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Abstract

:

High-power laser delivery in infrared optical fiber has received much attention due to the urgent needs in the fields of national defense security, biomedicine, advanced manufacturing, and so on. In recent decades, there has been extensive research aimed at enhancing the capabilities of infrared laser power delivery through the purification of infrared glass or the optimization of fiber structures. This article provides an overview of common passive mid-infrared (MIR) optical fibers with numerous glasses and fiber structures, as well as their characteristics in laser power delivery. This review also highlights potential research directions and analyzes the challenges of passive mid-infrared fibers in the current applications.
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1. Introduction


Mid-infrared (MIR) lasers have found extensive applications in industrial processing, medical treatment, environmental monitoring, and military defense [1,2,3]. This requires a suitable medium to deliver the MIR light, in which MIR glass optical fiber has garnered extensive attention owing to its notable advantages, including flexible transmission and robust environmental adaptability. Currently, passive MIR glass fibers can be classified into step-index and micro-structured fibers (MOF) based on their waveguide structures. Generally, the characters of step-index fibers are directly derived from their glass host. Therefore, these fibers can be classified into categories such as heavy metal oxide glass fiber [4], fluoride glass fibers [5], and chalcogenide (CHG) glass fibers et al. [6]. Compared with silica-based fibers, there is significant room for improvement in the performance of MIR optical fibers in terms of losses and laser delivery capabilities. Presently, research in MIR fibers primarily focuses on improving fiber manufacturing techniques for low loss and expanding the range of glass hosts for high laser-induced damage threshold (LIDT). Traditional large-mode area fibers can deliver a relatively larger power due to the suppression of the nonlinear effects, but they fall short of achieving the high-quality transmission of single-mode characteristics. The emergence of MOF provides a solution to this situation. This unique fiber structure not only enables continuous single-mode transmission but also facilitates larger mode area. However, they are currently hindered by exceeding fiber losses and low flexibility.



In recent decades, to meet diverse power delivery requirements, researchers have explored numerous glass hosts and fiber structures for MIR energy transmission. This paper summarizes recent advancements in passive MIR glass fiber for laser transmission, and discusses some primary challenges encountered in its development.




2. Step Refractive Index Fibers


2.1. Heavy Metal Oxide Glass Fiber


Heavy metal oxide glasses are composed of various systems, such as bismuth oxide, tellurite, and germanate glasses. These glasses can offer several advantages over traditional oxide glasses, including lower phonon energy and higher LIDT [7]. Among these, the tellurite glass system has received particular attention due to its broad infrared transmission spectrum. Researchers have incorporated a specific amount of fluoride into tellurite glass, and fluorotellurite glass exhibits higher LIDT and better thermal stability compared to traditional tellurite glass. However, heavy metal oxide glasses generally have relatively higher losses (1.7 dB/m@1980 nm) [4] owing to limitations in glass purification processes and fiber fabrication. Specifically, at 4000 nm and 3000 nm, the LIDT reached 1.08 J/cm² and 0.852 J/cm², respectively [8]. The results are valuable for the utilization of fluorotellurite glasses in high-powered fiber laser applications. Figure 1 illustrates the change in TBY60 glass with the number of pulses and energy threshold, and the inset is the comparison of the damage under 3 µm and 4 µm irradiation at the same laser power.




2.2. Heavy Metal Fluoride Glass Fiber


Fluoride glass refers to non-crystalline glass materials composed of fluorine as the anion. Fluoride glasses offer several advantages, including high transmittance, high damage threshold, and excellent rare-earth ion solubility [9]. The development of fluoride glass dates back to 1975, when M. Poulain [10] created ZrF4-based fluoride glass in France. Subsequently, AlF3-based glass fibers were developed. In particular, the fiber loss of ZBLAN is as low as 0.025 dB/km, and several related products have been successfully introduced into commercial markets.



In 1989, Whitehurst [11] conducted a laser damage experiment on ZBLAN glass fibers at 2.94 μm. The highest power delivery was 3.5 W, with an energy density of up to 1.0 kJ/cm2 (peak power density reaching 10.2 MW/cm2). Subsequently, Wuthrich [12] continued his research on the optical damage thresholds of single-mode and multi-mode fluoride glass fibers at 2.94 μm. The results showed that the optical fibers could withstand a maximum power density of only 0.08 MW/cm2. Figure 2 shows the findings from their research. A notable difference in the damage threshold of ZBLAN glass fibers was observed, primarily attributed to the deliquescent nature of ZBLAN glass [13,14]. The lower resistance to deliquescence significantly impacts the operational lifetime of ZBLAN glass fibers.



Subsequently, researchers explored non-ZrF4-based fluoride glass optical fibers, such as the AlF3 glass fiber. Compared to ZrF4-based glasses, AlF3-based glasses exhibit a higher glass transition temperature (375 °C) and enhanced chemical stability. In 1994, Itoh et al. [15] reported an AZBCY (AlF3-ZrF4-BaF2-CaF2-YF2) fiber with a loss below 0.1 dB/m at 2.94 μm. This fiber could deliver a maximum output power of 8.7 W using an Er: YAG laser, and the power density reached as high as 80 kW/mm2. In 2018, Aydin [16] reported a study on the stability of AZBCY optical fibers in high-power laser systems. In this experiment, the replacement of ZBLAN glass with AlF3-based glass extended the continuous working time from 10 min to 7 h at a fixed 3 μm lasers power of 20 W, confirming the material advantages of AlF3-based glass under high-power operating conditions. Consequently, AlF3-based glass fiber is a highly promising medium for delivering a 3–5 μm wavelength laser. In summary, compared to the commercial ZrF4-based glass, AlF3-based glass demonstrates superior resistance to laser-induced damage. This makes it exceedingly beneficial for transmitting 3 μm wavelength lasers.




2.3. Chalcogenide Glass Fiber


Chalcogenide glasses are composed of chalcogen elements S, Se, and Te, along with the addition of other elements such as Ge, As, and Sb, resulting in the formation of stable glasses. CHG glass materials possess exceptionally low phonon energy (300–450 cm−1), enabling low-loss transmission in the range of 2–12 µm [17]. Furthermore, in comparison to the fluoride glasses, the chalcogenide (ChG) glasses possess a wider glass forming region, along with much longer infrared cut-off edge and significantly higher thermal and chemical stability [18]. CHG glass fibers have been widely used in infrared laser transmission, particularly in wavelengths such as 3–5 µm and 10.6 μm.



2.3.1. Progress in Laser Delivery below 5 μm Wavelength


The initial research on CHG glasses started with relatively simple compositions of the As-S system. The inaugural CHG glass fiber emerged in 1965 through Optics Technology in the United States [19]. Step-index structured fibers are the earliest form of CHG glass fibers. This section will focus on the research developments of step-index CHG glass fibers in the 2–5 µm laser delivery range.



In 1996, the US Naval Research Laboratory conducted an in-depth investigation into the transmission properties of As-S-Se fibers for infrared pulsed lasers [20]. No damage was observed at the fiber’s end face when transmitting low-repetition-rate (1–10 Hz) pulsed lasers with an average power below 100 mW. Subsequently, the fiber remained undamaged even after several minutes of exposure when transmitting a high-repetition-rate (104 Hz) pulsed laser with an average power below 1 W. A 1 m long As-S-Se fiber could withstand maximum peak power densities of 49.8 MW/cm² for 2 µm HO3+: YLF and 9 MW/cm² for 3.3 µm KTP OPO pulsed laser delivery. In 1998, Sanghera et al. [21] reported the transmission of an 18 mJ pulse Medical Free Electron Laser (MFEL) operating at 2.94 µm using a multimode As-S fiber. Additionally, they observed that the fiber end-face could withstand a 2–5 µm pulsed laser with a peak power of 16.9 kW for 1.5 × 107 pulses, corresponding to a laser power density of 1.07 GW/cm2 [22].



In 2007, Papagiakoumou et al. [23] prepared two types of multimode fibers with a large core diameter of 1000 µm for Er3+: YAG lasers transmitting at a wavelength of 2.94 µm. The first is based on As-Se-Te, with a loss of 0.7 dB/m, and the other is based on As-S, with a loss of 1.5 dB/m. The results indicate that, for pulse durations of 80 µs, the maximum input energy of the pulsed laser was 4.6 mJ, corresponding to a power density of 81.5 kW/cm2. For pulse durations of 190 ns, the maximum input energy of the pulsed laser was 2.3 mJ, corresponding to a power density of 28.2 MW/cm2. In 2022, Qi et al. [24] demonstrated a power transmission of 100 W in multi-mode As-S fibers using a high-power 2 µm erbium-doped silicon fiber laser source. With effective cooling, the 200 µm core diameter As-S multimode fibers resisted an incident laser power of 120 W, transmitted 63 W, and handled an incident power density of up to 472 kW/cm2. The results are shown in Figure 3a.



Currently, CHG glass fibers have achieved a power delivery of over 50 W in the 2–5 μm band. However, in critical fields like medical surgery and military defense, achieving a high-quality output beam is still a primary task for laser delivery. In 2015, Chenard et al. [25] reported a single-mode As-S fiber, in which no laser-induced damage is visible under the pumping of a CW laser power of 3.5 W at 2 μm. In 2018, Sincore et al. [26] applied an antireflection (AR) coating on the surface of the As-S fiber and achieved a transmission record of 90.6 ± 0.3% at 2 μm. Although the AR-coating significantly benefits the laser delivery, cracking may occur in the fiber with prolonged exposure to a high power laser. Specifically, damage features were observed in the polymer coating after coupling 1.3 W power at the end face of the fiber at 2.5 μm, and the fiber was damaged at a coupling power of 1.1 W (the facet ignited) at 4.1 μm. In 2022, Liang et al. [27] fabricated a Ge-As-S single-mode fiber by a double peeling-off extrusion method for the first time. The lowest loss of this Ge-As-S single-mode fiber is 0.41 dB/m. In transmission experiments, the fiber withstood long-pulse lasers (wavelength 3.8–4.7 µm) at 6.2 W, with a high optical power density of 1.97 MW/cm2 and an approximate transmission efficiency of 30%, as depicted in Figure 3b.




2.3.2. Progress in Laser Delivery above 5 μm Wavelength


The CO laser of 5 µm and the CO2 laser of 10.6 µm have been utilized in laser medical surgery, industry cutting, and many other domains. Current, the loss of CHG fibers in the 5–12 µm region has been reduced to below 1 dB/m. Researchers are exploring the application of CHG fibers in the transmission of CO and CO2 lasers.



	(1)

	
Transmission of CO laser in CHG fiber







In 1984, Dianov et al. [28] reported a 1.5 m long Ge-As-Se CHG fiber for continuous CO laser transmission at 5.3 µm. They achieved a power output of 6–7 W, and the power density of the fiber was up to about 2 kW/cm2. In the same year, Hattori et al. [29] conducted CO laser transmission experiments at 5.3 µm using As2S3 bare fibers with core diameters of 500 µm and 1000 µm, and lengths of 130 cm and 420 cm, respectively. These fibers exhibited a loss of 0.3 dB/m at 5.3 µm, with maximum output powers of 19.7 W and 39 W, respectively. The maximum laser damage threshold at the fiber reached 10 kW/cm2. Following this, Arai et al. [30] performed laser experiments in the same wavelength range using As2S3 fibers with a 200 µm core diameter, achieving a continuous laser output of 4 W with a laser power density of 12.8 kW/cm2.



In 1985, Watanabe [31] etc. discovered that the As2S3 fiber exhibited a minimal transmission loss of 0.3 dB/m around the 5.3 µm wavelength. Under the conditions of 100 cm length and 1000 µm core diameter, the As2S3 multimode fiber can support a maximum output power of 59 W and a laser power density of approximately 5 kW/cm2 at the fiber output end. In 1986, Sato [32] conducted transmission experiments of CO lasers at 5 µm using the As2S3 fiber with a polytetrafluoroethylene (PES) coating. When the incident laser power was 100 W, the laser power at the fiber output end was 62 W with a laser power density of 16 kW/cm2. In 1988, Arai et al. reported [33] an As2S3 optical fiber with FEP cladding and core diameter of 400 µm, and the fiber can transmitted 15.3 W (with a power density of approximately 12.2 kW/cm2). In 1993, Sato et al. further improved the fiber with an increased core diameter of 1000 µm, making it capable of transmitting a continuous laser with a power of 226 W [34] (approximately 28.8 kW/cm2 power density), which is also the highest record reported so far. Additionally, this team also conducted laser tests on Ge-As-S fibers in this wavelength range, achieving a maximum output of 180 W with a power density of 23 kW/cm2. Both types of fibers exhibit the capability to transmit CO laser power at a level of several hundred watts, fulfilling the requirements for laser surgery and laser processing. In 1996, the Naval Research Laboratory [20] reported a low-loss As-S fiber (0.75 dB/m@4.8 µm) with a core diameter of 200 µm and a length of 1 m for CO laser transmission experiments. This fiber can withstand a laser power of 6.2 W (power density of approximately 126 kW/cm2) and achieves an efficiency greater than 60%. Other work [35] demonstrated that a low-loss, small-core (<150 µm) CHG fiber could withstand a CO laser power density of up to 124 kW/cm2. Figure 4 summarizes the current transmission performance of As-S fibers for mid-IR CO lasers.



	(2)

	
Transmission of CO2 laser in CHG fiber







Typical CHG fibers capable of transmitting wavelengths above 10 µm include Se- and Te-based glass, with Te-based glass demonstrating the lowest loss at 10.6 µm. In the realm of CO2 laser transmission, Nishii [36] fabricated CHG glass fibers with core and cladding glass compositions of Ge-Se-Te and Ge-As-Se-Te in 1989. The core and cladding diameters were 340 µm and 440 µm, respectively. These fibers exhibited a loss of 1.8 dB/m at a wavelength of 10.6 µm. The maximum delivery power reached 1.8 W for a 1.5 m long fiber. Following this, Nishii [37] employed a dual crucible technique to produce Ge-Se-Te and Ge-As-Se CHG glass fibers, exhibiting losses of 1.8 dB/m and 5.2 dB/m at 10.6 µm, respectively. With core and cladding diameters of 450 µm and 560 µm, respectively, the 1 m-long fibers yielded maximum CO2 laser outputs of 4.6 W and 2.2 W, corresponding to power densities of 2.9 kW/cm2 and 1.4 kW/cm2. In 1991, Inagawa et al. [38] reported a Se-Te-I multimode fiber with a loss of 0.9 dB/m at 10.6 µm. With an input power of 2.85 W from the CO2 laser, an output power of 0.82 W can be obtained through the unprotected fiber.



In 1996, Busse et al. [20] reported the use of Ge-As-Se-Te multimode optical fibers for CO2 laser transmission. The fiber core and cladding diameters were 162 µm and 270 µm, respectively. The experiment recorded the maximum input and output powers of 1.73 W and 0.6 W, achieving a transmission efficiency of 34.7%, with a maximum input power density of 27 kW/cm2. Su et al. [39] fabricated a Ge-As-Se-Te multimode optical fiber with a loss of 5 dB/m at 10.6 µm. Despite having a higher loss than Se-Te-I fiber, this type of fiber demonstrates higher chemical stability and damage thresholds. During the coupling of CO2 lasers into CHG fibers, and to prevent laser overheating, the laser exposure time was limited to 60 seconds, and the fibers were subjected to air cooling. The results indicate that a maximum input power of 6.16 W and an output power of 1.37 W could be obtained in the fiber without any damage. The respective laser power densities at the input and output ends of the fiber were 4.9 kW/cm2 and 1.09 kW/cm2.



The laser transmission performance of different step-index fibers is presented in Table 1. Significant progress has been achieved in CHG step-index fibers for MIR laser power delivery. Presently, multimode fibers can deliver the laser power of over a hundred watts, while single-mode fibers can effectively fulfill laser transmission up to 10 W. These fibers have been experimentally validated in fields such as laser surgery and laser processing. Israel and Russia have successively initiated research on fiber-based CO2 laser scalpels, with related products already available in the market. However, although selenium and telluride glass fibers can be used for CO2 laser transmission at 10.6 µm, their refractive index temperature coefficients (dn/dT = 3 × 10−5–14 × 10−5 K−1) are notably higher than that of As-S (1 × 10−5 K−1). This higher coefficient often leads to the occurrence of self-focusing effects, resulting in a relatively lower LIDT for fiber.






3. Micro-Structured Fibers


Although traditional large-mode area fibers can deliver relatively greater power by suppressing nonlinear effects, they fall short of achieving the high-quality transmission associated with single-mode characteristics. The emergence of the Photonic Crystal Fiber (PCF) has presented a new approach to address this challenge. The infinite single-mode and large-mode field characteristics of the PCF are of great interest in laser energy transfer research. Hence, the design and fabrication of a low-loss, single-mode, large-mode area photonic crystal fiber (LMA-PCF) have become a focal point.



PCF can be classified into refractive index-guided and photonic bandgap fibers based on different light-guiding mechanisms. In 1996, Knight et al. [40,41,42] developed the first PCF using a light-guiding mechanism based on total internal reflection. The silica fiber has good mechanical and chemical stability, but the fiber loss is over 60 dB/m after exceeding a 3 µm wavelength. The hollow-core PCF (HC-PCF) presents an appealing alternative, directing the majority of light in air or a controlled gas composition, minimizing loss contributions from material absorption. Guiding light in a hollow core also provides a higher damage threshold and additional functionalities. For example, in 2012, Urich et al. [43] demonstrated the ability to deliver, for the first time, high energy microsecond pulsed Er: YAG laser light at a wavelength of 2.94 µm through a silica HC-PCF. The average loss in the wavelength range from 2.9 µm to 3.15 µm was ~1.2 dB/m and the loss at the wavelength of the Er: YAG laser was 1.1 dB/m. The output power was measured for 5 min (4425 pulses) at 180 mW with no observable damage to the launch facet. Currently, the PCF is extensively used in nonlinear optics, optical communication, and photonic devices.



Soft glass materials (e.g., sulfide glass, fluoride glass) exhibit lower absorption losses within the mid-infrared band, making them extensively employed in this spectral range. A PCF based on Ga-La-S CHG glass with a high nonlinear coefficient and wide transmission range was fabricated in 2000 [44]. In 2007, Troles et al. [45] fabricated CHG glass LMA-PCF, where a mode field area of 1000 µm² was achieved. Theoretically, the mode field area of CHG LMA-PCF can be increased to tens of thousands while maintaining single-mode transmission. In the advancement of LMA-PCF, scientists have introduced an all-solid design, and this design prevents defects caused by pore deformation during fiber drawing, ensuring minimal influence from environmental factors on fiber transmission. In 2019, Ren et al. [46] fabricated an all-solid LMA-PCF with a mode field area of 5200 µm² and a fiber loss of 5.2 dB/m at a wavelength of 4 µm. In 2020, Feng et al. [47] presented a few-mode LMA-PCF for high-power mid-infrared laser delivery, with a fiber loss of 7.8 dB/m at a wavelength of 2 µm. Numerical simulations indicated a mode field area of 10,500 µm2. The fiber end-face was damaged at an incident power of 11.8 W. For continuous-wave laser in 2 µm, the maximum allowable incident laser power density is estimated to be 150 kW/cm2.



Looking at the overall scenario, the current minimal loss of CHG glass LMA-PCF stands below 10 dB/m, and the deviation from theoretical losses is large. This discrepancy primarily arises due to the composite nature of total losses in LMA-PCF, which includes material absorption, defect-induced losses, and bending losses. Indeed, air or even a vacuum is considered as optimal mediums for light wave transmission. In such environments, light waves propagate with minimal distortion and at the fastest speed in lossless, non-dispersive conditions. In 2002, Temelkuran et al. [48] reported Hollow-core Bragg fibers (HC-BFs) composed of As40Se60 glass and a PES cladding. The fiber demonstrated a wavelength transmission range from 0.75 to 10.6 μm, with a fiber loss of less than 1 dB/m at 10.6 μm. Additionally, achieving a maximum laser delivery power density of about 300 W/cm2 by a CO2 laser. This verifies the feasibility of achieving low-loss transmission through structural design. However, HC-BFs are highly sensitive to manufacturing tolerances, so their theoretical transmission loss tends to be from two to three orders of magnitude higher than that of Hollow-core Anti-resonant Fibers (HC-ARFs) [49].



The light-guiding mechanism of HC-ARF, also known as negative curvature fiber, can be traced back to the anti-resonant planar waveguide theory proposed by Duguay et al. in 1986 [50]. In 2002, Benabid et al. reported a specific type of hollow-core fiber with a cladding structure referred to as the Kagome structure [51]. The Kagome structure fiber deviates from the optical propagation theory of photonic bandgap fibers structurally, but optical can propagate within the fiber core. This hollow-core fiber was named HC-ARF. In 2011, Pryamikov et al. [52] demonstrated the possibility of guiding light in the mid-infrared spectral range (>3.5 μm) using a silica HC-ARF, although the material loss of silica glass is notably high. In 2019, Yu et al. [53] prepared an ultra-low-loss HC-ARF by adjusting the parameters, achieving a record of mid-infrared silica-based hollow fiber with a loss of 18 dB/km at a wavelength of 3.1 μm. This significantly reduces the absorption limit of silica materials.



Negative curvature fibers combine wide-band transmission with low theoretical losses and high manufacturing tolerances. This is particularly crucial for multi-component glasses like CHG glasses. In 2016, Gattass et al. [54] report the fabrication As2S3 HC-ARF using an extrusion method. At a wavelength of 10 µm, the fiber exhibited minimal loss at 2.1 dB/m, marking a significant reduction in losses by 2–3 orders of magnitude compared to As2S3 step-index fibers at the same wavelength. This indicates the practical applicability of the fiber for laser power delivery. In 2023, Zhang et al. [55] developed a CHG glass HC-ARF comprising seven contacting capillaries. The research, through theoretical modeling and experimental validation, emphasized the fiber’s capability to suppress higher-order modes and identified several low-loss transmission windows within the mid-infrared spectrum. The measured fiber loss achieved an impressive low of 1.29 dB/m at 4.79 μm, laying a solid foundation for the fabrication and application of various chalcogenide glass hollow-core anti-resonant fibers (HC-ARFs). Table 2 summarizes the properties of several representative CHG MOFs.



In addition, there has been significant progress in the research of other soft glass infrared HC-ARFs. In 2019, Tong et al. [58] reported on the HC-ARF consisting of six non-contact capillaries using telluride-based materials. They conducted initial simulations and experimental studies on the transmission and polarization characteristics. In 2020, Perevoschikov et al. [59] presented the first borosilicate soft glass-based hollow-core fiber. The minimal losses within the near-infrared (0.8–1 μm) and mid-infrared (2–4 μm) transmission windows were measured as 0.6 dB/cm and 1 dB/cm, respectively. This development offers a new material choice for the preparation of MIR hollow-core fibers.



In summary, the fabrication of low-loss, durable, and bend-insensitive fibers at wavelengths extending to longer wavelengths and into the mid-infrared (mid-IR) is desirable for applications including high-power laser beam delivery, gas sensing, gas lasers, and surgery. Toward this goal, several materials have been explored, starting with silica glass, chalcogenide glasses, followed by fluoride and tellurite fibers. However, these glass fibers are limited by the purification of infrared glass or the optimization of the fiber structure, leading to few reports on laser power delivery.




4. Challenges Faced by MIR Fiber


Fiber optics serve as a medium for delivering mid-infrared lasers, enabling optical systems to achieve greater compactness and portability. Consequently, research on mid-infrared optical fibers marks a significant breakthrough in advancing the mid-infrared laser field. Despite substantial progress in the preparation and application research of infrared energy-transmitting glass fibers, several crucial scientific questions still require in-depth exploration:



(1) Despite the excellent optical performances of the traditional ChG glass fiber, its low laser damage threshold, arising from the weak chemical bonds constructing the glass network structure, hinders ChG glass fiber from resisting high power. Therefore, one of the pivotal future research directions involves the development of novel purification and preparation methodologies for CHG glasses with a Ge base.



(2) Fluoride glass fibers are considered the most promising non-silica-based fibers for ultra-low-loss fiber optics for long-distance communication. The theoretical lowest losses in the 1–5 µm infrared band are within the range from 10−2 to 10−3 dB/m. However, the developed fibers have significant discrepancies from these theoretical predictions. The primary technical challenges include the purification of glass materials and the fiber manufacturing process. These aspects represent the focal areas for the future development of fluoride glass infrared transmission fibers. Compared to fluoride glass fibers, heavy metal oxide infrared glasses are more suitable for manufacturing practical, low-loss fibers used to transmit high-power mid-infrared lasers below 3 μm. However, the non-intrinsic loss of heavy metal oxide glass fiber remains high due to the presence of impurities like hydroxyl groups and metal particles in the glass. Therefore, reducing the non-intrinsic loss of optical fibers is critical to enhancing the heavy metal oxide glass fibers for laser transmission efficiency.



(3) For now, the MIR MOFs have provided infinite possibilities for the mid-infrared energy transmission fiber field. The unique fiber structure not only enables continuous single-mode transmission but also facilitates larger mode area. For example, addressing issues such as coupling between MOFs and light sources. Additionally, despite the continual reduction in bending losses of MIR MOFs through structural optimizations, there still remains a noticeable gap compared to step-index fibers. Bridging this difference will be a crucial focus in the future research of MIR MOFs fields.




5. Conclusions


MIR energy transmission fibers have significant application value in national defense security, biomedicine, and other fields. Soft glass materials like CHG glass and tellurite glass demonstrate exceptional performance, expanding the range of materials available for the preparation of MIR energy-transmitting optical fibers. Presently, MIR energy transmission fibers remain behind silica-based fibers in terms of optical transmission performance and thermal stability. However, continuous advancements in MIR fiber fabrication techniques are anticipated to substantially enhance the performance of MIR glass fibers. We can expect that, in the near future, with the continuous improvement in various technologies, the MIR energy transmission fibers will move from experimental research to practical applications which will play a unique role in scientific research and production.
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Figure 1. Changes in the number of pulses reflect the trend of LIDT and the diameter of damaged craters in TBY60 glass. The inset illustrates LIDT under 3 µm and 4 µm irradiation at the same laser power. 
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Figure 2. Illustrates the maximum energy transmission threshold of Er: YAG lasers in ZBLAN optical fibers with varying core diameters, as determined by Wuthrich and Whitehurst. 






Figure 2. Illustrates the maximum energy transmission threshold of Er: YAG lasers in ZBLAN optical fibers with varying core diameters, as determined by Wuthrich and Whitehurst.



[image: Photonics 11 00019 g002]







[image: Photonics 11 00019 g003] 





Figure 3. (a) Power transfer in As-S fiber at 2 µm wavelengths; (b) Output power transmission versus input power using a 3.8–4.7 µm laser source through a 0.5 m long fiber. 
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Figure 4. CO laser power transmitted by As-S fiber with different diameters. 
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Table 1. Laser transmission performances of different chalcogenide fibers.
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Laser Wavelength (µm)

	
Fiber Material

	
D *

(µm)

	
Laser Transmission

(W)

	
Year

	
References






	
2

	
As-S

	
9

	
2.1

	
2015

	
[25]




	
200

	
63

	
2022

	
[24]




	
2.05

	
As-S

	
12

	
10.3

	
2018

	
[26]




	
2.52

	
1.3




	
4.1

	
25

	
0.5




	
3.8–4.7

	
Ge-As-S

	
20

	
2.1

	
2022

	
[27]




	
5

	
As-S

	
1000

	
39

	
1984

	
[29]




	
As-S

	
226

	
1993

	
[34]




	
Ge-As-S

	
180

	
1993

	
[34]




	
10.6

	
Ge-As-Se

	
560

	
2.2

	
1990

	
[37]




	
Se-Te-I

	
400

	
0.82

	
1991

	
[38]




	
Ge-As-Se-Te

	
400

	
1.37

	
2019

	
[39]








* D is the core diameter.













 





Table 2. Properties of several representative CHG MOFs.
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	Year
	Fiber Material
	Structure
	Loss

(dB/m)
	Power Density (kW/cm2)
	References





	2010
	Te-As-Se
	HC-PCF
	6@9.3 μm
	-
	[56]



	2020
	Ge-As-Se
	PCF
	8@2 μm
	150

(2 μm)
	[47]



	2002
	As-Se
	HC-BF
	1@10.6 μm
	0.3

(10.6 μm)
	[48]



	2011
	Te-As-Se
	ARF
	13@10.6 μm
	-
	[57]



	2016
	As-S
	ARF
	2.1@10 μm
	-
	[54]



	2023
	As-S
	HC-ARF
	1.3@4.8 μm
	-
	[55]
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