusion, reducing the diffusion time from approximately 6 h to 330 s when all microchannels were fully opened. Further experiments with different inter-channel spacings (15, 31, and 62 cm) confirmed that shorter spacing markedly enhanced the diffusion rate. Moreover, the diffusion time was found to be independent of the total fiber length when the inter-channel spacing remained constant, underscoring the general applicability of the microchannel design. Similarly, Liu et al. [50] employed FSL processing to fabricate microholes in HCFs for barometric pressure sensing. Experimental results revealed that the response speed of the ten-hole sensor was approximately twice that of the single-hole sensor. This significant enhancement in response speed is attributed to the improved gas diffusion pathways provided by the FSL-fabricated microporous channels, which effectively enhance gas diffusion efficiency.
FSL microchannel fabrication has emerged as an effective method to improve the response speed of HC-ARF-based gas sensors [51–53]. Figure 6 shows scanning electron microscopy (SEM) images of microchannels fabricated in HC-ARFs using FSL [49,54–56]. However, the mechanisms by which microchannel size, geometry, and distribution influence optical attenuation remain to be systematically clarified. Furthermore, substantial opportunities exist to enhance structural fabrication quality, geometric precision, and process flexibility.	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 SEM images of microchannels. (a) A slot machined on the fiber with material removed down to the bottom surface of the hollow core [54]. (b) SEM image of a single channel cross-section [49]. (c) The core diameter of the side-drilled microchannel on the fiber is approximately 1.02 μm near the hollow core region [55]. (d) SEM images of the cleaved end of the micro-drilled optical fiber [56].




Surface modification
With the advancement of nanotechnology, the design strategy of fiber-optic gas sensors has increasingly focused on functionalization using sensitive materials. Two-dimensional materials such as graphene, transition metal dichalcogenides, and black phosphorus can significantly enhance the adsorption capacity of gas molecules. When the functionalized coating interacts with a target gas, its properties change, resulting in a change in the output optical signal. This method of coating sensitive membranes has been successfully applied in evanescent wave fiber-optic gas sensors [57–61] and photonic crystal fiber (PCF)-based gas sensors [62,63]. However, within HC-ARFs, such functionalization has been primarily explored for biosensing applications [64–66], with relatively few studies focused on gas detection. In 2021, Liu et al. [67] demonstrated the in situ construction of a ZnO-Bi2O3 nanosheet heterojunction on the inner wall of an HC-ARF. By exploiting the RI variation induced by the interaction between the heterojunction and acetone molecules to modulate the optical signal, they achieved highly sensitive and selective acetone detection at room temperature, demonstrating the potential of this approach for early breath-diagnosis applications.
In addition, the surface plasmon resonance (SPR) effect can be introduced by modifying the microstructured fibers with metallic materials through filling or coating. SPR is a resonant optical coupling phenomenon occurring at the interface between a metal and a dielectric. When a beam of light is incident at this interface at a specific frequency and angle, it excites the free electrons on the metal surface to oscillate collectively, generating surface plasmons. When the plasmon exists at a specific frequency, it is called a surface plasmon wave (SPW). Resonant coupling occurs when the wave vectors of the external electromagnetic wave and the SPW match, which is the SPR effect [68]. Li et al. [69] first reported an HC-ARF methane (CH4) sensor based on the SPR effect. As illustrated in Figure 7a, when light is incident at the interface between the core and the gold-coated antiresonant tubes, SPWs are excited, allowing part of the optical energy to couple into surface plasmon modes and produce a distinct attenuation peak (Figure 7b). The RI of the gas-sensitive layer covering the gold film decreases linearly with increasing CH4 concentration, thereby modifying the phase-matching condition for SPR and resulting in a blue shift of the attenuation peak in the transmission spectrum (Figure 7c). By monitoring the resonant wavelength shift in real time with an optical spectrum analyzer (OSA), highly sensitive CH4 detection was achieved, exhibiting a sensitivity of 5.54 nm·%−1—superior to most reported optical fiber-based CH4 sensors.	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Surface functionalization strategies for HC-ARFs. (a–c) SPR-based optical fiber CH4 gas sensor [69]: (a) Cross-sectional of the HC-ARF; (b) X-pol core modes effective RI and loss spectrum; (c) the loss spectrum within the range of CH4 concentration from 0 to 3.5%. (d, e) HC-ARF gas sensor functionalized with GSH-CdTe QDs [76]: (d) immobilization process of CdTe QDs inside the HC-ARF; (e) illustration of NO2 gas-induced fluorescence quenching.




Furthermore, the SPR effect serves as a major contributor to the electromagnetic mechanism (EM), which, together with the chemical mechanism (CM), constitutes the enhancement mechanisms of surface-enhanced Raman spectroscopy (SERS) [70]. When molecules adsorb onto the surface of noble metal nanostructures, such as gold or silver, the localized surface plasmon resonance (LSPR) effect generates a strongly enhanced electromagnetic field in “hot spots,” including nanogaps or sharp tips, which constitutes the primary source of SERS enhancement (EM). Additionally, chemical interactions such as charge transfer between the metal surface and the adsorbed molecules can alter the molecular polarizability, providing supplementary enhancement (CM) [71]. Compared with conventional Raman scattering, the SERS technique can enhance the Raman scattering cross-section of analytes by up to 15 orders of magnitude, and the Raman signal of target molecules can be intensified by several orders of magnitude [72]. The integration of SERS with HC-ARFs allows the hollow core to function as a microcavity for reaction and signal enhancement, where the extended interaction path length improves the reproducibility and reliability of SERS signals. Since the sample flows inside the fiber and interacts directly with both the light and the SERS substrate, this configuration is particularly suitable for in situ or online detection of fluid samples (gases or liquids). However, due to the low concentration of gas molecules and the limited contact area between analytes and nanoparticles, the SERS signal intensity is generally weak for gaseous species, and a mature optical fiber SERS-based gas detection strategy has not yet been established [73]. Consequently, most current applications remain focused on liquid-phase detection [66,74,75]. Notably, Gao et al. [76] proposed a novel approach for highly sensitive nitrogen dioxide (NO2) detection by functionalizing an HC-ARF with quantum dots (QDs). They immobilized glutathione (GSH)-capped CdTe QDs on the inner surface of the fiber via a self-assembly process, as illustrated in Figure 7d, e. Leveraging the fluorescence-quenching effect of the QDs, the fluorescence intensity changes upon interaction between NO2 molecules and the capped QDs. This sensor enables rapid and efficient detection of NO2 at concentrations as low as 0.1 ppm, with a sampling time of only a few minutes, significantly faster than many non-fiber-optic systems.
Functionalization of HC-ARFs by selectively filling or coating functionalized materials into all or part of the air holes significantly improves the selectivity and sensitivity of the resulting gas sensors. This approach facilitates the development of sensors with high selectivity and high sensitivity. However, a major technical challenge lies in achieving a uniform and stable distribution of nanoparticles on the complex inner-wall geometry of HCFs. Currently, surface-modified HC-ARF gas sensors remain at an early developmental stage, and there is still substantial scope for further research.
ADVANCES IN HC-ARF GAS SENSING RESEARCH
HC-ARFs can simultaneously serve as optical waveguides and micro-volume gas cells, providing an efficient platform for trace gas detection. As illustrated in Figure 8, based on the principle that light-gas interactions induce distinct optical effects, researchers have developed HC-ARF-based sensing platforms utilizing DAS, photothermal spectroscopy (PTS), photoacoustic spectroscopy (PAS), and RS for highly sensitive gas detection (Figure 8). On this basis, wavelength modulation spectroscopy (WMS) and frequency modulation spectroscopy (FMS) can be employed by applying wavelength modulation or frequency modulation to the pump laser, respectively. Utilizing these distinct principles and their corresponding modulation techniques, the sensors can achieve high sensitivity, good interference resistance, and long-term stability, offering excellent solutions for trace gas sensing in practical applications.	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 Schematic of representative laser spectroscopy principles based on HC-ARFs.




Direct absorption spectroscopy and its derivative techniques
Laser absorption spectroscopy (LAS) is one of the most widely used techniques in laser-based gas sensing, with applications across industrial, environmental, and biomedical fields. This method is governed by the Beer-Lambert law (Eq. (2)), which states that selective absorption of laser light at specific wavelengths by target gas molecules causes attenuation of the transmitted light intensity [12]. Among LAS techniques, tunable diode laser absorption spectroscopy (TDLAS) is particularly prominent, offering highly sensitive and selective gas detection with a relatively simple and cost-effective optical configuration [77]. However, because this approach relies on measuring the difference between incident and transmitted light intensities, the sensor’s performance and accuracy are inherently limited. To address this limitation, PTS and PAS, which employ indirect detection mechanisms, have gained increasing research interest. Instead of directly measuring light intensity, PTS and PAS detect the thermal or acoustic responses generated by the absorption of light energy by gas molecules, thereby achieving high-sensitivity detection with an almost zero background [78]. Substantial progress has been achieved in developing HC-ARF-based gas sensors that integrate TDLAS, PTS, and PAS techniques.
[image: Mathematical equation](2)
where Ip is the light intensity after passing through the gas sample, I0 is the incident light intensity, ε is the absorption coefficient of the gas, λ is the wavelength of the light expressed in wavenumber, and L is the light-gas interaction path length.
Tunable diode laser absorption spectroscopy
TDLAS is a highly sensitive and straightforward laser spectroscopic technique derived from DAS. By tuning the diode laser’s temperature or current to vary its wavelength, the laser scans across an absorption line of the target molecule. The resulting absorption of light produces an absorption spectrum signal proportional to the absorption intensity, enabling the measurement of relevant gas parameters [79,80]. 
DAS can be implemented using a simple setup consisting of a laser, an optical fiber, and a photodetector (PD). It enables a simple and intuitive visualization of the “fingerprint” of gas molecules, i.e., their characteristic absorption spectrum. Increasing the optical path length for light-gas interaction significantly improves the sensor sensitivity. HC-ARF is capable of achieving strong optical confinement, providing a viable approach to achieving a compact and stable long optical path. As shown in Figure 9a, Chai et al. [81] developed an all-fiber gas sensor that, by using a 5-m-long HC-ARF and a distributed feedback (DFB) laser centered at 2004.3 nm, along with a T-shaped three-way valve for gas filling and optical coupling, achieved a lowest LoD at the ppb level.	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 HC-ARF gas sensors based on TDLAS. (a) DAS-based CO2 sensor [81]. (b) WMS-based O2 sensor [84]. (c) WMS-based dual-gas sensor for CO2 and CH4 [2]. (d) FMS-based NO sensor [86].




Additionally, sensor accuracy can be further enhanced by selecting MIR spectral bands with stronger absorption line intensities. Utilizing a tunable DFB MIR interband cascade laser (ICL) operating at one of the strongest absorption transitions of methane (3057.71 cm−1), Gomółka et al. [82] achieved ppb-level highly efficient methane detection. However, the light intensity signal in DAS is vulnerable to low-frequency noise interference, degrading the acquired absorption spectrum quality and restricting detection sensitivity. The modulation spectroscopy technique, developed by combining modulation techniques with tunable lasers, is able to suppress noise and improve the sensor performance.
WMS employs low-frequency laser scanning with a superimposed high-frequency sinusoidal modulation at a frequency of f. Using a lock-in amplifier, the second-harmonic (2f) signal is extracted from the absorption spectrum. This 2f signal is approximately proportional to gas concentration, enabling the determination of the target gas concentration. By shifting the absorption signal to a high-frequency region, WMS effectively suppresses the impact of low-frequency noise, thereby enhancing the signal-to-noise ratio (SNR) of the system [83]. This was demonstrated in the work of Gomółka et al. [84] on an HC-ARF-based oxygen (O2) sensor. As illustrated in Figure 9b, the experimental setup employed a DFB laser diode modulated by a sinusoidal wave at a frequency of fm = 1 kHz, with its 2f signal extracted using a lock-in amplifier. The study revealed that DAS struggled to distinguish weak signals from the fluctuating baseline when measuring broad absorption lines. In contrast, by optimizing parameters such as modulation depth in WMS, a remarkable LoD of 170 ppm was ultimately achieved, significantly enhancing the sensor performance. In 2020, Jaworski et al. [2] leveraged broadband and low-loss HC-ARFs combined with WMS technology to achieve dual-band gas detection in the NIR and MIR regions. As shown in Figure 9c, a 1.574 μm DFB laser and a 3.334 μm difference frequency generation (DFG) source were employed as excitation sources, corresponding to the characteristic absorption spectra of CO2 and CH4, respectively. Using a 1 m-long fused-silica HC-ARF with an 84 μm core diameter as the gas cell, the sensor achieved minimum LoDs of 24 ppb for CH4 and 144 ppm for CO2.
In WMS, a high-frequency sinusoidal modulation is applied to the laser injection current, enabling small-amplitude periodic wavelength scanning near the center of the absorption line, with modulation frequencies typically ranging from several kHz to tens of kHz. In contrast, FMS primarily employs direct current modulation or external electro-optic modulators (EOMs) to impose phase modulation on the laser at frequencies spanning from hundreds of MHz to GHz. Benefiting from its extremely high modulation frequency, FMS effectively suppresses low-frequency noise, pushing the system noise to the shot-noise limit and thereby significantly enhancing detection sensitivity [85]. Hu et al. [86] utilized a 35-cm-long tellurite HC-ARF for FMS detection of NO. The experimental setup is shown in Figure 9d, where a continuous-wave QCL served as the light source. The laser current was directly modulated by a radio frequency (RF) signal generator to achieve frequency modulation in the range of 100–350 MHz. The RF output signal from the detector was subsequently down-converted to 200 kHz through signal mixing. The amplitude of the in-phase FMS-1f signal was then obtained by adjusting the relative phase difference between the input signal and the reference signal fed into the lock-in amplifier. The sensor exhibited a linear response within the concentration range of 0–100 ppm. Under a modulation depth of 13 dBm and a modulation frequency of 250 MHz, the noise-equivalent concentration (NEC) of the sensor reached 67 ppb, representing a 22-fold improvement over DAS.
However, amplitude-based signal extraction methods are highly sensitive to parasitic fluctuations in light intensity, and neither WMS nor FMS can fully eliminate additional optical signal variations caused by non-gaseous absorption effects (e.g., higher-order mode interference, structural non-uniformities, and environmental perturbations) [87–89]. Therefore, further enhancement of HC-ARF-based sensor performance requires not only optimization of the fiber structure but also improvement of the gas sensing methodology.
Photothermal spectroscopy
PTS is a derivative of LAS that has the potential to achieve higher sensitivity over conventional TDLAS. Unlike DAS, PTS does not directly measure transmission spectrum changes, but rather detects thermal effects induced by gas light absorption. PTS systems employ a pump-probe dual-light configuration: A laser modulated by a specific-frequency sine wave generates pump light at a target wavelength, and when this pump light couples into an HC-ARF containing the target gas, the gas molecules undergo non-radiative relaxation, altering temperature, pressure, density, and other parameters inside the gas cell [90]. The resultant temperature variations induce periodic RI fluctuations in the target gas, described by Eq. (3) [91]:
[image: Mathematical equation](3)
where n and ε are the RI and absorption coefficient of the gas sample, respectively, Pexc is the pump power, T0 is the absolute temperature, ρ is the gas density, Cp is the specific heat at constant pressure, and f is the pump modulation frequency. The change of Δn in the RI induces a phase shift in the probe light (Eq. (4)) [92]:
[image: Mathematical equation](4)
where L denotes the gas-light interaction path length, and λ is the probe wavelength. Gas concentration retrieval is achieved by measuring the phase shift of the probe light. To prevent interference with the pump-target gas interaction, the probe wavelength is typically detuned from the target gas absorption line center. This approach enables the use of mature communication components, eliminating the need for expensive MIR detectors required in conventional schemes.
HC-ARF-based PTS enables efficient pump-probe-gas interactions within the hollow core. This configuration substantially reduces system volume and enhances operational stability while achieving high excitation and detection efficiencies. Due to the minute RI changes (∆n~10−9) induced by photothermal effects, most PTS gas sensors employ interferometric architectures to achieve high-sensitivity detection. To date, PTS-based trace gas sensing systems employing various interferometers, such as the Mach-Zehnder interferometer (MZI), Fabry-Pérot interferometer (FPI), and dual-mode fiber interferometer, have been successfully demonstrated.
MZI operates on two-beam interference principles. The probe light is split into a gas-exposed sensing arm and a noise-compensating reference arm. The photothermal effect causes a change in the RI within the sensing region to alter the optical path difference and phase difference between the arms. Gas concentration is retrieved by analyzing the change in the interference signal after beam recombination. In 2019, Yao et al. [93] demonstrated the first HC-ARF-assisted PTS sensor for CO detection. This system employed a typical active homodyne MZI configuration, in which the interferometer was locked at its quadrature point by winding a piezoelectric transducer (PZT) around the reference arm fiber and incorporating a feedback servo loop. However, this active phase-stabilization scheme not only introduced mechanical vibration noise from the PZT but also made the system highly susceptible to environmental disturbances, resulting in potential lock loss and increased complexity. To mitigate these issues, the team developed a heterodyne interferometry-based PTS technique in 2021 [94], eliminating the need for active stabilization in conventional MZIs. As illustrated in Figure 10a, the core innovation involved using an acousto-optic modulator (AOM) to introduce a 70 MHz frequency shift in the reference optical path, generating a heterodyne beat note between the sensing and reference beams at the PD. The phase variation induced by the photothermal effect was directly encoded in the phase of this beat signal and extracted through cascaded demodulation using a two-stage lock-in amplifier. This demodulation mechanism provided inherent immunity to probe laser power fluctuations. Experimental results confirmed that the photothermal signal amplitude remained stable even when the optical power in the sensing arm was attenuated by nearly 30 dB. For nitrous oxide (N2O) detection using a 3.6 μm pump laser, this scheme achieved a normalized noise-equivalent absorption (NNEA) coefficient of 7.7 × 10−9 cm−1 W Hz−1/2 within a 120-cm-long HC-ARF.	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 HC-ARF gas sensors based on PTS. (a) Experimental setup of a heterodyne interferometric MZI-PTS gas sensor based on a HC-ARF [94]. (b, c) FPI-PTS-based 13CO2 gas sensor [96]: (b) schematic of the F-P cavity; (c) schematic of the experimental setup. (d) Comparison of two FPI sensing processes: top, at the quadrature point; bottom, at the resonance point with wavelength dither [98]. (e) Schematic of the MPD-PTS principle [51]. (f, g) Comparative experiment on the sensing performance of MZI-PTS and MIPTS [100]: (f) experimental setups of (top) MZI-PTS and (bottom) MI-PTS; (g) Allan-Werle deviation as a function of integration time for both MZI-PTS and MI-PTS.




In contrast to MZI-based PTS sensors, FPI-PTS sensors feature a simpler design, in which two parallel highly reflective mirrors form a fixed-length cavity based on multiple-beam interference. When gas samples within the cavity undergo photothermal excitation, the resulting variations in RI modulate the phase of the resonating probe light. Typically, an HC-ARF-based FPI-PTS sensor sandwiches the HC-ARF between solid-core single-mode fibers (SMFs) to form an FPI (SMF-FPI) [95]. However, the small mode-field diameter of SMFs often causes a mismatch with that of HC-ARFs, resulting in significant optical loss. To address this issue, Yao et al. [96] improved the design by splicing the HC-ARF between a thermally expanded core (TEC) fiber and an indium fluoride (InF3) multimode fiber (MMF) to construct a low-finesse F-P cavity, where the flat end faces of the solid-core fibers serve as cavity mirrors (Figure 10b). In this configuration, the mode-field diameter of the TEC fiber is enlarged through thermal expansion, while the MMF naturally possesses a sufficiently large mode-field diameter, effectively minimizing optical loss caused by mode-field mismatch. Compared with the SMF-FPI, this configuration increased the pump optical power inside the HC-ARF by a factor of 6.7. Potential interference resulting from the MMF’s broadband transmission and multimode characteristics was mitigated using optical filters and precise coupling alignment. The experimental setup for gas sensing is illustrated in Figure 10c. The probe wavelength was actively stabilized at the quadrature point of the interferometer via a feedback control loop. Simultaneously, the injection current of the pump laser was scanned at 0.1 Hz and modulated with a sinusoidal waveform at frequency f. The output signal from photodetector (PD2) was demodulated at frequency f using a lock-in amplifier to obtain the first harmonic of the photothermal interference signal (PTI-1f). Experimental results demonstrated that water vapor accelerates the vibrational-translational relaxation of specific molecules, significantly enhancing the amplitude of the photothermal signal [93]. Consequently, the sample gas was humidified to 100% relative humidity to improve sensor sensitivity. With an integration time of 23 s, the LOD for 13CO2 reached 1 ppb. Extending the integration time to 240 s further reduced the LOD to 0.4 ppb, corresponding to a NEA of 1.4 × 10−7 cm−1. In 2025, Jiang et al. [97] developed an all-fiber F-P cavity configuration employing fiber Bragg gratings (FBGs) as cavity mirrors, leveraging their high reflectivity at specific wavelengths. The HC-ARF was mechanically spliced to two FBGs via a TEC adapter, with the fiber end faces angled at 8° to suppress unwanted reflections. This design enhanced both the finesse of the F-P cavity and the phase-to-intensity conversion efficiency of the probe light. Compared with the conventional SMF-FPI, the 1f photothermal signal amplitude increased fourfold. For CH4 detection, this sensor achieved a NEC of 0.7 ppm with an integration time of 100 s.
Furthermore, improving signal demodulation techniques represents another critical pathway for enhancing the SNR and stability of PTS systems. Yao et al. [98] departed from the conventional method of locking the probe laser at the quadrature point of the interferometer and introduced a laser wavelength dithering (LWD) locking technique. In this method, the laser frequency is locked to a resonance peak of the FPI while a high-frequency sinusoidal dither is applied for fine modulation. The principle of error signal demodulation is illustrated in Figure 10d, where the photothermal signal is extracted by demodulating the FPI output at the dither frequency. By combining high-frequency modulation with narrowband detection, this technique effectively distinguishes genuine phase signals from low-frequency intensity fluctuations and external disturbances, thereby providing the sensor with excellent interference immunity. In CH4 sensing experiments, this approach achieved a NNEA coefficient as low as 7.5 × 10−9 cm−1 W Hz−1/2. These sensors clearly demonstrate the advantages of integrating HC-ARFs with photothermal interferometry, enabling zero-background measurements and enhanced sensitivity within a shortened optical path, and serve as a valuable reference for the development of compact, stable, and highly sensitive MIR gas sensors [99].
Mode-interferometer-based photothermal spectroscopy (MI-PTS) is a recently developed gas sensing technique distinguished by its high stability. This method, first proposed and demonstrated by Zhao et al. [51] in 2020, is referred to as mode-phase-difference photothermal spectroscopy (MPD-PTS). Its operating principle relies on detecting the phase difference between distinct guided modes (LP01 and LP11) in an HC-ARF. As illustrated in Figure 10e, when the pump light is absorbed by the target gas, the resulting localized temperature rise and RI variation induce photo-induced phase modulation in the co-propagating probe light. Because the LP01 and LP11 modes exhibit distinct field distributions, they experience different phase shifts, allowing gas concentration to be determined from the measured phase difference between the two modes. The MPD-PTS technique effectively suppresses common-mode interference from external perturbations such as temperature and pressure, significantly enhances the SNR, and maintains a linear relationship between the detected PTS signal and gas concentration. Experimental results demonstrate that this method achieves a sub-ppt detection limit for acetylene at NIR wavelengths (1532 nm), along with a wide dynamic range and excellent long-term stability. In 2025, Hu et al. [100] conducted a comprehensive investigation of this technique. Under identical experimental conditions, they systematically compared an actively servo-controlled MZI-PTS with a passively stabilized MI-PTS, as illustrated in Figure 10f. The results clearly demonstrated the superior performance of MI-PTS in both sensitivity and long-term stability. For NO detection, the MI-PTS system achieved a NEC of 0.8 ppb, compared with 60 ppb for MZI-PTS, representing a 75-fold enhancement in sensitivity. Furthermore, the NNEA of MI-PTS was two orders of magnitude better than that of MZI-PTS (Figure 10g). This remarkable performance difference primarily arises from the outstanding common-mode noise rejection capability of MI-PTS, which results in a much lower noise floor than that of MZI-PTS, the latter being more susceptible to environmental phase and electronic feedback noise. In addition, the fully fiber-integrated interferometric architecture of MI-PTS eliminates the need for complex optical beam splitters and active feedback systems, greatly improving integration and robustness. In summary, by ingeniously combining high sensitivity and stability through a differential measurement mechanism, MI-PTS represents a highly promising pathway toward the development of next-generation compact trace gas sensors.
Photoacoustic spectroscopy
The principle of PAS is analogous to that of PTS: absorption of pump light induces collisional relaxation in gas molecules, leading to periodic local pressure fluctuations that generate acoustic waves at the pump light’s modulation frequency [101]. In PAS, the photoacoustic effect is typically amplified using an enlarged resonant cell or a multi-pass cavity. The amplitude of the generated acoustic waves, detected by microphones such as quartz tuning forks (QTFs), cantilever beams, or fiber-optic microphones, correlates directly with the gas concentration. The measured photoacoustic signal amplitude is given by Eq. (5):
[image: Mathematical equation](5)
where Sm is the microphone sensitivity, Pl is the pump optical power, F is the cell-specific constant, α is the absorption coefficient of the gas, c is the target gas concentration, and N represents system noise. In PAS-based gas detection systems, acoustic signals generated by gas-light interactions are measured instead of optical signals. Consequently, detectors for photoacoustic spectra exhibit no wavelength dependence, are immune to scattered light effects, and feature a relatively simple system structure with high sensitivity.
In 2021, Zhao et al. [102] demonstrated a gas sensing platform based on photoacoustic Brillouin spectroscopy (PABS) by integrating PAS with HC-ARF gas sensing. As illustrated in Figure 11a, the HC-ARF simultaneously functions as a compact gas cell for pump light absorption and acoustic wave generation, an acoustic resonator, and an acoustic detector. Gas molecules inside the fiber core absorb the pump light, generating thermally induced acoustic waves that are resonantly amplified within the HC-ARF. Probe light from an external cavity diode laser (ECDL) is co-launched with the pump light into the gas-filled HC-ARF. Using a lateral-offset coupling technique, both LP01 and LP11 modes are excited in the HC-ARF, forming a dual-mode interferometer at the output SMF for detecting photoacoustically induced phase changes in the probe light. Experimental results demonstrate a LoD of 8 ppb for C2H2 with a 100 s integration time. Unlike conventional PAS, this PABS configuration eliminates the need for external microphones, thereby avoiding microphone-induced acoustic mode interference and enabling a more compact and stable system. Moreover, the differential phase detection approach effectively suppresses noise, significantly enhancing the system’s immunity to environmental disturbances.	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 Applications of HC-ARFs in PAS for gas sensing. (a) Experimental setup of the HC-ARF-based PABS system [102]. (b, c) Flexible longitudinal photoacoustic resonator based on HC-ARF [103]: (b) schematic structure of the resonator; (c) normalized acoustic pressure of the second-order eigenmode inside the resonator under different bending radii. (d, e) H2-filled HC-ARF used as a PAS excitation light source [104]: (d) absorption spectrum of CH4 and laser spectra around 1650 nm at different laser temperatures; (e) central wavelength of the sixth-order Stokes line as a function of laser temperature.




Building upon the elucidated mechanism of acoustic resonance enhancement in HC-ARFs, Xu et al. [103] pioneered the direct utilization of HC-ARF as a flexible acoustic resonator (Figure 11b). This cavity maintains a stable acoustic field distribution under various bending conditions (Figure 11c), establishing a novel pathway for developing compact and flexible PAS sensors suitable for complex scenarios. Concurrently, the role of HC-ARF in PAS systems has expanded beyond mere sensing elements to encompass core light sources. Recently, Zhang et al. [104] employed a frequency comb-like Raman laser generated from a hydrogen (H2)-filled HC-ARF as the excitation source for PAS detection of CH4. The sixth-order rotational Stokes line at 1650 nm exhibited desirable characteristics of high pulse energy and narrow linewidth. As shown in Figure 11d, e, the precise tunability of this light source ensures optimal matching with CH4 absorption lines, ultimately achieving an exceptional detection limit of 550 ppb.
However, the narrow core of HCFs results in considerable acoustic energy loss. Combined with the difficulties of integrating miniature microphones and the susceptibility of the sensing system to environmental noise [105], PAS has seen limited application in HCF-based gas sensing and remains at an early exploratory stage. Nevertheless, the aforementioned pioneering studies have established a feasible developmental pathway that will continue to drive HC-ARF-based PAS technology toward high-performance gas sensing.
Raman spectroscopy
Although techniques such as TDLAS, PTS, and PAS enable high-sensitivity gas detection, they require lasers operating at specific wavelengths for different target gases and are incapable of detecting homonuclear diatomic molecules. RS is a gas detection technique based on the Raman scattering effect. By measuring Raman scattered light from laser-excited samples, this technique determines molecular composition and concentration. Since RS directly reflects molecular vibrational and rotational structures, it enables the detection of all molecular gases except monatomic species. The principal advantage of RS lies in its capability to simultaneously detect multiple gas components using a single excitation wavelength, while offering stable, repeatable, non-destructive, non-contact, and non-consumptive measurements. However, because gases exhibit inherently small Raman scattering cross sections, the resulting Raman signals are typically weak with low peak intensities, which limits the practical application of RS in gas sensing [106]. The Raman signal intensity can be expressed by Eq. (6):
[image: Mathematical equation](6)
where P is the Raman signal intensity, m is the molecular density, σ is the Raman scattering cross section, V is the volume of light-matter interaction, and I0 is the laser power. According to the formula, Raman signal intensity can be significantly enhanced by increasing the gas molecular density, increasing the Raman scattering cross section, enlarging the light-matter interaction volume, and utilizing higher laser power.
Currently, the main approaches for enhancing Raman signals include cavity-enhanced Raman spectroscopy (CERS) [107], SERS [108], and fiber-enhanced Raman spectroscopy (FERS) [109]. Both CERS and SERS provide Raman signal enhancements of several orders of magnitude compared with conventional Raman scattering. However, these methods typically require large sample volumes and exhibit significant spectral interference, rendering them unsuitable for reusable or real-time online monitoring systems. In contrast, FERS has emerged as a promising technique for multicomponent gas analysis, employing HCFs as micro-volume gas cells. This configuration substantially increases the effective laser-gas interaction length and enhances the collection efficiency of Raman-scattered photons [110]. Furthermore, FERS requires only tens of microliters of sample gas, demonstrating strong potential for trace gas detection applications.
Buric et al. [111] established the foundational framework for HC-PBGF-based Raman gas sensing systems. Their setup employed transmission-based detection with commercially available low-loss (< 0.4 dB m−1) HC-PBGFs, achieving a Stokes signal power enhancement of several hundred-fold compared with conventional free-space systems. However, during long-term, low-concentration multicomponent gas detection using HC-PBGFs, sensing performance is significantly degraded by the silica Raman background. Unlike HC-PBGFs, HC-ARFs exhibit reduced spatial overlap between the core mode and the cladding structure, resulting in lower susceptibility to silica Raman interference.
In 2023, Wan et al. [112] developed an HC-ARF-based Raman gas sensing system capable of highly sensitive and simultaneous multi-component detection of key gases generated during thermal runaway of lithium-ion batteries. The system employs a 2-m-long HC-ARF coupled with a micro-mirror at its distal end and incorporates a dual noise-reduction strategy that combines region-of-interest (ROI) selection on the charge-coupled device (CCD) with an adjustable iris diaphragm (ID). This configuration substantially enhances both Raman signal intensity and the SNR. As shown in Figure 12a, the system achieved ppm-level detection limits for seven gases, CH4, C2H6, C2H4, C2H2, CO, CO2, and H2, within a 60 s integration time (e.g., CH4 as low as 0.8 ppm), providing an effective pathway for in-situ and non-destructive evaluation of battery health.	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 HC-ARF-based FERS gas sensors. (a) FERS setup for detecting key gases generated during the thermal runaway of lithium-ion batteries (reproduced from Ref. [112]). (b–d) FERS sensor for CO2 isotope detection [113]: (b) experimental setup (inset: 3D model and microscope image of the HC-ARF cross section); (c) schematic illustration of the spatial filtering process; (d) comparison of Raman signals (left) without and (right) with spatial filtering.




In contrast, recent work by Yang et al. [113] demonstrated the capability of FERS combined with HC-ARF for isotope-resolved gas sensing. To address the limited signal collection efficiency per unit length caused by the low numerical aperture of HC-ARF, the study adopted a forward-scattering optical configuration and extended the fiber length to 5 m (Figure 12b). Moreover, by exploiting the attenuation characteristics of the SiO2 background signal during transmission and using a 10-μm-core-diameter MMF as a “fiber pinhole” for spatial filtering, the system effectively suppressed cladding-induced background interference and substantially reduced spectral baseline drift (Figure 12c, d). Under a laser power of 1.8 W and an integration time of 300 s, the system achieved detection limits of 0.5 ppm for 13C16O2 and 1.2 ppm for 12C16O2 in air, demonstrating the strong potential of HC-ARF-based FERS for trace-gas monitoring and isotope-tracing applications.
Other detection methods
To explore the application potential of HC-ARFs in gas sensing, researchers have focused on integrating various spectroscopic detection techniques with HC-ARFs, such as chirped laser dispersion spectroscopy (CLaDS) [114], heterodyne phase-sensitive dispersion spectroscopy (HPSDS) [115], and light-induced thermoelastic spectroscopy (LITES) [116,117]. Compared with absorption spectroscopy, dispersion spectroscopy has attracted increasing attention due to its inherent advantages of immunity to laser power fluctuations, calibration-free operation, and a broader dynamic range [118]. This technique retrieves gas state parameters by probing the RI variation (i.e., dispersion) accompanying molecular absorption near resonance frequencies [119]. The CLaDS method detects instantaneous frequency shifts induced by RI steps when a chirped multi-frequency signal propagates through the gas sample [120,121]. Increasing the chirp sweep rate enhances the frequency-shift signal, thereby improving detection sensitivity. Because spectral information is encoded in the frequency or phase domain rather than the amplitude domain, CLaDS exhibits strong immunity to amplitude noise and power fluctuations [122]. When combined with HC-ARFs, CLaDS benefits from the long interaction path and low optical loss of the fiber, enabling compact, alignment-free, and highly sensitive sensing architectures [114]. However, as a frequency-domain technique, CLaDS requires an expensive spectrum analyzer for high-speed frequency acquisition and a high-bandwidth laser controller to handle rapid modulation. In contrast, HPSDS analyzes gas parameters by detecting the relative phase shift induced by gas dispersion in a triplet optical signal generated through high-frequency intensity modulation. It does not require a chirped laser source or high-end spectrum analyzer, offering a simpler optical layout that facilitates data acquisition (DAQ) and concentration retrieval [123,124]. When integrated with HC-ARFs, the efficient light confinement and reduced beam divergence significantly improve modulation stability and SNR. Nevertheless, since HPSDS typically operates with modulation frequencies in the 100 MHz–10 GHz range, it imposes stricter performance requirements on the modulator and detection electronics.
LITES, also known as quartz-enhanced photoacoustic spectroscopy (QEPAS), is a non-contact detection technique based on the thermoelastic effect of a QTF. It features low cost, small footprint, high sensitivity, and broadband spectral applicability [125]. When the modulated laser passes through the gas and illuminates the QTF surface, a portion of the optical energy is absorbed and converted into heat, which induces thermoelastic expansion and mechanical vibration of the QTF. Owing to its resonance characteristics, the QTF amplifies this vibration and, via the piezoelectric effect, converts it into an electrical signal corresponding to the target gas concentration [126]. The high sensitivity of LITES depends on the quality factor (Q-factor) of the QTF; thus, designing customized QTFs with higher Q-factors and lower resonance frequencies represents an effective approach to further enhance sensor performance [127]. The combination of LITES with HC-ARFs enables in-fiber, compact, and highly robust acoustic sensing, as the confined light-gas interaction region enhances photothermal conversion efficiency and mechanical response.
Overall, although these techniques differ in their operating principles, their integration with HC-ARFs offers synergistic advantages, including enhanced light-gas interaction, improved SNR, and miniaturized, alignment-free configurations, collectively contributing to greater stability and sensitivity in advanced gas sensing systems.
Table 1 summarizes key performance parameters of HC-ARF-based gas sensors employing different detection techniques reported in recent years. Current HC-ARF-based gas sensors are evolving toward achieving lower detection limits, shorter response times, and multi-gas detection capabilities. Meanwhile, researchers continue to explore novel sensing mechanisms aimed at further reducing system noise and fully harnessing the application potential of HC-ARF-based gas sensors.Table 1 
HC-ARF-based gas sensors employing different sensing technologies


SUMMARY AND PROSPECTS
HC-ARF-based gas sensors have achieved remarkable progress in recent years. As a promising alternative to conventional free-space optical gas sensors, they provide new opportunities for gas detection with outstanding sensitivity and long-term stability. Rationally designed HC-ARFs enable low-loss, single-mode transmission and can function as compact gas cells with extended optical path lengths. When combined with advanced laser spectroscopy techniques, these fibers exhibit robust and versatile gas detection capabilities. Such characteristics render HC-ARF-based sensors suitable for a wide range of practical applications, from cost-effective and miniaturized devices to high-precision trace-gas detection and remote, distributed multi-gas sensing. Moreover, they open new avenues for the development of detection methodologies, including TDLAS, PTS, PAS, and RS.
However, HC-ARF gas sensing technology still faces substantial challenges in practical implementation. Although sensor sensitivity theoretically increases with fiber length, actual performance is limited by factors such as laser power, fiber transmission losses, and gas exchange efficiency. While microchannel fabrication can greatly shorten gas diffusion time, it requires expensive equipment and involves complex, time-consuming processes that increase production costs and inevitably introduce additional optical losses. The use of chalcogenide glass extends the sensing range of HC-ARFs into the MIR region; however, its low mechanical strength and poor thermal viscosity make fiber drawing difficult, leading to higher propagation losses and restricted applicability. Conversely, integrating advanced spectral detection techniques such as HPSDS and LITES with HC-ARFs has significantly enhanced detection accuracy and noise immunity, effectively reducing the detection limit. Looking forward, breakthroughs in low-loss fiber fabrication, improvements in spectroscopic detection methodologies, and the exploration of novel sensing mechanisms are expected to substantially advance the practical deployment and overall performance of HC-ARF-based gas sensors.
In summary, with continued technological innovation and expanding application domains, HC-ARF gas sensing technology is poised to become a major branch in the field of gas detection, making significant contributions to healthcare diagnostics, environmental monitoring, and industrial process control.
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	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 (a) Illustration of the light-guiding principle in an HC-ARF (adapted from Ref. [9]). (b) Mode simulation of the LP01 mode in the HC-ARF under resonant and anti-resonant conditions (adapted from Ref. [10]).
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	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Scanning electron microscopy (SEM) images of HC-ARFs. (a) The first Kagome type fiber [14]. (b) Negative curvature fiber [16]. (c) Ice-cream-cone HC-ARF [17]. (d) Node-less HC-ARF [18]. (e) Conjoined tube HC-ARF [19]. (f) Nested HC-ARF [21].
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	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Selection process of materials and cladding structures for HC-ARFs across different wavelength regions (adapted from Ref. [43]).
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	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 SEM images of microchannels. (a) A slot machined on the fiber with material removed down to the bottom surface of the hollow core [54]. (b) SEM image of a single channel cross-section [49]. (c) The core diameter of the side-drilled microchannel on the fiber is approximately 1.02 μm near the hollow core region [55]. (d) SEM images of the cleaved end of the micro-drilled optical fiber [56].
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	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Surface functionalization strategies for HC-ARFs. (a–c) SPR-based optical fiber CH4 gas sensor [69]: (a) Cross-sectional of the HC-ARF; (b) X-pol core modes effective RI and loss spectrum; (c) the loss spectrum within the range of CH4 concentration from 0 to 3.5%. (d, e) HC-ARF gas sensor functionalized with GSH-CdTe QDs [76]: (d) immobilization process of CdTe QDs inside the HC-ARF; (e) illustration of NO2 gas-induced fluorescence quenching.
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	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 Schematic of representative laser spectroscopy principles based on HC-ARFs.
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	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 HC-ARF gas sensors based on TDLAS. (a) DAS-based CO2 sensor [81]. (b) WMS-based O2 sensor [84]. (c) WMS-based dual-gas sensor for CO2 and CH4 [2]. (d) FMS-based NO sensor [86].
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	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 HC-ARF gas sensors based on PTS. (a) Experimental setup of a heterodyne interferometric MZI-PTS gas sensor based on a HC-ARF [94]. (b, c) FPI-PTS-based 13CO2 gas sensor [96]: (b) schematic of the F-P cavity; (c) schematic of the experimental setup. (d) Comparison of two FPI sensing processes: top, at the quadrature point; bottom, at the resonance point with wavelength dither [98]. (e) Schematic of the MPD-PTS principle [51]. (f, g) Comparative experiment on the sensing performance of MZI-PTS and MIPTS [100]: (f) experimental setups of (top) MZI-PTS and (bottom) MI-PTS; (g) Allan-Werle deviation as a function of integration time for both MZI-PTS and MI-PTS.
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	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 Applications of HC-ARFs in PAS for gas sensing. (a) Experimental setup of the HC-ARF-based PABS system [102]. (b, c) Flexible longitudinal photoacoustic resonator based on HC-ARF [103]: (b) schematic structure of the resonator; (c) normalized acoustic pressure of the second-order eigenmode inside the resonator under different bending radii. (d, e) H2-filled HC-ARF used as a PAS excitation light source [104]: (d) absorption spectrum of CH4 and laser spectra around 1650 nm at different laser temperatures; (e) central wavelength of the sixth-order Stokes line as a function of laser temperature.
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	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 HC-ARF-based FERS gas sensors. (a) FERS setup for detecting key gases generated during the thermal runaway of lithium-ion batteries (reproduced from Ref. [112]). (b–d) FERS sensor for CO2 isotope detection [113]: (b) experimental setup (inset: 3D model and microscope image of the HC-ARF cross section); (c) schematic illustration of the spatial filtering process; (d) comparison of Raman signals (left) without and (right) with spatial filtering.
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        (a) Illustration of the light-guiding principle in an HC-ARF (adapted from Ref. [9]). (b) Mode simulation of the LP01 mode in the HC-ARF under resonant and anti-resonant conditions (adapted from Ref. [10]).
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        The modal contents in core and tubes [11].
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        Scanning electron microscopy (SEM) images of HC-ARFs. (a) The first Kagome type fiber [14]. (b) Negative curvature fiber [16]. (c) Ice-cream-cone HC-ARF [17]. (d) Node-less HC-ARF [18]. (e) Conjoined tube HC-ARF [19]. (f) Nested HC-ARF [21].
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        Cross-sections of recently developed low-loss HC-ARFs [22–29].
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        Selection process of materials and cladding structures for HC-ARFs across different wavelength regions (adapted from Ref. [43]).
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        SEM images of microchannels. (a) A slot machined on the fiber with material removed down to the bottom surface of the hollow core [54]. (b) SEM image of a single channel cross-section [49]. (c) The core diameter of the side-drilled microchannel on the fiber is approximately 1.02 μm near the hollow core region [55]. (d) SEM images of the cleaved end of the micro-drilled optical fiber [56].
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        Surface functionalization strategies for HC-ARFs. (a–c) SPR-based optical fiber CH4 gas sensor [69]: (a) Cross-sectional of the HC-ARF; (b) X-pol core modes effective RI and loss spectrum; (c) the loss spectrum within the range of CH4 concentration from 0 to 3.5%. (d, e) HC-ARF gas sensor functionalized with GSH-CdTe QDs [76]: (d) immobilization process of CdTe QDs inside the HC-ARF; (e) illustration of NO2 gas-induced fluorescence quenching.
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        Schematic of representative laser spectroscopy principles based on HC-ARFs.
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        HC-ARF gas sensors based on TDLAS. (a) DAS-based CO2 sensor [81]. (b) WMS-based O2 sensor [84]. (c) WMS-based dual-gas sensor for CO2 and CH4 [2]. (d) FMS-based NO sensor [86].
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        HC-ARF gas sensors based on PTS. (a) Experimental setup of a heterodyne interferometric MZI-PTS gas sensor based on a HC-ARF [94]. (b, c) FPI-PTS-based 13CO2 gas sensor [96]: (b) schematic of the F-P cavity; (c) schematic of the experimental setup. (d) Comparison of two FPI sensing processes: top, at the quadrature point; bottom, at the resonance point with wavelength dither [98]. (e) Schematic of the MPD-PTS principle [51]. (f, g) Comparative experiment on the sensing performance of MZI-PTS and MIPTS [100]: (f) experimental setups of (top) MZI-PTS and (bottom) MI-PTS; (g) Allan-Werle deviation as a function of integration time for both MZI-PTS and MI-PTS.

      

    

  
    
      Figure 11 
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        Applications of HC-ARFs in PAS for gas sensing. (a) Experimental setup of the HC-ARF-based PABS system [102]. (b, c) Flexible longitudinal photoacoustic resonator based on HC-ARF [103]: (b) schematic structure of the resonator; (c) normalized acoustic pressure of the second-order eigenmode inside the resonator under different bending radii. (d, e) H2-filled HC-ARF used as a PAS excitation light source [104]: (d) absorption spectrum of CH4 and laser spectra around 1650 nm at different laser temperatures; (e) central wavelength of the sixth-order Stokes line as a function of laser temperature.
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        HC-ARF-based FERS gas sensors. (a) FERS setup for detecting key gases generated during the thermal runaway of lithium-ion batteries (reproduced from Ref. [112]). (b–d) FERS sensor for CO2 isotope detection [113]: (b) experimental setup (inset: 3D model and microscope image of the HC-ARF cross section); (c) schematic illustration of the spatial filtering process; (d) comparison of Raman signals (left) without and (right) with spatial filtering.

      

    

  
    
      Table 1 

      HC-ARF-based gas sensors employing different sensing technologies

      
        
          
            
            
            
            
            
            
            
            
          
          
            
              	Methods
              	Gas
              	Laser wavelength (μm)
              	Integration time (s)
              	LoD (ppb)
              	NEA (cm−1)
              	NNEA (W cm−1 Hz−1/2)
              	Ref.
            

          
          
            
              	TDLAS
              	C2H2
              	10.500
              	80
              	10
              	4.0 × 10−7
              	
              	[42]
            

            
              	CO2
              	2.000
              	10
              	34300
              	
              	
              	[128]
            

            
              	CO
              	2.300
              	100
              	220
              	
              	
              	[129]
            

            
              	PTS
              	NO
              	5.260
              	144
              	11
              	
              	4.29 × 10−7
              	[130]
            

            
              	CH4
              	1.651
              	450
              	24.2
              	7.43 × 10−9
              	
              	[131]
            

            
              	C2H2
              	1.532
              	450
              	11.6
              	1.35 × 10−8
              	 
            

            
              	NH3
              	1.532
              	450
              	46.1
              	9.87 × 10−9
              	 
            

            
              	CH4
              	1.654
              	200
              	0.015
              	5.6 × 10-12
              	
              	[132]
            

            
              	C2H2
              	1.532
              	113
              	0.0027
              	
              	 
            

            
              	O2
              	0.761
              	70
              	560
              	
              	 
            

            
              	H2O
              	1.390
              	1000
              	222
              	3.57 × 10−9
              	
              	[133]
            

            
              	CO2
              	2.000
              	1000
              	1.5
              	2.33 × 10−9
              	 
            

            
              	CO
              	4.600
              	1000
              	0.6
              	
              	 
            

            
              	CO
              	4.602
              	600
              	35
              	
              	
              	[134]
            

            
              	CO2
              	2.004
              	280
              	120
              	
              	 
            

            
              	C2H4
              	3.346
              	280
              	310
              	
              	 
            

            
              	C2H6
              	3.348
              	280
              	49
              	
              	 
            

            
              	C2H2
              	1.530
              	320
              	1
              	1 × 10-9
              	
              	[135]
            

            
              	PAS
              	C2H2
              	1.533
              	100
              	8
              	2.81 × 10−8
              	
              	[102]
            

            
              	FERS
              	CH4
              	0.532
              	60
              	1200
              	
              	
              	[136]
            

            
              	C2H4
              	60
              	1600
              	
              	 
            

            
              	C2H2
              	60
              	2700
              	
              	 
            

            
              	C2H6
              	60
              	2900
              	
              	 
            

            
              	H2
              	60
              	13800
              	
              	 
            

            
              	CO
              	60
              	16700
              	
              	 
            

            
              	H2
              	0.532
              	30
              	11200
              	
              	
              	[137]
            

            
              	C2H2
              	30
              	3100
              	
              	 
            

            
              	CO2
              	30
              	9400
              	
              	 
            

            
              	C2H4
              	30
              	4800
              	
              	 
            

            
              	CH4
              	30
              	1500
              	
              	 
            

            
              	CO
              	30
              	17900
              	
              	 
            

            
              	13C16O2
              	0.532
              	900
              	135
              	
              	
              	[138]
            

            
              	12C16O2
              	900
              	510
              	
              	 
            

            
              	12C16O18O
              	900
              	221
              	
              	 
            

            
              	CH4
              	900
              	98
              	
              	 
            

            
              	13CO2
              	0.532
              	300
              	70
              	
              	
              	[139]
            

            
              	12CO2
              	300
              	640
              	
              	 
            

            
              	CLaDS
              	C2H6
              	3.336
              	25
              	0.0155
              	
              	3.5 × 10−10
              	[113]
            

            
              	HPSDS
              	NO
              	5.260
              	80
              	800
              	
              	
              	[114]
            

            
              	CH4
              	1.654
              	1285
              	1220
              	
              	
              	[140]
            

            
              	LITES
              	CH4
              	1.651
              	100
              	220
              	8.23 × 10−8
              	2.04 × 10−11
              	[141]
            

            
              	N2O
              	4.570
              	50
              	40
              	8.6  ×  10–7
              	
              	[142]
            

            
              	CO2
              	2.006
              	100
              	20000
              	1.7  ×  10–6
              	 
            

            
              	CO
              	2.330
              	100
              	3850
              	
              	1.15 × 10−7
              	[116]
            

            
              	C2H2
              	1.530
              	100
              	1670
              	
              	
              	[143]
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