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Abstract

:

With an increase in the volume of information exchange and perception, the demands for intelligent, miniaturized, and integrated optical devices for information acquisition are also increasing. As the core component of optical networks for transmitting information, further optimization of their structural characteristics to generate richer optical characteristics and apply them to information exchange and optical field control has become a key research hotspot. The introduction of chiral twist characteristics has led to new phenomena and applications in optical field transmission and the transformation of traditional optical fibers or microstructured optical fibers (MOF). Therefore, this review mainly begins with the principle of chiral optical fibers, introduces their preparation and latest application scenarios, and finally discusses their potential future development prospects.






Keywords:


chiral fibers; microstructured optical fibers; fiber devices












1. Introduction


With the rapid development of information technology, optical fibers have become important components of communication systems and optical devices. Traditional optical fibers have limited scalability as carriers of functional optical devices due to their single structure. To overcome this limitation, a new modification method called “twisting” has attracted much attention in the field of optical fiber modification [1,2]. Chiral structures have been shown to alter the polarization state of light [3], so researchers have attempted to introduce this structure into optical fibers to form the so-called chiral twisted fiber. By twisting ordinary optical fibers or microstructure optical fibers [4,5], a periodic refractive index distribution can be formed in their axial direction. This special waveguide structure has generated unique optical phenomena in the transmission of polarized light, generation and transmission of angular momentum beams, and inter-mode interference [6,7,8]. Scientists have used theories such as spiral Bloch theory [9], mode coupling theory [10], and the photoelasticity effect [11] to explain it. Compared with traditional fiber modification methods, twisted fibers provide new features and applications in information capacity expansion [12,13], fiber lasers [9], amplifiers [14], and sensors [7,15,16].



In this review, to demonstrate the proof-of-concept of functional twisted optical fibers, several milestone studies are investigated, and their application fields are discussed. We begin with the theory of chiral twisted fibers and analyze their light-guiding mechanism. Then, we introduce the currently used methods for preparing twisted fibers and discussed their respective advantages and disadvantages [17,18,19,20]. Furthermore, we provide readers with a comprehensive summary of twisted fibers. In traditional optical fibers, the twisted structure forms a helical long-period grating structure for single-mode fibers. Its optical activity and circular birefringence make it excellent for polarization maintenance, interference sensing, and polarization filtering [21,22,23]. Microstructured fibers, due to their flexible structure, have obvious advantages in fabricating optical devices. Therefore, we also summarize the novel results obtained by introducing a twisted structure into the microstructured fibers. In twisted photonic crystal fibers, the multi-layered air channels affect the transmission of light in the fiber core. Under the influence of the helical lattice, the cladding light is forced to propagate along a helical path, and part of the axial momentum is converted into orbital angular momentum [24]. Various peculiar optical properties are explored by changing the arrangement of air channels [25]. When the twisted structure is introduced into hollow-core fibers, researchers have found that not only can the circular symmetry structure be changed, but also high circular birefringence and stable circular polarization characteristics can be maintained [26]. Additionally, hollow core fibers have an extremely low theoretical transmission loss, which provides new directions for the generation and transmission of Orbital Angular Momentum (OAM) beams [27]. Moreover, when multicore fibers are twisted, the inter-core coupling characteristics change [16], making them not only suitable for the generation of OAM but also highly promising for sensing, amplification, and other fields [28,29,30]. These studies indicate that twisted modified optical fibers have enriched applications in functional devices.



Although chiral twisted fibers have brought many novel applications due to their unique light-guiding mechanism, they still face many challenges in terms of axial stability, long-distance transmission, and rare-earth doping. In Section 4 of this review, we present the challenges, prospects, and promising opportunities of the future functional chiral fiber for functionalized devices. In summary, this paper provides a comprehensive overview of twisted optical fibers and their applications. It is hoped that this review will inspire more research in the field of optical fiber modification and promote the development of functionalized devices.




2. How to Describe the Chiral Twisted Fibers


Compared to traditional axially uniform optical fibers, the most obvious change in the chiral twisted optical fibers is their periodic modulation of the axial refractive index. However, the analysis of axially twisted media is different due to the differences in the fiber end faces and torsion conditions.



2.1. Analysis of Twisted Structure Characteristics in Single-Core Optical Fibers


Traditional single-core optical fibers introduce a refractive index difference between the core and cladding during the manufacturing process. When the fiber is melted and twisted, the refractive index distribution of its optical guiding channel also changes. Due to the introduction of this periodic structure, helical long-period fiber gratings (HLPGs) can induce coupling between the core and the cladding of the fiber, resulting in the generation of resonant peaks in specific wavelength bands [1], which is similar to conventional long-period fiber gratings whose resonant dips can be expressed as     λ   0   = T ∆ n  , where T is the LPGs grating period, and   ∆ n   is the refractive index difference between the core and cladding modes. The resonance wavelength of HLPGs, caused by phase matching, can be expressed as follows [17]:


    λ   1   = (   n   e f f   c o   −   n   e f f   c l , m   ) Λ  



(1)




where    n  e f f   c o     and    n  e f f   c l , m     are the refractive index of the core mode and m-th cladding mode, respectively. The resonance wavelength    λ d    of HLPGs shifts when there are changes in the refractive index distribution or twisting period  Λ  of the helical fiber. In Figure 1a, the core of the optical fiber is located at the center of the fiber, and through twisting, the cladding structure remains largely unchanged, whereas the core forms a uniform refractive index periodic distribution. When the grating period changes due to internal variations or external factors, such as temperature, pressure, bending, etc., HLPGs exhibit different transmission spectrum results. Typically, we classify the twisting of the fiber into clockwise and counterclockwise directions, and when light enters the twisted fiber with different polarization states, different optical guiding characteristics are also observed. Moreover, externally applying twists in different directions can also change the period of the HLPG, resulting in the resonance wavelength shifting in different directions. Therefore, HLPGs have great potential for applications in polarization optical transmission, circular birefringence, and torsion sensing.



In addition, when the fiber core is away from the axis of the fiber waveguide, the twisted characteristics become more complex and cannot be analyzed solely by relying on the theory of long-period gratings, as shown in Figure 1b. When the fiber core of the twisted fiber is bent, the cladding whispering gallery modes (WGMs) couple with the twisted core mode. Therefore, under the influence of the bending and twisting of the fiber core, the guided core is transformed into cladding WGMs [4].




2.2. Analysis of Twisted Structure Characteristics in Microstructured Optical Fibers


The torsion structure becomes more complex, such as the torsion of a microstructure optical fibers as shown in Figure 2. At this point, due to the interaction between different structures, the approximation algorithm using single-core optical fibers is not very reliable. More rigorous transformation optics model analysis methods are needed.



Introducing twisting into an optical fiber leads to changes in the refractive index distribution of the material. In electromagnetics, these variations in the material can be translated into changes in the coordinates from {x, y, z} to {x′, y′, z′} [5,31,32]. The new coordinate system’s permeability and permittivity tensors are provided by


    ε ′  =    J  − 1   ε  J  − T     det (  J  − 1   )       and    μ ′  =    J  − 1   μ  J  − T     det (  J  − 1   )     



(2)




where ε and µ are the permeability and permittivity tensors of the fiber in {x, y, z}, respectively, and    J  − 1     is the inverse of the Jacobian matrix:


   J  − 1   =         ∂  x ′    ∂ x         ∂  x ′    ∂ y         ∂  x ′    ∂ z           ∂  y ′    ∂ x         ∂  y ′    ∂ y         ∂  y ′    ∂ z           ∂  z ′    ∂ x         ∂  z ′    ∂ y         ∂  z ′    ∂ z          



(3)







Coordinate transformations in optics can reduce the dimensionality of certain problems by selecting a coordinate system for a waveguide that is independent of one of its coordinates, taking into account the geometric and material properties. In a twisted optical fiber, we can convert the Cartesian coordinate system to a helical coordinate system, with the corresponding relations as follows [3]:


     x ′  = x cos ( A z ) − y sin ( A z )      y ′  = x sin ( A z ) + y cos ( A z )      z ′  = z    



(4)




where A = 2π/Λ represents the twist rate, which describes the angle of rotation −Az of the helical coordinate system’s axes relative to the Cartesian coordinate system’s x and y axes around the z-axis. In the twisted coordinate system, each line that is parallel to the z-axis is represented as a helix in the Cartesian coordinate system. These helices have a pitch distance equal to Λ and are considered left-handed for positive A. The Jacobian matrix    J  − 1     utilized in this situation’s inverse is calculated as follows:


   J  − 1   =       cos ( A z )     − sin ( A z )     − A  y ′        sin ( A z )     cos ( A z )     A  x ′       0   0   1      =      1   0    − A  y ′       0   1    A  x ′       0   0   1            cos ( A z )     − sin ( A z )    0      sin ( A z )     cos ( A z )    0     0   0   1      =      1   0    − A  y ′       0   1    A  x ′       0   0   1      R ( A z )  



(5)




where det (   J  − 1    ) = 1 and R(Az) is the spiral matrix. Based on Equations (1) and (4), the corresponding ε′ can be expressed in the helical coordinate system as follows [3]:


   ε ′  (  x ′  ,  y ′  , z ) = ε (  x ′  ,  y ′  , z )       1 +  A 2    y ′  2      −  A 2   x ′   y ′      − A  y ′        −  A 2   x ′   y ′      1 +  A 2    x ′  2      A  x ′        − A  y ′      A  x ′     1       



(6)







Using the above calculation, the spiral of the material is transformed into the coordinate system of the spiral. The ε′ in the twisted coordinate system can be expressed in the Cartesian coordinate system. Given the x and y coordinates of the material, the helical coordinates can be represented by a formula independent of z. Ultimately, the complex three-dimensional spiral calculation is transformed into a two-dimensional calculation.




2.3. Fabrication Process of the Twisted Optical Fiber and Challenges


To fabricate a twisted structure in fibers, there are some common methods, as shown in Figure 3. The first method involves using a high-temperature hydrogen–oxygen flame to heat and soften the fibers. By controlling the intensity of the flame and using motors at both ends, the fiber can be twisted and fabricated accordingly. Zhong et al. proposed a method using a hydrogen–oxygen flame to etch twisted structures into fibers [17]. Basic devices with a hydrogen–oxygen flame platform, two translational platforms, and rotators comprise the fabrication setup. These components are utilized to carefully regulate the twisting and etching processes on the surface of the fiber. By utilizing this method, twisted fiber gratings can be fabricated in a stable manner, ensuring their long-term preservation. The controlled twisting and precise etching process enable the creation of durable and reliable twisted fiber gratings that can maintain their properties over an extended period of time. This stability and longevity make the fabricated gratings suitable for various applications in fiber optics and photonics.



Another method for fabricating twisted fibers involves the use of a CO2 laser [18,33,34]. The power of the CO2 laser is controlled by a computer, allowing for more precise and stable heating of the twisting region. Shin et al. created a twisted single-mode fiber (SMF) with CO2 laser beam exposure and examined its properties experimentally [19]. They achieved the formation of a periodic twisted structure by irradiating the fiber with a CO2 laser while uniformly rotating the motor along the fiber axis. This method enables precise control of the twisting period and allows the generation of resonance within extremely short grating lengths.



Automatic arc discharge technology is also utilized for the fabrication of twisted fibers. Sun first used commercial fusion splicer technology to create a twisted structure in the conventional SMFs [20]. The system consists of two electrodes, a spiral motor, and a fixture for holding the fiber in place. By investigating the effect of arc current on the formation of twisted fibers, they determined the appropriate current values to apply, resulting in clear resonance peaks and low insertion loss.



The above-mentioned fabrication methods for twisted optical fibers also face their respective challenges. Although the hydrogen–oxygen flame method has relatively low instrument requirements, the flame intensity is difficult to control, therefore resulting in mediocre sample uniformity. The CO2 laser method requires precise focusing equipment. In addition, the impact of the CO2 laser can cause radial disturbances. As for automatic arc discharge technology due to motor range limitations, the fabricated samples are usually short, which makes long-distance transmission difficult to achieve. Recently, researchers have attempted to introduce twisting during the fiber-drawing process [21]. However, the current twisting period is relatively short, and further exploration is needed for this method. To achieve a stable axial structure and longer sample length for twisted optical fibers, more innovative processes await exploration by researchers.





3. Applications of Chiral Twisted Fibers


Based on the above-mentioned unique structural features of chiral twisted fibers, they can be employed in a wide range of functional device applications. The benefits of the chiral twisted technique paired with various functional fibers are explored more in the following sections. Furthermore, the special uses and significance of functional chiral twisted fibers are explored.



3.1. Characterization Process of Chiral Twisted Fibers


Different types of optical fibers, especially microstructured fibers, exhibit various optical phenomena due to their flexible and diverse internal structures, especially after introducing twisted structures. Moreover, significant changes in their light-guiding characteristics occur with variations in the fiber core position and twist period, allowing for the fabrication of optical devices with different functionalities. Commonly used devices include OAM generators, OAM transmitters, polarizing filters, amplifiers, and sensors. Different characterization methods are required for each specific device.



In the application of OAM beams, the method of spatial optical interference is commonly used to verify the generation of OAM light and explore its order [19]. In Figure 4a, the light from a tunable laser enters the two interferometer arms through a beam splitter. One of the arms passes through a polarization controller and then enters a long-period grating made of twisted fibers. After being focused by an objective lens, it enters a non-polarizing beam splitter (NPBS). The other arm serves as the reference beam and interacts with the first beam after passing through a fiber attenuator to adjust the power, and then enters the NPBS. The interference patterns are recorded and analyzed using a back-end charge-coupled-device (CCD) camera. The resulting interference images of different samples and light sources are shown in Figure 4b–e, allowing for the analysis of the helical phase of the generated OAM beams.



Spectral analysis is crucial for analyzing the characteristic peaks generated by the inter-mode and inter-core interference in twisted fibers. In Figure 5, a broadband light source is received by an optical spectrum analyzer (OSA) after passing through the twisted fibers [35]. The characteristic peaks generated by the interference can be obtained and analyzed. Additionally, the transmission spectrum can be used to verify the transmission loss of OAM beams with different orders generated by twisting and determine their effective transmission wavelengths [12]. This plays an important role in studying the expansion of the fiber transmission capacity and in reducing transmission loss [27].



In addition, twisted fibers have recently made good progress in fields such as amplification and lasers [9,14]. Therefore, when characterizing these devices, researchers will design corresponding experimental plans according to their needs. Twisted fibers are applied to various fields with the deepening of research, and their optical properties still have the potential to be further explored. Therefore, the corresponding characterization methods will also be updated accordingly.




3.2. Traditional Single Core Chiral Twisted Fibers


Since the early stages of fiber optics, twisted-induced birefringence has become a prominent area of research. The concept of twisted fiber [36] was proposed in 1979 by Ulrich. They discussed the change in polarization along the twist direction. Using the first principles, they employed perturbation methods to calculate the coupling between the two degenerate modes. Furthermore, the experimental results validated the correctness of this theory and provided an approximate calculation of the g-factor. Since then, research on twisted fibers has become increasingly rich and diverse.



Twisted SMFs undergo interesting changes in their polarization state due to the alteration of birefringence. After twisting, the single-mode fibers exhibit a significant degree of optical rotation, but they demonstrate almost no polarization anisotropy during the twisting process [37]. Therefore, twisted fibers can effectively eliminate the polarization mode dispersion. The measurement of circular birefringence in twisted fibers is particularly relevant among them. Andrea proposed a new method for measuring circular birefringence in long twisted SMF [38]. The method employs polarization-sensitive optical time-domain reflectometry. To further validate the fundamental effect of birefringence in twisted fibers, Diana analyzed the developed birefringence matrix for twisted fibers [39]. They discovered that the Jones birefringence caused by twisting the birefringent optical fibers exceeds the values of Jones birefringence caused by electric and/or magnetic fields in the bulk birefringent material by several orders of magnitude. Furthermore, as shown in Figure 6, they also found that the twisting of erbium-doped fibers has a greater impact on the fiber’s polarization characteristics compared to non-doped fibers. This is attributed to the influence of the glass matrix composition and fiber structure.



The use of twisted optical fibers to construct HLPG structures has recently been proposed in multiple fields. Because of the grating’s helical construction, clockwise or anticlockwise twisting can shorten or lengthen the period of grating, causing the resonance wavelength to shift in a different direction. Therefore, HLPG can be effectively applied in the fields of temperature, torsion, and refractive index sensors [7,15,17,18,33,40,41,42,43]. Li analyzed the effects of LPG and intermodal interference in chiral twisted single-mode fibers (CTSMF) [44]. In Figure 7, the LPG model established using mode resonance theory showed good agreement with the experimental results. These characteristic dips are generated by the periodic refractive index variation in the twisted core region, forming a structure similar to that of LPG. Furthermore, the response of the CTSMF to external environmental factors was also analyzed. These outstanding results of CTSMF show that it is a strong contender in the sectors of sensing and communications. By controlling the length and direction of the twist pitch, effective applications of the CTSMF in sensing can be achieved. An improved HLPG method was proposed by Zhao to achieve the real-time measurement of multiple parameters [7]. To further enhance sensitivity, a fiber taper was introduced in a twisted structure [15]. The experimental results show that the intensity of the transmission peaks varies inversely when the fiber is twisted in different directions. In 2020, to measure torsion and strain simultaneously, Xian proposed a cascaded helical long-period grating (C-HLPG) with two distinct gratings that fabricate molten state duration durations (MSDTs) in Figure 8. Torsion and strain can be distinguished with accuracies of ~120 µε and ~0.12 rad within the ranges of 0~1744 µε and −240°~240°, respectively. The C-HLPG with various MSDTs offers outstanding prospects as torsion and strain sensors, as well as future development for multiparameter fiber sensors and innovative fiber components.



In addition to sensing applications, CTSMF also plays a significant role in the generation and selection of modes [6,34,45]. A straightforward method for validating the mode-selection principles used in a single-helix helical long-period fiber grating (SHLPG) has been established both theoretically and experimentally [8]. This is performed by exploring and analyzing the polarization dependence loss (PDL) and circular dichroism (CD) spectra of the SHLPG. Moreover, the CTSMF is considered a highly promising OAM beam shaper and generator. Wang invented and experimentally proved a unique method for simultaneously generating the first and second OAM modes using two successively cascaded helical long-period fiber gratings (ccHLPGs), as shown in Figure 9. The first-order OAM mode had a conversion efficiency of 94%, and the second-order (l = 2) OAM mode had an efficiency of 83%. When the twisting angle changed, the excited OAM modes also varied accordingly. Based on the oxyhydrogen flame method, Liu presented an all-fiber torsion-tunable orbital OAM mode generator [46]. To excite the 1-order and 3-order OAM modes, SMF and six-mode fiber (6MF) HLPFGs were utilized. The evolution of the mode field distributions and their interference patterns with the Gaussian beams with varying torsion angles are shown in Figure 10.




3.3. Chiral Twisted Microstructured Optical Fibers


Compared to traditional SMFs, twisted structures in the form of MOFs offer more choices and greater possibilities in the field of twisted fiber applications due to their versatile and flexible structure. In addition to enhanced mode selection, mode field control, and OAM mode generation [48,49,50], chiral twisted microstructured fiber (CTMOF) has also been found to have great potential in fields such as lasers [9], sensing [51,52,53], and transmission [54,55,56]. Here, we have summarized some applications, including chiral twisted photonic crystal fiber (CTPCF), chiral twisted hollow-core fiber (CTHCF), and chiral twisted multicore fiber (CTMCF), and found that microstructured fibers play a crucial role in improving the functionality of twisting.



3.3.1. Chiral Twisted Photonics Crystal Fibers


CTPCF exhibits peculiar optical phenomena due to its unique air channel [48,49,50,55,57]. Under the influence of the spiral lattice in the air-hole channel, the cladding light in the PCF is limited to following a helical channel. This causes a portion of the axial momentum to be transferred to the azimuthal direction, resulting in a discrete orbital angular momentum [10]. When the arrangement of air holes and the twisting angle change, the topological phase of the core light and the degree of matching with the cladding leaky mode in terms of phase undergo changes, leading to the emergence of peculiar optical characteristics [56,58].



In 2012, Wong proposed the stimulation of OAM resonances in a twisted PCF; the twisted structure is shown in Figure 11. They investigated the transmission spectra and mode field states of CTPCF, laying the foundation for further research on CTPCF. Since then, further research has been conducted on generating and manipulating OAM using CTPCF. The effect of symmetry on the coupling between the core and cladding modes in a twisted PCF was analyzed [59]. By conducting numerical simulations on CTPCF fibers, they analyzed the impact of the cladding mode distribution on coupling. To further study the interaction between the core and cladding, Maciej introduced an analytical model describing the scaling properties of the CTMOFs [25,60]. They related the conditions of this coupling model to the wavelength, hole pitch, number of air holes, and twisted pitch. As a result, large loss peaks can be seen at various wavelengths. According to the above research, the generation of high-order OAM with CTMOF has sparked interest among researchers. Li reported a high-order mode suppression effect that could result in dips in the transmission spectrum of a six-core twisted microstructured fiber [61]. Cui demonstrated a helically twisted pig-nose-shaped core PCF for high-order OAM generation, as shown in Figure 12. In this fiber, the supermodes in the inner core are coupled to high-order modes in the outer ring core, generating ring-shaped OAM modes at different wavelengths and numerous OAM modes with various twist rates.



Apart from the generation of OAM, the underlying mechanism behind this new effect warrants further investigation. In coreless PCF, a twisted periodic structure generates a helical channel, allowing the production of guided modes without any recognizable core structure [54]. The mode field diameter decreases, and the refractive index increases as the twist rate increases. A twisted coreless PCF with helical Bloch modes (HBMs) was discovered, with each member exhibiting a distinct transverse field distribution and harmonic spectrum [62]. It is feasible to create a variety of high-index HBMs by constructing different stackings of air-hole structures. In 2023, Zeng reported the sustained oscillation of optical vortices and acoustic modes in a Brillouin laser based on a chiral PCF, which robustly supports HBMs that convey circularly polarized optical vortices and display circular birefringence, as shown in Figure 13. It uses a narrow-linewidth Brillouin fiber laser to emit steady first- and second-order vortex-carrying HBMs.



Due to its special circular birefringence effect, CTPCF has become a good choice for fiber optic sensors. The feasibility of CTPCF as a current sensor was verified by determining the CTPCF structure with the maximum circular birefringence via numerical analysis [51]. Additionally, the performance of the sensor was enhanced by altering the shape and scale parameters. In order to develop high-sensitivity sensors, a fabrication method of a helical photonic crystal fiber (HPCF) and an inflated HPCF (IHPCF) using an inflation-assisted hydrogen–oxygen flame heating technique [52] was proposed by Fu. The modifications of the air holes before and after are illustrated in Figure 14. Increasing the size of the air holes can significantly enhance transverse-load sensitivity. Ramya discovered that torsion can improve sensitivity when a sensor is used for salinity testing [53].




3.3.2. Chiral Twisted Hollow-Core Fibers


Hollow-core fiber [63,64], as its transmission medium is air, utilizes the transmission mechanism of bandgap or anti-resonance, resulting in extremely low dispersion, loss, and other characteristics. At the same time, its distinctive cladding distribution structure enables it to play an important role in various fields, such as transmission [65], amplification [66,67], lasers [68], and sensing [69]. When introducing a twist into the hollow-core fiber (HCF) [58,59,60,61,62,63,64,65,66,67,68,69,70,71,72], it can maintain strong circular birefringence and stable circular polarization characteristics [26,73]. In addition, further exploration and research are warranted for its unique optical effects, such as the hybrid photonic bandgap effect [74] and the generation and preservation of OAM modes [27,75].



Strong circular dichroism is an important characteristic of CTHCF. Roth demonstrated strong circular dichroism of HE11-like core mode in a helically twisted hollow-core single-ring photonic crystal fiber [76]. The refractive index vs. the azimuthal mode order is shown in Figure 15. When twisted, the ring exhibits significant circular birefringence, and one circular polarization state is allowed to couple into the core mode. The modulation and preservation of the circular polarization states are equally important. Davtyan presented a novel technique based on a twisted HCPCF, which exhibits circular birefringence and can thus maintain a circular polarization state even in the presence of external perturbations [21]. The method based on CTHCF has the potential to be applied to the generation, modulation, and transmission of circularly polarized light from ultraviolet to mid-infrared wavelengths.



CTHCF can also cause mode conversion into OAM modes, making it possible to create OAM modes using a straightforward and controllable method [75]. Tu investigated the OAM mode generation method for a long-period one-fold chiral fiber grating (L-1-CFG) based on an ARF [27]. They demonstrated that a first-order OAM mode can be generated simply by inputting a Gaussian light. The process of mode evolution is illustrated in Figure 16. Additionally, an appropriate twisted pitch can suppress the fundamental mode and maintain the purity of the higher-order modes [21]. This also provides a feasible solution for selecting specific modes.



The high robustness of HCF is also a major advantage in its applications. Compared to conventional HCF, CTHCF exhibits greater extinction ratio interference peaks, making it suitable for sensing applications. Zheng proposed a helical HCF for bending sensing [77]. In Figure 17, due to the isolation provided by the air gap, the bending sensitivity reaches −9.066 nm/m−1 while being minimally affected by external temperatures. Davtyan demonstrated a gas-filled helical SR-PCF that provides a potential platform for optical vortex excitation, excellent Raman frequency conversion, and strong polarization preservation, as well as low-loss guidance [78].




3.3.3. Chiral Twisted Multicore Fibers


Due to their ability to support multiple guided channels, multicore fibers have attracted researchers’ interest in the fields of transmission [79], amplification [80], and sensing [81,82]. CTMCF exhibits enhanced coupling between the fiber cores due to its helical structure [83], and its axial non-uniformity makes it outperform ordinary MCF in sensing [35,84], modulation of OAM modes [22], and other aspects.



The torsion sensor is an important application of CTHCF. Ordinary MCF can be used for torsion testing; however, it is unable to identify the torsion direction. In torsion measurement, the pitch length of a pre-twisted MCF changes with different directions of torsion. Therefore, CTHCF not only provides sensitivity in torsion testing but also allows for the determination of its direction [23,85,86,87,88]. Zhang proposed a directional torsion sensor based on a Mach–Zehnder interferometer (MZI) created in twisted multicore fibers (MCF) [84]. The cross-section of the multicore fiber and the sensor structure is shown in Figure 18. In addition to achieving circular fiber asymmetry using this short helical structure, multiple interferences were also significantly enhanced. The distinct interferences induced by the coupling between the center core, outer core, and cladding mode were shown by both the simulation and experimental spectrum analysis. The suggested sensor’s maximum torsion sensitivity is −0.118 nm/(rad/m), with twist rates between −17.094 rad/m and −15.669 rad/m. A highly sensitive strain sensor based on a twisted seven-core fiber is demonstrated [28]. To create an in-line MZI, a twisted structure was introduced in an all-solid seven-core fiber, and the twisted fiber was then spliced between two lengths of the multimode fibers. Because of its helical structure, a maximum strain sensitivity of 61.8 pm/με was reached. It is approximately 56 times greater than that of normal multicore MZI fiber sensors.



To further enhance the sensing performance of CTMCF, researchers are attempting some mechanical treatments of the fiber. Tapered multicore fibers can further enhance the coupling between cores, making it a promising method for enhancing sensitivity. In 2023, a directional torsion sensor based on an MZI in a tapered twisted seven-core fiber was proposed [11]. As shown in Figure 19, they investigated the sensing characteristics under different taper waists and different twisting periods. With a helical structure, the sensitivity reached 2.253 nm/(rad/m) and −1.123 nm/(rad/m). Furthermore, when the waist diameter was 48 m, the torsion sensitivity was 5.391 nm/(rad/m) by reducing the taper waist and increasing the density of the helix. They also calibrated the sensor’s temperature properties, and the sensitivity was attained at 32 pm/°C, which means that the tapered CTMCF can eliminate the cross-sensitivity to temperature. Song also demonstrated this characteristic of CTMCF via experimental verification [89]. Xiang utilized the CO2 laser method to fabricate an LPG from a twisted MCF, which also demonstrated low-temperature cross-sensitivity [29].



Adding functional materials to the CTMCF can further explore its potential applications. Liu attempted to coat gelatin on the surface of a four-core fiber (FCF) and deposited a gold coating on the end [30]. A twisted FCF was fabricated under a continuous arc discharge. When the humidity of the external environment changes, the refractive index and volume of the gelatin film also change, resulting in a shift in the resonance dip of the interference signal. Other functionalities can be achieved by modifying the core material of CTMCF instead of coating functional materials on the surface. CTMCF has been demonstrated to generate OAM modes [22]. Li replaced the core of the twisted multicore PCF with Yb-doped material (YTMF), as shown in Figure 20, to achieve the amplification of OAM light [14]. The experimental results show that the Yb3+ doped twisted fiber can be used for amplification at 1064 nm. In addition, theoretical research indicates that the amplified modes in YTMF at 1064 nm can support nine OAM modes. The results indicate that combining doped materials with CTMCF enables the generation, amplification, and multiplexing of multiple beams of OAM light, thereby providing new insights for the establishment of next-generation communication systems.






4. Summary and Outlook of Functional Chiral Twisted Fibers


Chiral twisted optical fibers introduce unusual optical phenomena by incorporating a special twisted structure into the fibers. We summarized the representative studies of different types of twisted fibers as functional devices, as shown in Table 1. The twisted structure in SMF induces changes in birefringence, allowing the twisted fibers to exhibit similar behavior to that of fiber gratings. When combined with MOFs, they exhibit unexpectedly excellent results in the generation and selection of OAM beams due to their circular polarization properties. They also exhibit robust birefringence towards OAM beams, meaning that modes with different principal OAM orders have non-degenerate propagation constants. Particularly in hollow-core fibers, CTMOFs exhibit exceptional performance in mode filtering and selection, indicating their potential for stable OAM transmission. Furthermore, the transmission spectra of CTMOFs exhibit wavelength-dependent attenuation based on the twisting pitch, making them suitable for sensing applications. These changes not only enhance the extinction ratio but also demonstrate significant advantages in directional discrimination. The combination of CTMOFs with functional materials expands their application scope, including external coating materials and internal core-doping materials.



Currently, the exploration of chiral twisted fibers is still in its early stages. First, the axial stability of the fibers prepared from CTMOF is a concern. During the process of heating and twisting the fibers, it may experience disturbances from arcs or lasers, causing radial perturbations and bending, in addition to the formation of periodic refractive index distributions along the axial direction. This can lead to unnecessary interference and increased transmission losses. In addition, although CTMOF has shown great potential for generating and transmitting OAM beams, the current fabrication methods are unable to meet the requirements for long-distance transmission, thus calling for more mature processes. Moreover, due to its versatile and intricate structure, CTMOF enables the transmission of higher-order OAM beams, thereby increasing its capacity. However, the transmission losses of higher-order mode beams are significant, which affects their practical applications. Furthermore, research on CTOMOF doped with multiple rare earths is currently limited. The circular birefringence and dispersion control of CTMOF in nonlinear optics and fiber lasers offer both opportunities and challenges for new types of mode-locked lasers, filters, and amplifiers. In the near future, these applications may be realized and applied to real-life engineering.
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Figure 1. Illustration of twisted single-core fiber at different positions in the optical fiber. (a) The core is located at the axis of the fiber, forming an HLPG structure. (b) The core is away from the fiber axis, and the partially bent core mode is converted into cladding WGMs. 
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Figure 2. Schematic diagram of the twistedmicrostructured optical fiber, where the purple tubes represent the cores, and the dashed arrow indicates the direction of twisting. 
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Figure 3. Methods for fabricating a helical optical fiber. (a) Hydrogen–oxygen flame method [17]. (b) CO2 laser beam method [19]. (c) Automatic arc discharge technology [20]. 
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Figure 4. Spatial optical interference method for characterizing the twisted fiber [19]. (a) Common experimental setup for verifying OAM light. (b–e) The interference results of the OAM beams generated by twisted fiber. 
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Figure 5. The spectral analysis method used for characterizing the optical properties of twisted fiber [35]. 
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Figure 6. The change in the output polarization state with varying twist angles was observed for both erbium-doped fiber (a) and standard single-mode fiber (b), and it was characterized using Stokes parameters (S1, S2, S3) [39]. 
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Figure 7. The periodic variation of the core refractive index forms LPG, which results in two distinct interference dips appearing in the transmission spectrum. The interference of internal harmonics also generates small dips in certain sections, as indicated by the green arrows [44]. 
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Figure 8. Torsion and strain measurement by using a cascaded HLPG [42]. 
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Figure 9. Schematic of the ccHLPGs-based OAM generator [47]. 
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Figure 10. The evolution of mode field distributions and their interference patterns with the Gaussian beams with varying torsion angles [46]. 
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Figure 11. Helically twisted PCF and local axial and azimuthal refractive index components of the fundamental space-filling Bloch mode in twisted cladding [24]. 
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Figure 12. (a) Cross-section and sketch of the HPC-MOF. (b) The overall structure of the twisted HPC-MOF [12]. 
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Figure 13. Experimental setup of vortex Brillouin laser [9]. 
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Figure 14. SEM photos of the cross-sections of the obtained HPCF and IHPCF [52]. 
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Figure 15. Modal refractive index vs. azimuthal mode order for (a) untwisted and (b) twisted SR-PCFs in the first Brillouin zone. The allowed azimuthal mode orders are marked with circles and represented between the gray-dashed areas in the diagram [76]. 
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Figure 16. (a,d,g) Input modes, (b,e,h) output modes, and (c,f,i) interference patterns of CTHCF [27]. 
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Figure 17. (a) Cross-section of HCF. (b) Illustration of the twisted HCF. (c) HCF transmission spectra with and without twisted structures [77]. 
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Figure 18. (a) Cross-section image of the seven-core fiber. (b) Refractive index of the proposed fiber. (c) The diagram of the sensor structure prepared by twisting the seven-core fiber along the direction of the blue arrow [84]. 
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Figure 19. (a) Schematic of the tapered twisted fiber; (b) structure of the twisted fiber sensor structure; (c) cross-section of the MCF [11]. 
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Figure 20. (a) Cross-section diagram of the YTMF; (b) twisted machining diagram; (c) lateral view of the twist sample [14]. 
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Table 1. Comparison table of different types of optical fibers with twisted structures.
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	Fiber Type
	Fabrication
	Function
	Year
	Ref.





	SMF
	CO2 laser
	LPG and mode interference
	2019
	[44]



	SMF
	CO2 laser
	Torsion and strain sensor
	2020
	[42]



	SMF
	Hydrogen–oxygen flame
	OAM generator
	2022
	[46]



	PCF
	CO2 laser
	OAM resonances
	2012
	[24]



	PCF
	Hydrogen–oxygen flame
	Multiparameter sensor
	2019
	[52]



	PCF
	Theoretical research
	High-order OAM generation
	2021
	[12]



	PCF
	CO2 laser
	Vortex Brillouin laser
	2023
	[9]



	HCF
	During fiber drawing
	Strong circular dichroism
	2018
	[76]



	HCF
	Automatic arc discharge
	Bending sensor
	2020
	[77]



	HCF
	Automatic arc discharge
	OAM mode generation
	2023
	[27]



	MCF
	CO2 laser
	Torsion sensor
	2018
	[84]



	MCF
	CO2 laser
	OAM amplifier
	2020
	[14]



	MCF
	Automatic arc discharge
	Torsion sensor
	2023
	[11]
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