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Abstract

Optical fibers, long an enabling technology for telecommunications, are proving to play a central
role in a growing number of modern applications, starting from high speed broad band internet to
medical surgery and entering across the entire spectrum of scientific, military, industrial and
commercial applications. Specialty optical fibers either special waveguide structure or novel
material composition becomes heart of all fiber based advanced photonics devices and
components. This rapidly evolving field calls on the expertise and skills of a broad set of different
disciplines: materials science, ceramic engineering, optics, electrical engineering, physics, polymer
chemistry, and several others. This roadmap on specialty optical fibers addresses different
technologies and application areas. It is constituted by fourteen contributions authored by
world-leading experts, providing insight into the current state-of-the-art and the challenges their
respective fields face. Some articles address the area of multimode fibers, including the nonlinear
effects occurring in them. Several other articles are dedicated to doped, plastic, and soft-glass
fibers. Large mode area fibers, hollow-core fibers, and nanostructured fibers are also described in
different sections. The use of some of such fibers for optical amplification and to realize several
kinds of optical sources—including lasers, single photon sources and supercontinuum sources—is
described in some other sections. Different approaches to satisty applications at visible, infrared
and terahertz spectra regions are also discussed. Throughout the roadmap there is an attempt to
foresee and to suggest future directions in this particularly dynamic area of optical fiber technology.

© 2025 The Author(s). Published by IOP Publishing Ltd
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1. Nonlinear optics in multimode fibers (MMFs)

Mohd Rehan', Vishwatosh Mishra* and Shailendra Kumar Varshney’

! Engg. Mat. & Nanotech. Department, Mackgraphe, Mackenzie Presbyterian University, Sao
Paulo-01302907, Brazil

2 School of Science, National Institute of Technology Andhra Pradesh, Kolkata, India

3 FOQNP Group, Advance Photonics Lab, Department of E & ECE, Indian Institute of Technology
Kharagpur, Kharagpur, India

Status

The MMF-came in 1970s, surpassed by single-mode fiber (SMF), has drawn significant attention owing to
space division multiplexing applications, and have took over the stage for a wide range of applications in the
last few years [1]. MMFs are the excellent platform to implement the complex nonlinear phenomena due to
the multiple ways in which modes interact with each other, the large intensity accommodation, and the
ability to regulate the spectral, temporal, and spatial characteristics of ultra-short pulses. Among the three
types of MMFs namely step-index (SI), graded-index (GRIN), and multicore (MC) fibers (shown in

figure 1(A)), GRIN-MMF attracted much attention due to smaller intermodal dispersion [1]. The nonlinear
effects in MMFs mainly intermodal four-wave mixing, cascaded Raman scattering, four-wave mixing, and
cross-phase modulation are being exploited for applications like in supercontinuum generation (SCG),
multimode soliton propagation, beam shaping, nonlinear optical imaging, and spatio-temporal dynamics
[2-5]. Initially, SCG and nonlinear microscopy in MMFs were investigated, however, controlled
spatiotemporal phenomena in MMF took over, where spatial degrees of freedom (DOFs) in MMFs offered
rich applications like spatiotemporal mode-locking, femtosecond solitons, and Kerr beam self-cleaning [6,
7]. Major contribution in realizing nonlinearity in MMFs was put forward by Wright and co-workers in 2015
where femtosecond nonlinear optics in GRIN-MMF propelled curiosity among researchers and opened the
new avenues [8]. Parallel to this, there has been advancement in MMF pulse propagation throughout time. In
order to explain the propagation of pulses in MMFs with an intensity-dependent refractive index, Crosignani
et al proposed a set of coupled-mode nonlinear Schrédinger equations (NLSEs) in 1982 [9]. Poletti and
Horak described an enhanced variant of the multimode NLSEs (or MMGNLSEs) for MMFs in 2008 [10],
which included wavelength-dependent mode coupling, nonlinear coefficients, higher-order dispersion, Kerr
and Raman nonlinearities, and self-steepening effects. Following that, in 2012, Mafi provided a complete
analysis of the modal properties, dispersive behavior, and nonlinear mode coupling in GRIN MMFs [11]. An
improved version of the MM-GNLSEs was later created by Pedersen et al [12] that considers the dispersion of
the transverse field distributions. Khakimov et al provided a numerical technique to solve the MM-GNLSEs
in 2013 [13]. Wright ef al have suggested a parallel numerical solution strategy for the MM-GNLSE system,
which is freely accessible [14]. The well-known split-step Fourier technique may be used to solve the
MMGNLSE either in time domain or the frequency domain, with the frequency domain solution being more
effective and inexpensive in time [14, 15]. Few of the recently results are summarized to provide glimpses of
different nonlinear applications in figures 1(B)—(E). The beam profiles and modal decompositions are
displayed in figure 1(B) dictating beam-cleanup [2]. When the peak power exceeds 10 kW, the spatial profile
transforms into a high-intensity bell-shaped lobe with low-intensity background which is about equal in size
to the fundamental mode of the fiber. A typical example of SCG in GRIN MMFs utilizing femtosecond laser
pulses with peak power 1 MW is illustrated in figure 1(C) [3]. In figure 1(D), the principle of spatiotemporal
mode locking attractor in MMF lasers is shown using operators [4]. In figure 1(E), example of conical waves
in a SI MMEF is shown with full spatiotemporal power (over 3 decades), modal distribution of phase-matched
frequencies (red squares), and evolution of a realistic ultrashort (80 fs) conical waves [5].

Current and future challenges

Precise measurements of all relevant parameters and physical phenomena, such as the space and time
dependence of the refractive index distribution, supported modes, intermodal interactions, polarizations,
and so on, present a challenge to the nonlinear dynamics in MMFs. A further experimental challenge in
connection to beam self-cleaning effect is to characterize the modal contents of the light output from a
highly multimode nonlinear fiber based upon the M? parameter is not suitable for MMFs. A natural
extension of the experimental research in silica based GRIN MMFs, can be made to non-silica (e.g. tellurite
and chalcogenide) fibers to design high-power supercontinuum (SC) and ultrashort-spatiotemporal soliton
sources in mid-IR (MIR) (3-12 pm) [4, 5] which is a crucial spectral region for multiple applications.
However, these glasses are not compatible with traditional vapor deposition techniques, new fiber drawing
techniques are highly desired. Another big challenge is the computational complexity of the mode-resolved
coupled MMGNLSEs with cubic nonlinearity scales as M* [14], and the formulation becomes inefficient
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Figure 1. (A) Cross-sectional view of step-index (SI), graded-index (GRIN), and multicore (MC) fibers. Some recent results of
realization nonlinearity in MMFs for the applications like (B) self-beam cleaning, (C) supercontinuum generation, (D)
spatiotemporal mode-locking, and (E) canonical wave emission in MMFs [2-5]. (A) Reproduced from [2], with permission from
Springer Nature. (B) Reproduced from [3]. CC BY 4.0. (C) Reproduced from [4], with permission from Springer Nature. (D)
Reprinted figure with permission from [5], Copyright (2021) by the American Physical Society. We allow at most two figures (or 1
figure and 1 table) that are roughly the size of this box.

beyond M ~ 30 [16], even after utilizing the current computational efficiencies of GPUs; beyond this value
of M, a full (3 + 1)-D spatiotemporal GNLSE must be solved. Spatiotemporally localized higher-dimensional
solitons (also known as light bullets) are equally interesting objects that have piqued the curiosity of
researchers in recent years. The (3 4 1)-D GNLSE, on the other hand, is famously difficult to solve
analytically, and functional analytic techniques must be used to show the existence and uniqueness of light
bullets [16]. Another challenge is the existing inability to tailor the dispersion profiles of distinct modes
independently of one another. We highlight that if this is accomplished, we will have a great deal of freedom
in shaping the SC and four-wave mixing spectra of MMFs.

Advances in science and technology to meet challenges

To enhance single-mode (SM) light applications and to enable qualitatively new capabilities and uses,
systems that use richer, multimode coherent light are now becoming more popular. To characterize the
individual modal contributions to the output Kerr self-cleaned beam, a mode-decomposition technique
relying upon spatial-light-modulators has been recently experimentally established [17], further
advancement will be useful. As pointed out in the previous section, the conventional fiber-drawing
techniques impose big challenge to draw non-silica GRIN MMFs and we could find only one experimental
work in this direction which can lead to further development [18]. Well-controlled multimode photonics
necessitates photonic designs and control systems with many DOFs, such as high-resolution optoelectronics
or other reconfigurable substrates, which are now being met the requirements by the increasing accessibility
of computing power and high-resolution, high-performance optoelectronic interfaces, such as cameras,
displays, and spatial light modulators. In the ensuing decades, this pattern is most likely to persist. Although
it will take years for these multimode photonic technologies to become commercially viable, there is now a
strong economic incentive to create reconfigurable multimode photonics that are low-cost and
high-performing. There is experimental evidence of individual mode dispersion engineering to increase the
bandwidth of intermodal parametric nonlinearities in MMFs [19]. However, there is still a significant issue
in having independent control over the dispersion patterns of the distinct modes. Recent advances have been
made in understanding the theoretical foundation behind spatiotemporal solitons, the process of
spatiotemporal mode-locking [4], and beam cleaning effects.

Concluding remarks

MMFs are still a hot and promising active research area. Highly multimode nonlinear optical systems involve
significant technical and conceptual obstacles for understanding and design. But there is a solid foundation
for dealing with these problems thanks to developments in the knowledge of multimode linear systems, the
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creation of optical components with several DOFs, and improved processing power. We anticipate that
future photonics engineers will be able to develop nonlinear multimode instruments and devices in ways that
are currently difficult or unattainable with the use of these technologies. We believe that once the ultimate
aim of being able to independently modify the different modal characteristics is reached, innovative
nonlinear theoretical concepts and practical technologies will arise. MMF endoscope-based deployment, for
example, may benefit from laser-driven particle accelerators. Spatial-temporal mode locking may result in
on-demand ultrashort pulses with multi-gigawatt peak power levels. These pulses are useful in a variety of
scientific fields, including physics, chemistry, and biology because they offer novel techniques for
spectroscopy, metrology, and imaging. We anticipate that this new class of complicated nonlinear optical
devices will have a significant influence on optical research and will enable a wide variety of new
applications, considering the pace of technological and resource improvements.
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2. Hollow core optical fibers (HCFs)

Francesco Poletti
Optoelectronics Research Centre, University of Southampton, Southampton, United Kingdom

Status

Since the first experimental demonstration in 1999 of a flexible silica fiber capable of transmitting light in an
air-core [20], HCFs have made a very substantial progress and are now competing with more conventional
glass-core versions in many areas. In the last 20 years the attenuation coefficient of these air or vacuum
guiding fibers has been reduced by six orders of magnitude, from dB cm™! [20] to fractions of a dB km™!
[21], very close to fundamental limits of silica fibers at telecommunications wavelengths. Outside telecoms
wavelengths and throughout most of the near-IR spectrum, HCFs can now be produced with a lower loss
than it is fundamentally achievable in glass-core optical fibers [22]. The operational bandwidth where
air-guidance occurs can exceed one octave within a single antiresonant window, or considerably more in
fibers supporting multiple transmission windows, and the modal quality in HCFs (uncontrollably
few-moded at first) has also improved to the point that purely single mode fibers can now be produced [21].
All this progress has been captured in and fuelled by more than 5500 peer-reviewed publications to date
(source: Web of science, January 2023), covering design, fabrication and application aspects of HCFs. A total
of 500 of these have been published in 2022 alone. The total h-index of the field is well in excess of 100,
fuelled by the numerous high-impact publications that were made possible by the unusual and revolutionary
properties of these fibers. These include, amongst others: a lower loss than silica in the near infrared [22],
ultraviolet (UV) [23] and far infrared [24], the ability to maintain ultrahigh polarization purity [25], a very
low backscattering [26], the capability to support novel nonlinear effects in gases filling the core [27], an
ultra-high damage threshold [28], low nonlinearity [29], the possibility to guide particles [30] and a reduced
sensitivity to thermal variations [31]. Besides an ever-increasing interest from the scientific community, the
technology is also reaching a sufficient level of maturity to support commercial products in areas where the
fiber properties enable novel applications. These include the laser delivery of ultrashort laser pulses, the
efficient generation of UV light, the laser transmission at far infrared wavelengths and, very recently, also the
transmission of data with the lowest possible latency. From many points of view, the HCF technology has the
potential to become the go-to solution of choice for most applications requiring the waveguiding of light. For
this to happen though, in the next decade several challenges will need to be addressed (figure 2).

Current and future challenges

The first challenge will be to find innovative ways to keep extracting ever increasing performance from the
fibers. Differently from SM solid-core fiber versions that have reached performances close to fundamental
limits, in HCFs there appears to be still a considerable margin for further improvement. In the first decade of
the century, HCFs were predominantly exploiting photonic bandgap guidance (PBG) and had a very reduced
number of possible cladding topologies around the central core. In the last ten years though, the design space
has opened up with the advent of fibers that guided light exploiting antiresonances in the glass membranes
surrounding the core. Whilst some designs have emerged as superior to others, the search for ‘the ultimate’
design is still on. Any new design will need to be compatible with the constraints introduced by fluid-
dynamics during the fabrication process, e.g. the presence of surface tension and the need to counterbalance
it with active pressure. While this will somehow limit the available options, many new directions are still
possible. The next decade of research will indicate whether a single design dominating all application spaces
will emerge, or whether multiple ‘specialized” designs will be tailored to different applications. In the search
for the optimum performance, a special role might be played by the material of choice. Thanks to a very
small fraction of light overlapping with the solid core boundary (a few tens of parts per million), HCFs do
not strictly need to be surrounded by an ultra-transparent medium. This allows, for example, guidance at
wavelengths where the glass absorption is high, but it might also enable opportunities to explore alternative
glasses or materials, not necessarily the most transparent but offering other advantages.

Another challenge will be that of improving interconnection to solid fibers or to the same type of HCF,
and to engineer the integration between HCFs and active/passive optical components such as laser diodes or
optical integrated circuits. In both cases, the processes will need to evolve from hero demonstrations to
volume-scalable techniques.

As the fiber performance improves and the demand for fibers consequently increases, there will also be a
strong push to ramp-up production volumes to reduce the production cost and satisfy the market. HCFs are
currently mostly drawn in lengths from a few hundred meters to a few kilometers per preform on short
(5-10 m tall) draw towers. While this is sufficient to satisfy the current market, in which a short HCF tailored
for a niche application only supported by an air-cored waveguide can be sold at a thousand US dollars per
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Figure 2. Some of the most successful HCF designs experimentally studied to date, and the main research challenges that will
need to be tackled by the research community in the next decade for HCFs to truly become the best possible scientific and
commercial waveguide.

meter, for future uses requiring much longer lengths such as for data transmission, distributed sensing, oil
well laser drilling, the production cost will need to be reduced by several orders of magnitude. This will
require considerable resources and inventive steps and drive innovation for the years to come.

Advances in science and technology to meet challenges

After more than a decade of supremacy, photonic bandgap guiding HCFs have now been surpassed in almost
every performance metrics by the easier to fabricate antiresonance guiding fibers (see example cross sections
in figure 2). Antiresonant hollow core fibers offer, amongst other benefits, lower loss at all wavelengths,
improved suppression of high order modes and lower overlap of the optical field with the glass. Amongst the
many tens of antiresonant HCF designs, those based on nested or double-nested nodeless types have
emerged as those offering arguably the best all-round optical performance [21, 32]. It is however not clear
what the future of this technology will look like. Active research is currently being performed worldwide in
search of the next generation of HCFs, and tens of designs are proposed ever year. Only time will tell whether
new designs with improved performance will be identified, what their ultimate loss will be, and whether
these will be discovered by a human inventor or by machine learning assisted design approaches, of which an
increasing number is being proposed.

Besides the fiber design, there is a need to explore alternative ways to produce HCFs, and in particular the
primary preform from which these are drawn. Additive or subtractive manufacturing techniques might offer
enhanced flexibility in the achievable structure and topology over what is currently possible with the stacking
of cylindrical tubes.

The material of choice for HCFs nowadays tends to be chlorinated synthetic fused silica (most typically
F300 from Heraeus). This is an outstanding glass developed for the telecoms industry and adopted by the
microstructured/hollow core fiber community due to its broad availability. It is not however necessarily the
optimum glass for HCFs. For example, chlorine out diffusion causes ammonium chloride formation that
contaminates open-ended HCFs. As the industry grows, future work will be needed to develop custom
glasses optimized for the HCF needs.

MIR laser delivery and gas sensing beyond wavelengths of ~4.5 pm will also benefit from the use of
alternative glasses, with lower phonon energy than silica. Although there have been some demonstrations of
non-silica based HCFs already [33], a considerable amount of research is still needed to finesse the
MIR-guiding fibers further and fulfill the potential of the technology in this application-rich spectral band.

At the other end of the spectrum, an increasing number of applications driven by quantum computer
and biomedical research would require fibers guiding in the UV and visible range. Here, HCFs have already
proved advantageous over solid-core versions (for example in terms of loss and immunity from
solarization/photodarkening [23]), but more work will be needed to consolidate the technology, as well as to
establish and reach its fundamental limits. New or adapted fabrication approaches might also be required for
the required thin membrane/small core fibers.

Another area in need of focused research is that of polarization maintaining/single polarization fibers.
HCFs have already shown the capability to maintain exceptional polarization purity when the fibers are
stationary, way beyond what standard fibers can offer [25]. Achieving true polarization maintaining

7



10P Publishing

J. Phys. Photonics 7 (2025) 012501 M F S Ferreira et al

capability is however more challenging. Interesting designs have already emerged [34] but further
improvements seem possible.

Interesting opportunities in laser delivery, sensing and datacoms will also stimulate further research in
the relatively little-explored field of HCFs that guide (controllably) more modes than just the fundamental
one. Here, a handful of initial studies suggest the potential for breakthroughs [35], but a lot more work is
certainly needed.

Fiber post-processing, either by changing the differential gas pressures inside the fibers [36] or by
spinning them during the draw [37] can offer ways to improve the HCF performance beyond that of the
conventional design. Other postprocessing methods might emerge in the next few years.

Finally, although most HCF properties have been studied in depth and now well understood [38], a few
relatively unexplored areas still exist, like for example the acoustic pickup of HCFs or the impact of guided
acoustic-wave Brillouin scattering, where focused/additional studies are needed.

Concluding remarks

Visionary works at the beginning of the century had forecasted a luminous future for the HCF technology. It
has taken the international research community over two decades to solve various technological issues in the
way of such a vision, but twenty-five years after the first demonstrated HCEF, the future looks brighter than
ever for the technology. Modeling indicates that with further improvements HCFs have the potential to
outperform solid core fibers in almost every performance metrics. For this vision to realize, and for a
significant market adoption and impact on society, the research community will need to tackle and solve the
numerous research challenges discussed in this section.
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3. Chalcogenide photonic crystal fibers (PCFs)

Nguyen Phuoc Trung Hoa
University of Science, Vietnam National University, Ho Chi Minh City, Vietnam

Status

Chalcogenide PCFs have gained significant attention in recent years due to their unique properties, i.e. broad
optical transparency, high nonlinearity, and versatility in fiber structure design. These properties make
chalcogenide PCFs ideal for a wide range of applications, including optical sensing, spectroscopy,
telecommunications, biomedical imaging, and laser systems. The chalcogenide glasses are usually composed
of the chalcogen elements Se, S, Te with the elements As, Ge, Sb and without the element O. These glasses
exhibit a wide transmission in the MIR, high refractive indices and large nonlinear coefficients which make
them highly suitable for nonlinear applications.

Recent advances in chalcogenide PCF research include the optimization of the transverse fiber structures
to tune their properties such as chromatic dispersion, nonlinearity and optical loss. Besides, the investigation
of new applications for these fibers is also of great interest.

SCG, especially MIR SCG, is one important application of the chalcogenide PCFs. The MIR region
(2-20 pm) is unique in its ability to provide molecular fingerprints for various organic and inorganic
compounds. Researchers use chalcogenide PCFs for generating ultra-broadband and coherent SC in the MIR
for applications such as optical sensing, medical diagnostics and spectroscopy. For broadband SCG, the PCFs
are commonly tailored such that the zero dispersion wavelengths of the fibers are close to the pump
wavelengths [39, 40]. For coherent SCG, the all-normal dispersion PCFs are usually employed [41].

Another area of active research is the fabrication of chalcogenide PCFs with large birefringence. Large
birefringent optical fibers are required in polarization-dependent applications, especially when the
chalcogenide PCFs are combined with integrated optical devices. By breaking the symmetry in PCFs
structures, a birefringence as large as 1073 has been reported [42, 43].

Because of their immense potential, chalcogenide PCF research is very active. The development of new
fiber designs and exploration of new applications are the driving force for this research area.

Current and future challenges

One of the major challenges in chalcogenide PCF research is the development of reliable fabrication methods
for commercialization of chalcogenide PCFs. Although fabrication of special structure chalcogenide PCFs
has been successfully carried out with traditional methods such as stack-and-draw [44, 45], or molding
method [42], those processes are time-consuming and not well-suited for large-scale production. Such
drawbacks limit the commercialization of chalcogenide PCFs. Future research would focus on the realization
of more efficient and cost-effective fabrication methods.

Moreover, the low damage threshold power of most chalcogenide glasses has limited their applications
from handling high optical power transmission. Using large mode area (LMA) PCFs or hollow core PCFs
could be a solution for this problem [45, 46]. Besides, ongoing research would also engineer the
compositions of chalcogenide glasses to obtain better optical properties.

Another challenge is to integrate chalcogenide PCFs into devices for practical applications. It is always
tricky to couple the light into and out of an optical fiber. Even coupling the light between two different
optical fibers is not an easy task without significant power loss. There has been suggestion of some
techniques for splicing fluorotellurite and chalcogenide fibers [47] or silica and chalcogenide fibers [48] and
has shown significant improvement in transmission efficiency. However, the techniques themself are not
suitable for large-scale usage. Moreover, in practical devices, connecting the fiber to other optical
components whose optical mode areas are quite different from that of the fiber is much more challenging.
Future directions could include the development of new and more efficient coupling methods, as well as the
integration of chalcogenide PCFs into micro- and nanoscale photonic devices.

Advances in science and technology to meet challenges
Recent advance in material research has put a step forward in realization of all-fiber laser system employing
chalcogenide PCFs. Rare earth ions such as Dr>* or Pr’* have been doped into chalcogenide glasses and the
glasses have shown strong emission around the wavelengths of 4-6 um [49, 50]. Together with its versatility
in controlling the fiber chromatic dispersion, PCFs employing such materials will be potential as lasing or
amplifying media in MIR laser systems. This is especially precious as MIR lasers are quite immature
compared to their counterparts in the near-infrared region.

All-solid chalcogenide PCFs are good alternatives to air-hole PCFs [46]. Controlling the preform and rod
sizes with all-solid PCFs is much more straightforward than controlling the air pressure with air-hole PCFs
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Figure 3. Cross-sections of alternatives to air-hole chalcogenide PCFs: air-hole chalcogenide PCF (top), all-solid chalcogenide
PCF (middle) and all-solid hybrid microstructure chalcogenide fiber (bottom).

during fiber drawing. Moreover, the suggestion of all-solid hybrid microstructured chalcogenide fibers has
brought a new family of fibers with great controllability of chromatic dispersion and feasibility in fabrication
[51, 52]. The all-solid hybrid microstructured fiber consists of a central core with a high refractive index and
surrounding rods with a low refractive index embedded in a cladding (figure 3). Thus, three chalcogenide
glasses with enough contrast in refractive indices and a good compatibility in thermal properties are
employed. Flattened chromatic dispersion with small values of 0 &= 0.4 ps km~! nm ™! over a wavelength
range from 6.0 to 13.2 um could be obtained with this family of fibers [51]. Furthermore, by breaking the
symmetry of the surrounding rods around the core, high birefringence of 4.5 x 10~* could also be obtained
[52]. Such fibers have been applied in MIR SCG with broad bandwidth and high coherence. The use of
all-solid chalcogenide PCFs not only eases the fabrication process but also brings more applicability if we
need to connect the fibers with other optical components. Cleaving and splicing all-solid fibers are much
simpler than with air-hole fibers. Even when we need tapering for mode-matching, the all-solid fiber
structure would not be collapsed.

To address the challenge of device integration, especially to increase the coupling efficiency, the advances
of nanotechnology and fiber-to-chip technology can provide the solutions. By depositing a chalcogenide thin
film of a few hundred nanometers inside the air holes of a PCF, the transmission property of the fiber can be
tuned with the light intensity [53]. A modified fiber end of a chalcogenide PCF using nanoimprinting
technique acts as an effective anti-reflection layer and helps to increase the transmission by 27.9% [54].
Direct laser writing has enabled a fiber-to-chip coupler with a wide transmission spectrum [55]. The coupler
is contact-free and does not require near-adiabatic tapering of the fiber. These advances will help
commercialization of chalcogenide PCFs in the near future.

Concluding remarks

Chalcogenide PCFs are potential for various applications from sensing to laser systems. However, there are
some technical and commercial challenges needed to be overcome to realize their potentials. With the
increasing demand for high-performance, high-sensitivity optical systems, the research of chalcogenide PCFs
is expected to continue to develop.
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Nanostructured optical fibers (NOFs) with nanostructured core and cladding show the advantage of
tailorable dispersion, high strength, efficient fabrication, and protective tube-shaped cladding [56, 57]. The
nano-structurization of soft-glass optical fiber opens up plenty of avenues for functional optical components
and devices owing to the outstanding properties of the nanostructures and the nanostructured materials
[58-60]. Soft glass is defined as a class of glass with a lower working temperature than soda-lime-silica glass
melts [61]. The distinctive features of soft-glass include the prolonged UV and MIR transmission window,
low phonon energy, high nonlinear refractive indices, moderate processing temperature, high rare-earth
(RE) solubility, and protection from UV-induced damage [62—64].

The fabrication of optical fiber can be classified by a one-step approach and a two-step approach based
on the preparation procedure (figure 4). The one-step approach was often utilized to produce optical fiber
preforms before the 1980s. However, the yield of the one-step approach is relatively low due to the
limitations of the technology and equipment. After the 1980s, the two-step approach was most frequently
adopted for the production of preform, that is, the core rod of the preform is manufactured first and then the
outer cladding. Techniques for preform preparation include vapor deposition, plasma spraying, sol-gel, and
rod-in-tube methods. The current optical fiber fabrication techniques and different optical fibers are
summarized in table 1.

To date, soft-glass NOFs have shown tremendous promise as innovative waveguides for lasers,
photochemistry, and nonlinear wavelength conversion applications [59, 60, 65]. Glass-ceramic (GC) fibers
and quantum dot (QD) fibers are two typical NOFs, which show potential applications in tunable fiber lasers
and broadband fiber amplifiers [65, 66]. GC fibers can be fabricated by the double-crucible method,
rod-in-tube method, and melt-in-tube (MIT) method. QD fibers can be prepared by the hollow fiber filling
method and MIT method. PCF allows light to be controlled in a periodic array of small air holes or solid
cores, which can be fabricated by including but not limited to stack-and-draw, extrusion, pressure-assisted
melt filling (PAMF), drilling, and 3D printing [67—70]. Further advances in the fabrication techniques of
NOFs will accelerate the development of versatile devices in the fields of optoelectronics, quantum optics,
biomedical science, etc.

Current and future challenges

The fabrication of soft-glass NOFs is facing two major challenges: (1) the rapid variations in viscosity with
temperature, possible devitrification, and distortion during multiple reheating steps; (2) GC fibers and QD
fibers face inherent difficulties such as core/cladding mismatch, irregular interface, and element diffusion.
Glass formation is an anti-crystallization kinetic process. It requires a sufficiently high viscosity at
crystallization temperature to prevent nucleation and crystal growth. At a constant temperature, melt
viscosity is determined by structural chemistry (e.g. single-band energy, field strength, electronegativity, and
space occupancy) [71]. The relationship between critical cooling rate and melt viscosity at the melting point
is inversely functional during the glass formation. The softening temperatures of GC fibers and QD fibers are
usually higher than the peak crystallization temperature. Crystals in the fiber core grow fast because the
crystallization barrier of glass components is low enough at the softening temperature. As a result, the sizes
of the crystals in the fiber core are big enough so that high-transmission and low-loss optical fibers are
difficult to achieve. Although GC has the advantages of enhanced luminescence and efficiency in bulk glass,
the net gain, laser output power, and slope efficiency of GC fibers are still lower than those of state-of-the-art
fiber lasers [72]. Similarly, QD fibers have advantages in terms of tunable emission and optical amplification
(OA) characteristics, but their gain is still much smaller than that of RE-doped fiber [73]. The limiting issues
of the stack-and-draw method for preparing PCF preforms are relatively high fiber loss, time-consuming,
labor-intensive, and mostly limited to circular holes placed in a hexagonal lattice [74]. Moreover, the
fabrication of PCFs containing nano-inclusions is more challenging than that of micron-scale devices due to
the small tolerance of temperature and pressure variations during the fiber drawing and the higher
probability of formation of defects caused by the non-uniformity of the preform [75].
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Table 1. Comparison of various fiber preparation technologies.

Preparation
Step Chemical theory  methods Advantages Disadvantages Typical applications
One-step  Melting Double-crucible High-efficient, High requirement of ~ Fluoride fiber,
approach low-loss, avoid the the fiber drawing chalcogenide fiber,
drilling process, tower, difficulty in silicate fiber, GC fiber
one-step heating stirring the melt and
removing the
impurity
Two-step  Vapor deposition MCVD Low-loss, simplicity, Only suitable for glass Silica fiber
approach multifunction, mass  with a simple
production composition
Non-vapor Rod-in-tube Easy operation, wide High fiber loss, Most glass fibers
applicability time-consuming,
difficult for mass
production
Suction/Build-in  Efficient, save Only suitable for glass Soft optical glass with

casting/
Extrusion

Stack-and-draw
Pressure-assisted

melt-filling

Melt-in-tube

materials, easy to
design the fiber
structure

Easy to design the
fiber structure
High-efficient, save
the materials

Avoid crystallization

with low melting
temperature, difficult
to determine the
preparation

High fiber loss

Limited fiber length,
mainly for the core
with low melting
temperature

High fiber loss,
requires a unique
glass composition

lower viscosity

Microstructural fiber

Hybrid fiber, the fiber
core is toxic

GC fiber, QD fiber,
Bi-doped fiber

Advances in science and technology to meet challenges
The selection of soft-glass for the fabrication of NOFs is based on the consideration of both thermal stability
and high infrared transparency. To improve the performance of NOFs, one should take the structural
chemistry of glass melt, and the relationship of the viscosity-cooling rate during the fiber preparation and
post-process treatment into account may open doors to significant advances [59, 71]. From the
viscosity-temperature curve, the operating temperature range can be found, which helps to determine
whether the preform can easily be drawn into a transparent fiber. As shown in figure 5(a), the desired
viscosity ranges of the preform extrusion and fiber drawing are between 4—6 Pa-s and 7-9 Pa-s, respectively.
Considering that glass viscosity and cooling rate are closely related, we proposed a viscosity/cooling rate
approach to understanding the structural characteristics and physical properties of glass, glass formation,
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Figure 5. (a) Relationship of viscosity-temperature for several typical glasses. (b) Glass formation concerning the viscosity and
cooling rate. (c) Schematic diagram of glass formation based on the viscosity and the single-band energy, field strength,
electronegativity, and space occupancy.

and glass transition (see figure 5(b)). The factors that predominantly determine the viscosity are plotted in
figure 5(c), including the chemical bonds, structure, and eutectic point in the glass.

Another way to address the future development challenges of soft-glass NOFs is to precisely match the
compositions of the core and cladding and to strictly control the sizes and distribution of nanocrystals
during the fabrication of GC fibers and QD fibers. The preparation techniques need to be further optimized
to reduce the defect state and the loss of the optical fiber. For instance, the interior surface of the cladding
glass can be coated to minimize reactions between the cladding glass and the molten core during the molten
core fiber formation [76]. Femtosecond laser processing is a promising technique to write on-demand
nanocrystals and QDs inside the core of the fiber for the preparation of GC fibers and QD fibers, respectively
[77]. The advanced methods developed for multi-material fibers can also be used as a reference to meet the
demand for the preparation of NOFs in the future. The availability of better prominence, low loss in the MIR
region, and high-strength soft-glass NOF fibers will undoubtedly empower innovative applications in
amplifiers, lasers, sensors, and photonics devices.

Further application improvements of the NOFs can be done by providing higher bandwidth,
transmission capacities for longer distances, and introducing devices with a lower cost. The combination of
two-dimensional materials with specialized NOFs enables wide applications in the fields of nonlinear
photonics, medical instruments, and quantum technology that require low power consumption, device
miniaturization, and broadband operating range [78]. Modern techniques such as layer-by-layer deposition
used for the modification of the fiber structure may produce an enhanced detection sensitivity, as well as the
surface functionalization processes used for selective adsorption of target molecules [79]. The combination
of microfluidics and the self-assembled monolayer method enables precise control of the spectral
characteristics of the functionalized NOFs [80].

Concluding remarks

This roadmap aims to elucidate the challenges and opportunities of the soft-glass NOFs in their fabrication
and application. The fabrication of soft-glass NOFs remains challenging due to the rapid variations in
viscosity with temperature, possible devitrification, and distortion during multiple reheating steps. Various
techniques have been developed for the fabrication of soft-glass NOFs, including but not limited to the MIT
approach for the GC and QD fibers, the modified stack-and-draw and extrusion techniques for soft-glass
PCFs with solid-core and hollow-core, and the PAMF method for hybrid fibers with soft-glass core and silica
cladding. Advancements in functionalized NOF-based devices will greatly expand and increase their
potential applications in sensing, biomedicine, and nonlinear optics.
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POF is a type of plastic fiber comprising a polymer light-guiding core layer and an outer cladding layer [81].
The initial development of step index (SI) POF with polymethyl methacrylate (PMMA) as the core material
by DuPont in the 1960s resulted in a transmission loss of up to 1000 dB km~!. However, Mitsubishi
Corporation’s utilization of a high-purity MMA monomer in 1980 reduced the transmission loss to

200 dB km™!. The predominant loss mechanism for POFs is Rayleigh scattering, which is influenced by the
molecular size of the fiber material to the power of 6. Consequently, POFs inherently exhibit higher
transmission losses than silicon fibers. A critical criterion for selecting POF core materials is their low
transmission loss.

POFs can be classified into SM and multi-mode POFs, graded index and SI POFs [82], passive and gain
material [83, 84] doped POFs, and microstructured POFs [85] based on different standards. The fabrication
process for SI POFs generally involves preform stretching, coating, and co-extrusion methods [86], with the
commercial production process predominantly favoring co-extrusion. While the preform stretching method
is commonly employed in laboratory settings for pulling POF [87], these light-guiding plastics are
characterized by their low cost, flexibility, ease of processing, and excellent biocompatibility. SM POFs, for
instance, have found applications in the biomedical industry for ultrasound detection and investigating the
mechanical properties of bone cement. Moreover, mPOFs enable selective or localized detection of
antibodies, as the sensor layer of the biomolecule can be immobilized in the air pores of the mPOF [88].

The successful development of PMMA POF, along with the rapid progress made in polystyrene POF and
polycarbonate POF, has been facilitated by the maturity of PMMA synthesis technology. Additionally, the use
of fluorinated polymer materials has enhanced the mechanical and chemical properties of POFs while
effectively reducing transmission loss. Furthermore, novel polymer materials tailored for specific scenarios
have broadened the application potential of POFs, particularly in areas such as optical communication and
data transmissions in automobiles, including audio control, road sign indication, and driving system control.

Undoubtedly, the most significant growth area for POF lies in short-haul, high-speed data transmission.
The demand for increased bandwidth is evident in the automotive industry, consumer electronics, and
various applications like fiber-to-the-home (FT'TH), fiber-to-the-room, and fiber-to-the-desk (FTTD). The
adoption of FT'TD technology, where optical fiber replaces traditional copper wires to connect computer
terminals, represents the realization of a true ‘all-optical network’. In these applications, fiber connectivity
and ease of installation are crucial and cost-effective considerations. POFs are also utilized as data lines in
office and residential networks within local area networks (LANSs).

Current and future challenges

Compared to silica, which exhibits a loss of 0.15 dB km ™! at 1550 nm, the main drawback of polymer optical
fibers (POFs) is their significantly higher transmission loss, ranging from 100 to 1000 times that of silica.
Efforts have been made to mitigate this issue, such as the use of deuterated polymers like PMMA-d8, which
can reduce attenuation to approximately 10 dB km™~'. However, the production cost of deuterated
monomers is prohibitively expensive, and they also tend to increase water absorption. Consequently, POFs
are generally unsuitable for long-distance optical signal transmission, but are commonly employed in
short-distance optical communication over distances of up to a hundred meters. Therefore, extensive
research in POFs focuses on reducing transmission losses and increasing transmission bandwidth.

FTTH networks represent the optimal solution for broadband access. However, telecom operators
recognize that meeting the substantial demand for data output necessitates fast data transfer rates across the
network. Hence, it is crucial to minimize transmission losses in polymer fibers. The introduction of fluorine
atoms in PMMA can decrease the inherent loss of POF by reducing the content of C-H bonds in the polymer.

Another limitation of POFs pertains to their poor heat resistance. In applications with high ambient
temperatures, such as aerospace or manufacturing industries, the use of POFs can lead to significant issues,
including accelerated signal degradation and extensive aging. The glass transition temperatures (Tg) of the
POF core and cladding materials serve as critical indicators of the heat resistance of POFs. When the
environmental temperature exceeds the glass transition temperature, the inherent and non-inherent losses in
POF transmission increase. Therefore, the development of a polymer material with a higher Tg is essential to
construct heat-resistant POFs [89]. Furthermore, this material must meet the same standards as POF
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Figure 6. Special POFs. (a) Scintillating POF. (b) Gain material doped POEF. (c) Liquid core POF filled with perovskite material.
(d) Nonlinear material doped POE.

materials, including high transparency, a higher glass transition temperature, and preferably amorphous
characteristics.

A third noteworthy limitation is the POFs’ tendency to absorb water. Water absorption not only affects
the expansion and contraction of POFs but also leads to significant performance degradation. The
absorption of photon energy by the polymer is greatly influenced by the vibrations of absorbed water
molecules. A substantial portion of the photon energy is converted into molecular vibrations. The resonance
wavelength of the O—H bond in water molecules is even closer to the visible wavelength range. To minimize
attenuation, it is crucial to operate at wavelengths far from these resonances. The effect of water molecule
vibrations can be controlled by material selection or the replacement of specific elements with different
weights. Waterproofing measures are employed throughout the fabrication of POFs. Proper drying
procedures must be implemented to remove water present in the polymer particles used to fabricate the
preform. Failure to do so may result in the release of trapped water as bubbles during fiber stretching, leading
to significant transmission losses and quality defects. Certain polymers, such as TOPAS, exhibit high
tolerance against humidity. This class of cyclic olefin copolymer (COC) comprises amorphous, transparent,
and thermoplastic polymers, with properties varying depending on the substituents. Additionally, specific
materials like N-aryl-substituted methylacrylamide demonstrate good water resistance, and the softening
point temperature of a 10% n-phenyl methylacrylamide and MMA copolymer can reach 154 °C [88, 90].

Advances in science and technology to meet challenges

Scintillation POF (SPF) was developed in the early 1980s. The SPF is a functional component with both ray
detection and optical signal transmission functions. Figure 6 shows some special POFs fabricated by our
team. Figure 6(a) shows a SPF doped with RE material Eu(TTA)3(TPPO)2, emitting pink light under UV
light. Scintillation fibers have a wide range of applications in the detection of high-energy particles such as
long-range scintillation detection and high-resolution imaging. However, current commercial scintillation
fibers are based on organic scintillators (mainly organic dyes such as 2,5-diphenoxazole) as the core material
to achieve scintillation detection, which generally has the disadvantages of low light yield and poor detection
sensitivity, so there is an urgent need to explore the fabrication of new types of scintillation fibers. We
introduced the europium complex into the fiber core and produced europium complex-based PSF (Eu-PSF)
with excellent scintillation detection performance. Eu-PSF has excellent performances in high luminescence,
low-dose-rate x-ray detection, high radiation stability, and long-range and high-resolution x-ray imaging. At
the same time, Eu-PSF has good light transmission and can realize long-distance detection.

And figure 6(c) shows a liquid core SPF filled with perovskite material CsPbBrs3, which emits green light
under a UV lamp. Because the fiber absorbs short-wave energy (such as UV or gamma rays) and emits at
longer wavelengths, it is sometimes referred to as a wavelength shifter. Perovskite scintillators have attracted
extensive attention because of their demonstrated exciting performance and significant applications in
high-energy particle detection. Such perovskite POFs also exhibit excellent flexibility: they can be easily
recovered after 90° bending and their x-ray imaging properties are almost unaffected by bending. POFs
based on halide perovskite has many obvious advantages, such as high optical absorption coefficient, large
carrier mobility, and simple synthesis method, which can be used as a high-resolution detector for medical
imaging, or low bit error rate fiber communication.
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Figure 7. Major research challenges to be addressed by the research community in the field of POF over the next decade.

Another novel type of POF is the nonlinear POE. Dipolar materials are doped into the core of nonlinear
POF, including nitroamine, aniline, styrene, etc [91]. These materials contain non-deterministic 7-electron
conjugation structures, which have strong nonlinear optical effects. Figure 6(d) shows the nonlinear POF
doped with Au nanoclusters, which can be used to study the second and third order nonlinear effects. This
kind of nonlinear POF can make electro-optical and nonlinear optical devices.

In addition, POFs doped with gain material PM597 as shown in figure 6(b) have unique advantages in
random laser (RL) [92-98]. Compared with conventional lasers requiring a cavity formed by stationary
mirrors, RLs only rely on an active medium and a scattering medium, in which an optical feedback is realized
by multiple scattering. High threshold and non-directionality are its main disadvantages. On the one hand,
to overcome those drawbacks, optical fibers are applied to obtain fiber RLs (FRLs). The two-dimensional
confinement of such waveguide geometry allows the combination of multiple scattering and total reflection,
which leads to a low threshold RL, certain directionality, and integration simplicity. On the other hand,
among all the realized RLs systems, polymers bring together various kinds of gain materials and scattering
structures. There are many different types of materials that can be doped into polymers, which provide
abundant methods for the regulation of RLs. Accordingly, polymer optical FRLs (PFRLs) were first proposed
by us in the last 10 years. Considering the excellent elasticity and transparency of POFS, PFRLs property will
be of great significance to biomedical applications.

Concluding remarks

The future demand for POFs in industry and academia is influenced by several crucial factors. Firstly, the
rapid development of digitalization and information technology has created a growing need for high-speed
communications. POFs exhibit low loss and high bandwidth in the visible light band, making them suitable
for data center interconnects, LANs, and metropolitan area networks. Secondly, their exceptional
biocompatibility and flexibility make them highly suitable for medical devices used in optical imaging and
laser therapy. Lastly, there is an increasing demand for POFs in optical sensing applications such as
temperature, pressure, strain measurement, and environmental monitoring.

Several technical challenges hinder the development of POF applications. Firstly, the performance of
these fibers, including their loss and dispersion characteristics, needs improvement to meet communication
demands. Secondly, the complex manufacturing process results in high production costs, requiring the
development of more efficient techniques. Additionally, ongoing standardization and formalization play a
critical role in facilitating widespread adoption. Lastly, integrating POFs with other devices requires
addressing compatibility and stability issues. Overcoming technical challenges in materials, processes,
standardization, and device integration is the key to realizing their extensive applications across various
fields, as depicted in figure 7.
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The development of LMA fiber technology has been driven by the highly demanded applications of
generating or delivering multi-kW continuous wave (CW) laser or mJ-level pulsed laser with high beam
quality. Figure 8 summarizes the maximum resistable peak power density of silica, fluoride, tellurite, and
chalcogenide glasses, under irradiation of pulsed laser with various pulse durations [99-106]. To avoid (i)
fiber failure under high power density (e.g. damage threshold of >1.5 GW cm™? for silica under CW laser
irradiation [99]) and (ii) laser degradation in spatial, frequency, or time domain due to nonlinear effects.
Specifically, the dominant nonlinear optical limitations in high-power fiber laser include stimulated Raman
scattering (SRS), stimulated Brillouin scattering, and transverse mode instability, etc, which degrade the
beam quality and limit laser output power [107]. LMA fiber technology is straightforward to solve these
issues arising from the power density in the power scaling. The strategy of LMA fiber technology requires
precisely controlling the index difference between core and cladding at an extremely low level for suppressing
higher-order modes. For example, when the MFD of LPy; mode increases from 10 pm to 100 pm, the
required fiber numerical aperture (NA) decreases from 0.15 down to 0.015, to ensure single mode operation.
Correspondingly, the core/cladding index differential (A = figore — f1aq) should be below 107,

The state-of-the-art vapor deposition techniques for fabricating silica preforms can precisely control the
core/cladding index differential within the range of 107°~10~*. Therefore, such methods can provide single
mode fiber with controllable core diameter <45 pm (i.e. NA of 0.04 4+ 0.01) for 1 um fiber lasers. To obtain a
SM ultra-large-mode-area (ULMA) fiber with MFD > 50 pm, it requires a core/clad index difference <10~*
and ULMA PCF technology [108] is required. ULMA PCF technology has been successful in developing
high-power/high-energy silica fiber lasers with near-diffraction-limited beam quality. So-far, the recorded
largest MFD is 135 pm in active silica PCFs and 205 pm in passive silica PCFs, respectively [109, 110]. In the
former case, ns laser with 26 m] pulse energy [109] and fs laser with 3.8 GW peak power [111] have been
demonstrated, respectively.

In addition, novel active all-solid bandgap ULMA fiber laser has been also demonstrated [112].In a
traditional index-guided PCEF, air or low-index-glass is filled in the holey microstructured cladding
composed of high-index background material. In an all-solid bandgap fiber, instead, high-index glass is filled
inside the periodically arranged microstructured holes and photonic bandgaps is therefore built at the
desired wavelengths. By carefully designing the microstructure arrangement, higher-order modes can be
effectively suppressed and SM laser can be realized. In addition, ASE and SRS can also be highly suppressed
under high power level with the assistance of the designed photonic bandgaps. Near 1 kW CW laser has been
demonstrated in an Yb-doped silica all-solid bandgap fiber with a core diameter of 60 pm, with a
near-diffraction-limited-beam quality M? of ~1.3. It is the so-far recorded highest SM CW laser power from
active ULMA PCFs.

Current and future challenges

The challenges of ULMA fiber technique include two aspects: (i) the limitation of material homogeneity
(i.e. refractive index fluctuation) and (ii) the issues in practical usage. Both originate from the requirement
on ultralow index difference of <10~* between fiber core and cladding.

Figure 9(a) plots the cross section of an index-guided PCF with the triangle-lattice-arranged cladding,
where A is the hole spacing, d the hole diameter, A the operation wavelength, and core diameter
Dcore = 24 — d, respectively. Following references [108, 113, 114], our simulation shows that, an ULMA PCF
with 3-5 rings of holes exhibits two zones for SM and dual-mode (DM) operation within wide ranges of
Dcore and A (see figure 9(b)). Because index-guided PCFs only support leaky modes, the confinement loss
(CL) of a certain transverse mode is the function of the geometry and dimension of mode field and the gap
between neighboring holes. Therefore, the two operation zones plotted in figure 9(b) are mainly determined
by PCF geometric parameters (i.e. d and A), and not very sensitive to the refractive indices of the background
material and the filling material inside the holes.

When the MFD of LP;; mode is between 100 and 200 pm, the difference of the effective indices of LPy,
mode and the cladding is within 1-5 x 107, The index fluctuation of the fiber glass is required to be <107°,
i.e. <10% of the index difference between LP;; mode and the cladding. Otherwise, it causes the mode
deformation and CL deterioration of LPy,;, and additional scattering loss. Figure 9(c) plots the deformation
of the simulated LPg; mode when a point defect with diameter of d’ and index fluctuation An is introduced
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Figure 9. (a) Cross-section of ULMA PCF with triangle lattice. (b) Calculated single-mode (SM) and dual-mode (DM)
operation zones. (c) Deformation of LPy; mode when point defect with diameter d’ (given Dcore/d’ = 4 and Dcore/ A = 40)
and index fluctuation An (left: 5 x 10~ and right: 1 X 107°) is introduced in core area.

in core area (see figure 9(a)), given that the index of the background material n = 1.5. Mind that the best
index fluctuation (peak to valley) inside high-quality Schott optical glasses is 0.5-1.0 x 10~ [115], while in
the high-quality silica optical glasses used for PCF drawing, such a value is comparable, <2 x 107 [116].

Secondly, the extremely low NA of an ULMA fiber makes realizing all-fiber devices challenging, because
it is difficult to achieve low-loss splicing between fibers with very different MFDs and NAs. In addition, an
extremely low-NA ULMA fiber need to be kept nearly straight for usage because such fibers suffers from high
bending loss even at relatively large bending radius.

Advances in science and technology to meet challenges
The solutions to meet such challenges are nothing more than manipulating either the fiber materials or the
fiber micro-/nano-structures, as the researchers have done historically in developing optical fibers.

The optical homogeneity of optical glass is the outcome of glass fabrication process and thermal history.
The state-of-the-art optical homogeneity of optical glasses means that the largest MFD of a SM ULMA
PCF should be ~200 pum, in good agreement with the reported largest MFD of 205 pm in silica ULMA
PCFs [110].

To deal with glass homogeneity issues in ULMA fibers, approaches of tailoring fiber micro-/nano-
structures have been demonstrated. For example, the recently developed nanostructured core fiber
technology [117] have indicated that the controllable index uniformity 10~#~107> can be achieved by
nanostructuring the core materials.

A remaining problem of the practical usage of the above SM ULMA fibers is the high bending sensitivity
due to the ultralow NA of ULMA fibers. Large bending radius is required in the operation. Few-moded
ULMA PCF could be a tradeoff solution. A few-moded (particularly a dual-moded) ULMA fiber can possess
both ultra-large MFD and relatively high NA for light collection. Figure 9(b) shows that stable DM operation
zone exists in an ULMA PCF design with a d/A ranging between 0.5-ish and 0.6-ish. Recently, effective single
modeness with an MFD of 115 pim at 2 um has been realized in a DM chalcogenide glass ULMA PCE, by
carefully bending the fiber [46], because the higher-order modes suffer from high bending loss than the
lower-order modes (e.g. LPg1).

Concluding remarks

The rapid development of high-power/high energy fiber lasers presents active and passive ULMA fibers with
great opportunities and challenges. A comprehensive solution for realizing practical ULMA fibers is to
combine multidisciplinary technologies, including glass material science and engineering, fiber design and
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fabrication, optical engineering, and so on, for fulfilling the task of generating or delivering multi-kW
power/multi-m] pulse energy laser output with near-diffraction-limited beam quality. Ultimately, we can
expect ULMA fiber technology for high power laser generation and delivering would move from the
laboratory into industry usage, after further improvement of fiber design and fabrication and
commercialization of auxiliary fiber optic components matching the ultra-large mode field.
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Status

The latest developments in the THz science and technology and the growing interest in related applications
demand creation of novel sources, detectors, waveguides, and other components at THz frequencies. One of
the key technologies is the development of low-loss and low-dispersion waveguides. The recent availability of
viable sources and detectors has boosted attention on THz band, closing the so-called ‘THz gap’ that was
previously caused by a dearth of efficient sources and detectors, and other affordable and suitable
components. Exciting applications in this new frontier include non-invasive medical imaging [118],
pharmaceutical non-destructive drug testing [119], characterization of dielectric materials [120], label-free
and non-invasive molecular detection [121], sensing [122], detection of DNA hybridization [123],
astronomy and broadband optical communication [124], to name a few. Despite all these potential uses, THz
science and technology is still in the developing stage because the majority of the current THz devices are
limited to and frequently rely on free-space transmission. Therefore, it is required to construct low-loss
waveguides for enhancing the functionalities of the THz devices. Several types of waveguides, including those
consisting of metallic two-wires [125], dielectric tubes with metal coatings [126], parallel plates [127],
microstructured-fibers [128], Bragg fibers [129], hollow-core fibers [130], porous-core fibers [131], and
anti-resonant THz fibers [132], have been proposed as a solution in some earlier studies, while the practical
realization of many of them is still in the primitive stage. THz fibers with tunable transmission and guiding
properties under certain external stimuli, such as changes in temperature, pressure, or electric/magnetic
fields are also proposed [133, 134], thus enhancing the application functionality in sensing, communication,
imaging and so on. One of the main limiting factors in producing low-loss waveguides is the choice of the
background material. Polymers exhibit better THz characteristics, including the low-loss and nearly
dispersion-less transmission in a wide THz frequency range than glasses or the other materials for the said
purpose. Hence, the THz waveguides are mostly made of different types of polymers [125-132, 135] due to
the fabrication feasibility, high tolerance in the properties against externally induced structural deformations,
design versatility, reduced weight, cost-effectiveness, and good environmental stability.

Current and future challenges

Some of the popular materials or dielectrics, such as, silicon, silica, or chalcogenides cannot be widely
employed for THz device applications due to significant loss and high dispersion at moderate and high THz
frequencies (>0.5 THz) [135-137]. Compared to glasses, polymers have lower absorption losses at THz
[135]. Also, to attain desired characteristics of the THz waveguides with substantially low absorption loss, it
necessitates to have specific designs, either in the core or cladding or both. Majority of the polymers have
modest dispersion over a wide THz frequency range. Although, polyethylene (PE) based PCFs with clad
consisting of a pattern of air holes to achieve PBG became quite popular early on, for THz waveguiding and
group velocity dispersion management [138], those cannot aid in dispersion tunability in the desired
broadband range. PE could be used as the host material for suspended core fibers to produce a sizeably large
THz transparency; however, the struts limit its application to only a constrained frequency range

(~0.2-0.5 THz) and render it fragile [131]. Other PCF designs that were attempted to achieve either minimal
bending loss [130] or birefringence [132], are proven to be challenging to manufacture.

Advances in science and technology to meet challenges

The standard fabrication techniques used for optical fibers in visible and IR range cannot be adapted

in the THz range because of the differences in the dimensions and the materials required in the later. Among
the polymeric materials, which are transparent to THz radiation, such as polystyrene, PMMA,
polytetrafluoroethylene or Teflon (PTFE), COC (commercially known as Topas), cyclo-olefin polymer
(commercially known as Zeonex), Vero White Plus (photopolymer), acrylonitrile butadiene styrene,
high-density PE (HDPE), Silica (SiO,), are some of the suitable ones [135-137]. HDPE, Teflon, cyclo olefin
polymer, and cyclic olefin co-polymer, all exhibit comparable optical properties at THz frequencies [135].
Zeonex and Topas, however, exhibit smaller losses than Teflon and HDPE at higher THz frequencies [135].
Teflon, Picarin, TPX, and Polypropylene have higher absorption coefficients than COC [136]. Polycarbonate,
PMMA and HDPE exhibit lesser absorption than polystyrene [137]. Table 2 lists out some of the
representative experimentally realized THz fiber designs, the materials and fabrication techniques used, and
the main applications demonstrated.
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Table 2. Representative but not exhaustive list of THz optical fibers with experimentally realized designs, properties, and applications,
typically in the range of 0.1-10 THz.

Characteristics and Material; fabrication
THz fiber category application method Fiber design References
Solid core fiber High absorption lossand ~ PMMA core; stack and Reproduced from

high bending loss, high draw technique [139]. CC BY 4.0.
group velocity dispersion,
single and multimode

guidance

Porous core fiber Low absorption loss, high ~ PMMA core; Extrusion
bending loss, high group technique
velocity dispersion,
multimode guidance

Reproduced from
[140]. CC BY 4.0.

PE core. Micro-structured
molding technique

Reproduced from
[131]. CC BY 4.0.

Teflon (PTFE) core;
sacrificial polymer
technique

Reproduced from
[141]. © IOP
Publishing Ltd. All
rights reserved.

Photonic crystal fiber  High absorption and high  Topas (COC) core; Drill
bending loss, single and and draw technique
multimode guidance.

Reproduced from
[142]. CC BY 4.0.

Suspended core fiber ~ Low absorption loss, PE core; combination of Reproduced from
single-mode guidance drilling and stacking [143]. CC BY 4.0.
techniques
PBG and Kagome Low absorption and low Vero white core; 3D Reproduced from
hollow-core fiber bending loss, low group printing technique [144]. CC BY 4.0.
velocity dispersion,
multimode bandgap
guidance
Anti-resonant fiber Low absorption loss, Resin core; 3D printing r N Reprinted from Yang

multimode guidance technique " et al Copyright
-7 (2019), with

permission from
Flsevier. [132]

PLA core; 3D printing r _‘; Reprinted from [145],
technique AR Copyright (2019),
» with permission from
’
S Elsevier.
Bragg fiber Low absorption loss, PMMA core; 3D printing Reproduced from

isolated fiber core, technique [129]. CC BY 4.0.

multimode guidance

When designing a polymer-based THz optical fiber, fabrication restrictions are essential to be considered.
Due to their ability to exhibit flat dispersion and low loss characteristics in the THz realm, polymers are the
natural choice for THz guiding. In some cases, THz polymer fibers can be fabricated using techniques that
were developed for microstructured optical fibers. Drilling/stacking & drawing, extrusion, solvent
deposition, casting/molding, and 3D printing are all common fabrication techniques for microstructured
optical fibers. Technology such as 3D printing could make it much easier to create THz fibers based devices
while maintaining the desired performance. Thanks to 3D printing, rapid prototyping, which is incredibly
practical, accurate, mass-producible and flexible, is becoming one of way to go. There is a certain limitation
with the 3D printing technology, i.e. the choice of material is compromised for improved surface roughness,
nevertheless, it could be made versatile with further improvements in the technology.
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Concluding remark

According to the latest microstructured fiber designs available in the literature, low-loss transmission and
guidance can be achieved by steering the THz beam mostly through air inclusions in the fibers. Due to their
geometrical simplicity, fabrication feasibility, and resistance to fabrication tolerances, anti-resonant fibers
distinguish themselves from other hollow-core fibers. For the majority applications, the key goal is to
combine simplicity in the design, fabrication feasibility, low attenuation and dispersion at large bandwidths,
and SM guidance in a large spectral range. One of the most promising areas of current and upcoming
research includes studies on fibers with composite cladding including the metamaterial inclusions in either
core of the cladding region. In addition, controlling THz signals propagating through helically twisted fibers
shall be investigated that can help incorporate and tune an orbital angular momentum in the THz beam
during the guidance itself.
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Silica glass, although being one of the first materials intended for telecommunications since 1960s, is still the
keystone of today’s fiber optics. Without the world-famous erbium-doped fiber amplifier, the current form
of the internet would not be imaginable. In comparison with other glasses, silica offers high optical
transparency from UV to near-IR region, thermal durability, chemical stability or mechanical strength. But,
shifting beyond telecommunication windows and increasing power of fiber lasers, silica drawbacks, at first
high phonon energy and low miscibility with RE ions, are starting to dominate and limit the usability of
silica glass. In order to mitigate such weaknesses, doping of silica glass with nanoparticles have been
proposed [146—148].

Incorporation of RE ions into nanoparticles, of course compatible with SiO, matrix, enables
modification of the RE** close vicinity, prevents clustering and tailors their fluorescence and laser properties
[149, 150]. It was Podrazky et al [147] who, for the first time, used Al,O3; nanoparticles in the modified
chemical vapor deposition (MCVD) technology and proposed also future utilization of mixed Al-RE oxide
nanoparticles. Since this time, the nanoparticle doping has been extensively developed and nanoparticles of
numerous oxides (e.g. La, 03, Y3Al5013, ZrO,, CaO) and fluorides (e.g. LaF3, CaF,, BaF,) have been used for
preparation of various fibers [151, 152], see scheme in figure 10. For lasers and amplifiers, the nanoparticles
should be able to minimize clustering (through non-bridging oxygens) and have phonon energy lower than
silica to suppress non-radiative processes. Nanoparticles should also be stable enough to withstand the
conditions during preform and fiber preparation.

Nanoparticles-doped optical fibers (DOFs) can be prepared within two basic methods—(1) direct
doping with prepared nanoparticles where the nanoparticles are incorporated into a preform [147, 151, 152]
and (2) post heat-treatment during which nanoparticles are formed in a preform from appropriate
precursors [153—155]. The advantage of direct doping lies in preparation of defined particles and their good
characterization; on the other hand, there is a risk of their decomposition during preform processing and
drawing. The benefit of nanoparticles formation in a preform can be seen in their controllable formation and
growth. Nevertheless, in certain cases, there are still issues with increased losses due to Rayleigh scattering of
phase-separated nanoparticles. For a use in high-power lasers, in which high concentration of RE>* is
necessary, further research of nanoparticle-doped fibers is needed in order to minimalize the scattering.

On the other hand, the scattering can be exploited for distributed sensing applications [156, 157]. The
nanoparticles play a role of scattering sites along the entire length of an optical fiber and thus enable a
continuous real-time detection. Sensing applications such as thermal, radiation, shape or biosensing have
recently been reported. Regarding materials, fibers for distributed sensing are based predominantly on silica
doped with magnesium or calcium oxide.

Another kind of nanoparticle-doped fibers are those containing metal nanoparticles. Such fibers doped
mainly with gold and silver are predominantly used as sensors based on local surface plasmon resonance
(LSPR) [158]. The applications of these sensors of high sensitivity and compact structure can be found in
monitoring of physical, environmental and biochemical parameters. Compared to plasmonic devices and
fiber sensors, those based on LSPR offer fast response time, low fabrication cost and flexible design.

Current and future challenges
One of the limiting issues of nanoparticle-doped fibers for fiber lasers are optical losses due to the Rayleigh
scattering [159, 160]. The scattering is a function of the nanoparticle refractive index and its size. For specific
nanoparticles, the refractive index is given, and only their size can be controlled. Since the size is closely
related to nanoparticle concentration (particle density) in fibers, only fibers with low content of
nanoparticles can meet the acceptable losses. Unfortunately, such lowly-doped fibers are not suitable for
high-power fiber lasers, which are today the most-needed for practical applications [161]. For high-power
fiber lasers, RE>T concentration need to be reasonably high; the RE-doped nanoparticles need to be
investigated more deeply and structured more precisely to increase their concentration in fibers while keep
the losses low. Moreover, the risk of nanoparticles decomposition, break up or their reaction with the SiO,
matrix during the thermal processing of a preform [157, 162] need to be taken into account.

The main challenges are associated with chemical and phase analysis of the nanoparticles and their close
vicinity in the glass matrix. Due to low nanoparticles concentration and abundance of amorphous matrix
around, the analysis is considerably complicated. A detailed compositional study of nanoparticles doped
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with magnesium and phosphorus oxides was published by Blanc et al [163]. The authors have used 3D atom
probe tomography and observed compositional changes depending on the nanoparticles size.

In the field of fibers for distributed sensing applications, the key for up-to-date practical exploitation is
scattering-level multiplexing which enables a simultaneous detection of multiple fibers [156]. Simultaneous
measurements of different parameters or concentrations is a challenge also for sensors based on LSPR. Their
extension from laboratory probes to practical monitoring of civil infrastructure, such as bridges or dams, are
limited due to poor production repeatability, unstable long-term work and short service life [158]. The
design and precise preparation of advanced metal nanostructures will form research directions for
development of relevant LSPR sensors.

Advances in science and technology to meet challenges

Although, the use of nanoparticles in active optical fibers has gained growing attention in the last 15 years,
not so much effort have been devoted to the study of the nanoparticle-doped glass structure. If at all, the
local RE*T environment has been studied indirectly [162, 164]. The involvement of advanced analytical
methods, such as FIB/SEM or atom probe tomography [163, 165] may bring better insight to the chemical
and phase composition of nanoparticles and the local vicinity of active RE ions. A detailed analysis of the
fiber core structure may set new research directions to enhance the performance of fiber lasers.

A special attention should be given also to structural changes which the nanoparticles undergo during
preform preparation and fiber drawing [165, 166]. It seems, Al,O3 nanoparticles used for doping are
dissolved during thermal treatment [162, 164], while different oxides are phase-separated and nanoparticles
are, on the contrary, formed during the fiber preparation or targeted thermal annealing [155]. Detailed
analysis and precise structuring are the cornerstones also for both types of nanoparticle-doped fibers used
for sensing applications.

Concluding remarks

Nanoparticles in silica-based optical fibers have their irreplaceable role in various types of applications.
Oxide nanoparticles in active fibers for fiber lasers bring certain advantages by preventing clustering of RE
ions and decreasing phonon energy in their close vicinity, but they can by also detrimental. The harmful
effects lie in increased losses due to Rayleigh scattering when exceeded certain concentration level of
nanoparticles. However, what is detrimental for fiber lasers can be utilized in fiber sensors based on
distributed sensing. In such applications, scattered light is used for detection of various physical and
chemical parameters. For sensing applications, also metal nanoparticles in silica fibers can be used. Such
sensors are based on enhanced light field obtained on the surface of nano-scaled metal particles. Both types
of sensors can be used for real-time monitoring of various physical, chemical and environmental parameters.
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DOF with incorporation of suitable REs and other co-dopants serve as an important component for OA in
doped fiber amplifier which become a key element of long-haul optical transmission systems with the success
of development of low loss transmission fibers, pump laser diodes, and high-speed photo diodes. The first
DOF with incorporation of neodymium (Nd) in a SM fiber was demonstrated in 1960 [167]. The real
revolution of OA started in late 1980 using erbium doped fiber (EDF). Prof. D. Payne and E. Desurvire have
done significant research in this area [168, 169]. The first Er**-doped fiber amplifier (EDFA) was
demonstrated in 1989. The most important of all rare earth elements for telecommunication fiber network is
erbium because it can amplify signals in the most important frequency spectrum in silica fiber: now-a-days
the technology about the EDF for amplification is fully maturated from view point of optical gain as well as
noise figure. On the other hand, erbium or Er/Yb co-doped fiber for OA within 1530-1625 nm region
covering both C and L band is not fully matured. Besides the REs another important DOF known as
bismuth DOFs having different host materials such as aluminosilicate, phosphosilicate, and germanosilicate
glass shows broad band amplification under suitable pumping wavelength within 1150-1600 nm

wavelength [170, 171].

DOF with incorporation of various REs or bismuth serve as a heart of optical fiber amplifier where
the amplification of incoming electromagnetic radiation happened through a stimulated emission in the
amplifier’s gain media. Such kind of DOF for OA into wider spectral region covering 1260-1650 nm
wavelength region is very much important into ultra-wide broad-band optical communication system
(OCS) due to increase of data traffic, requirement of ultra-definition video as well as upgradation of the
fifth-generation (5G) communication system where require the enhancement of gain bandwidth for OA
covering all the bands of optical window.

If the optical fiber doped with suitable co-dopants into silica or non-silica glass matrix is being able for
OA having an average optical gain greater than 30 dB with NF of less than 4.5 dB covering S, C and L band, it
will change the whole scenario of our modern OCS considering the increased global demand of internet
connection. The recent report shows that more than five billion users are internet connection worldwide till
April, 2022 which becomes 63.1% of global population [172].

Current and future challenges

The current gain bandwidth of the OA of EDF limits the enhancement of the transmission capacity in optical
fiber communication systems. Recently Chen et al [173] reported an erbium—ytterbium co-doped
phosphosilicate fiber to increase the transmission capacity by extending the L-band gain bandwidth to

1623 nm having average gain of 20 dB and NF of 6.01 dB at 1623 nm with 23 dBm saturated output power
under the signal power of 3.7 dBm and pump power of 720 mW at 1480 nm. Qiu et al [174] demonstrated
the OA using a few mode Er/Yb co-doped cladding pump fiber for extended L-band 1570-1620 nm
operation achieving average gain of 20 dB. Bi-DOFs will have great potentials to expand the gain bandwidth
of the optical amplifier to multiple bands covering O, E, S, C, L and U for the SMF transmission [175, 176].
The doped fiber amplifier of high-gain and large-bandwidth (O to U band) are desirable for future
high-capacity OCS in order to satisfy the requirements of high-performance multi-band optical
communication networks. To develop such kind of doped fiber amplifier require new and more advanced
materials based optical fibers with incorporation of multiple REs with bismuth into suitable compositional
glass-based material and need to proper waveguide design.

The research on doped fiber based optical amplifier is facing two major challenges: One: limitation of
bandwidth of doped fibers for OAs in O, E, and S telecom bands, second: Most of doped fibers suffer from
the strong excited-state absorption noticeably spectrally narrowing the net gain and suppressing its
magnitude. With the development of various emerging technologies such as the internet of things, big data,
virtual reality, artificial intelligence (AI), and 5G mobile communication, society demands increasingly more
information exchange and transmissions [177]. According to the research data released by Cisco in 2019,
shown in figure 11, global annual internet (IP) traffic will grow from 1.5 zettabytes (ZB) in 2017 to 4.8 ZB in
2022, with a compound annual growth rate of 26% [178]. The lack of suitable doped fibers for OA covering
O, E, S, C, L and U which used in OCS serving as the backbone of communication networks will be faced
stronger challenges with respect to such kind high-traffic growth trend. The doped fiber for broad band OA
in high-speed and high-capacity optical fiber communications systems and networks will be the main
development direction in this area [178].
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Advances in science and technology to meet challenges

The main challenge in our present OCS is the high demand of data communication with the development of
global mobile internet, cloud computing, 5G communication system which showing an explosive growth. So,
the suitable technology should be adopted to increase the transmission capacity of optical fiber
communication systems through development of suitable DOF for OA achieving reasonable optical gain
covering both C + L band along with O and E bands. In this direction, one of the most prominent approach
is the adjustment of the ratio of phosphorus to aluminum in the silica glass for extending the bandwidth in
the L-band [179, 180] of EDFA. In the past decades, researchers are not succeeded to develop other doped
fiber based commercial optical amplifier module due to its low efficiency which stimulated the search of
novel optical materials for broad-band amplification.

As a result of it, the latest status of Bi doped fiber shows the maximum gain of 31 dB, a minimum noise
figure of 4.75 dB [181]. The depressed cladding bismuth-doped phosphosilicate fiber [182, 183] shows a
record gain coefficient of 0.18 dB mW ! at 1.3 y. Bi/Er-codoped glass optical fiber [182, 183] shows
ultra-broadband luminescence between 1000 and 1570 nm wavelength which typically cover O, E, S, Cand L
bands of optical window. The efficient fiber amplifier serving as key component of high-speed
ultra-broadband optical fiber communication, for the spectral ranges 1300-1520 nm and 1610-1700 nm are
still unavailable. Some recent results have been demonstrated potential possibility to achieve
ultra-broadband gain which can possibly cover entire optical ranges from 1000 to 1700 nm [184].

The research on combination of two different doped active fibers serving as hybrid fiber based optical
amplifier may address the challenges of attaining C + L band OA under suitable pumping scheme. In this
direction, a modern wideband and flat gain erbium-doped fiber amplifier which consists of
hafnia-bismuth-EDF (HB-EDF) and zirconia-EDF as a hybrid active fiber under backward pumping attained
a gain flatness of 23.8 dB with the maximum gain variation of +1.3 dB, throughout a wide bandwidth of
70 nm, that is from 1530 nm to 1600 nm [185] shown in figure 12.

Therese archon dual-stage EDF amplifier based on a combination of bismuth EDF and HB-EDF provide
amplification in C— and L-band region, respectively showing a flat gain of about 14 dB with gain fluctuation
less than 1 dB over the wavelengths from 1535 nm to 1605 nm at input signal power of —10 dB [186].

Concluding remarks

Research on development of suitable material composition based doped fibers for ultra-broad-band OA will
be one of the important aspects to meet the future demand of high data- OCS. We believe that Bi-DOFs will
have great potentials to expand the gain bandwidth of the optical amplifier to multiple bands for the SMF
transmission. The doped fiber amplifier of high-gain and large-bandwidth (O to U band) are desirable for
future high-capacity-OCS in order to satisfy the requirements of high-performance multi-band optical
communication networks. To develop such kind of doped fiber amplifier require new and more advanced
materials based optical fibers with incorporation of multiple REs with bismuth into suitable compositional
silica glass-based material and needs to proper waveguide design. In the future, it is hoped that the research
and development related to doped fiber for OA needs a new optical fiber which can be designed to reduce the
transmission loss and form very efficient optical amplifier of large gain and a low noise figure promoting the
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Figure 12. Comparison of the gain and noise figure characteristics between the forward and backward pumping series of EDFAs
at input power of —30 dBm. Reprinted from [185], Copyright (2019), with permission from Elsevier.

progress of optical fiber communication technology. The advance research in the field of doped fiber for OA
can have a very beneficial impact on power consumption efficiency as well as data transport cost.
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10. MMF amplifiers (MMFAs)
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Status

Optical fiber amplifier exhibits multimodal behavior when the V-number (defined as V= 27a (NA) /A =
2w ay/ n% — n% /A, where, a is the core radius, NA is the core NA, n;, 1, are the core and cladding refractive
index) of the gain fiber exceeds 2.405. Operation of a MMFA was first experimentally demonstrated in 1991
using an EDF with a core diameter of 13 ym and NA of 0.32, supporting ~22 modes [187]. Such amplifiers
were intended for amplifying multimoded signals in optical systems, including LANs and fiber sensors,
which demanded low cost and robust optical paths.

The initial purpose of developing MMFA was to amplify multimoded light by guiding over the entirety of
modes without considering any individual ones. However, in recent years there have been growing interests
in developing MMFAs that provided access to each individual modes for the purpose of amplifying multiple
signal channels. Amplifiers were built using fibers that supported 2-, 4-, and 6-fiber modes for application in
space division multiplexed optical communication systems. To realize such few-mode fiber amplifiers, gain
fibers with different core size/shape, refractive-index distribution, such as step, graded, ring, as well as
different RE dopant distributions, e.g. confined, extended, annular, multi-step have been proposed
[188-193].

Apart from optical communication, MMFAs have also been used for generating spectrally and spatially
coherent high power laser beam. It has been found that the linearly-polarized (symmetric) higher order
modes (HOMs), LPg n, of MMF is less bend-sensitive compared with the fundamental mode LPy; and they
can be propagated with remarkable robustness when N is sufficiently high. The number of symmetric modes
in a MMF is given by V/. For operation in the 1.55 and 1 ;sm wavelength region, erbium and ytterbium-
doped MMFs with core size larger than 100 um were developed, which could support LP, x with N as large
as 10. Such HOM s exhibited effective mode areas of several thousand pm? [194, 195] making them
particularly suited for high-power pulse amplification.

To excite such large core gain fiber, pump sources with relatively high power are needed. Core-pumped
erbium-doped HOM fiber amplifiers, usually employ SM CW 1480 nm cascaded Raman fiber laser as a
source for pump, where the pump wave is co-propagated with signal as the same LP; y mode [194].
Propagating the signal and the pump in the same mode number results in better overlap between excited
region of the gain fiber and the signal and thus efficient energy transfer from the pump to the signal. On the
other hand, in Yb-based HOM amplifiers the gain fiber is pumped efficiently through the cladding using
976 nm multimode pump diodes [195]. The schematics of a typical core- and cladding-pumped HOM fiber
amplifiers are shown in figure 13. It is important to note that, prior to launching into the gain fiber, mode
conversion of signal from LPy; to LPy v is essential for both cases, which can be achieved by several devices,
such as, fiber long period gratings (LPGs), spatial light modulators, axicon, or phase plate.

Current and future challenges
Due to the involvement of multiple modes in MMFA, designing and implementing an efficient MMFA could
be quite challenging. There are several factors that need to be considered in this connection.

- Minimization of intermodal coupling: In MMFAs where multiple signal channels are propagated as
different modes of the multimode gain fiber, it is crucial to suppress the coupling between the modes to
avoid crosstalk. The coupling between neighboring modes depends strongly on the separation between the
effective refractive indices of the Eigen modes of the fiber.

- Minimization of differential modal gain (DMG): It is often observed that in MMFAs, the gain associated
with different modes are not the same because of the difference in overlap of the modes with the inverted
region of the RE doped core [188, 189]. DMG could pose serious problem for application related to
communication, where different signal channels are sent using multiple spatial modes.

- Suppression of amplified spontaneous emission (ASE) noise: In HOM amplifier, cladding-pumping of the
large doped-core (over 100 ym in diameter) tends to produce large amount of ASE noise due to the
coexistence of hundreds of modes supported by the core. This could result in a severely reduced slope
efficiency of the amplifier and degradation of mode purity particularly when the input signal power is low.
Hybrid amplifier design has also been proposed to overcome this problem [195].

- Realization of the amplifier with small form factor: For efficient launching of signal(s) and pump into the
multimode gain fiber low-loss all-fiber combiner is desired. It is important that each spatial mode is
launched with proper amplitude and phase distribution to ensure a high overlap integral with the
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Figure 13. Schematic of a typical core-pumped (a), and a cladding-pumped (b) HOM fiber amplifier [194, 195]. TFB: tapered
fiber bundle, WDM: wavelength division multiplexer, LPG: long period gratings.

corresponding guided mode of the gain fiber. Any mismatch that a mode experience at the input not only
lowers the net gain, but also results in increased noise figure. In HOM amplifier that are core-pumped,
both signal and pump are required to be launched as the same LPy y mode, which is typically achieved
using a LPG with bandwidth wide enough to cover both the signal and the pump wavelengths [194, 195].
Moreover, an additional high-index core-structure is added at the center of the core to guide fundamental
mode light that will be subsequently converted to LPy 5 mode by an LPG inscribed on it.

Advances in science and technology to meet challenges

During the last decade, there have been research and development efforts across the globe towards realization
of efficient and compact MMFAs for use in various applications, overcoming much of the challenges
outlined above.

Gain fibers with different core diameters and refractive index profiles have been studied to reduce the
intermodal coupling by increasing the effective index differences of the various modes. In the case of SI
MME, the average separation between the effective indices of the neighboring modes is proportional to
A2 / a?, while it remains independent of An. Here ) is the wavelength, a is the core radius, An is
core-cladding index difference. This suggests that to increase the number of fiber modes supported by the
fiber, it is beneficial to increase the refractive index difference instead of the core size. Moreover, fiber could
be made to have elliptical core to break the azimuthal symmetry and reduce the coupling between the
asymmetric modes of two different orientations [193], e.g. LP1;, and LPy1p.

To reduce DMG, different techniques have also been developed, which includes, using a tailored pump
intensity distribution for core-pumped amplifiers [194], and optimized the RE dopant distribution in the
case of cladding-pumped amplifiers [195, 196]. Genetic algorithm-based optimization technique has also
been applied for achieving the optimal dopant distribution that offered lowest DMG in a gain fiber. One
remaining problem is that despite implementing all these measures DMG is still difficult to completely avoid
in dynamic situation, when the signal power in different modes varies with time.

As fan-in and fan-out, few-mode fused fiber coupler [197] as well as photonic lanterns have been
developed [198], which has led to small size of the amplifier. These novel and unique approaches are found
to be highly effective in providing one-to-one correspondence between the signal channel and a specific
mode of the multimode gain fiber.

Besides step and parabolic index, MMF has been made lately using a core with more intricate structure to
guide structured light [199]; beams that manifest abrupt changes in amplitude, phase and/or polarization
within the beam envelope. Gain fiber with ring shaped core have been developed to amplify ring-shaped
beam possessing orbital angular momentum [192]. Recently, in [200], a MMF capable of guiding Airy beam
as LPy 4 mode has been designed using inverse waveguide problem technique from the electric field profile
and was successfully fabricated by using modified plasma-assisted chemical vapor deposition and used to
demonstrate Airy beam propagation. This powerful method can be used to design other fibers that have the
potential to effectively generate modes with other field shapes. For example, the normalized index
distribution required for a fiber to support sink and super-Gaussian shaped electric field distributions are
shown in figures 14(b) and (c), respectively [201].
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Figure 14. Fibers designed to guide optical field of various shapes. Blue lines show the field profile ¢ and red lines is the
corresponding normalized refractive index distribution v, defined as v (r/a) = a®k (n* — n%;), here, ky is the propagation
constant in free-space, # is the refractive index, # is the effective index of the mode, (r/a) is the radius normalized to a length
scale such as core radius as introduced in [200]. (a) LPo4 mode guiding an Airy beam, ¢ = J; (Cr/a) / (Cr/a), where J; is the
Bessel function of the first kind of order 1, C = 3.831 (the first zero), (b) LPo4 mode guiding Sinc beam, ¢ = sin(Cr/a) /
(Cr/a), where C = 7, and (c) fundamental mode LPy; guiding super-Gaussian beam v = exp[(—(r/a)*")], m =4 (misa
parameter controlling the sharpness of Gaussian beam). Bottom row shows the transverse field distribution. Reproduced
following figure 13 of [201].

Concluding remarks

There has been tremendous progress made in the area related to MMFA to meet their demand in different
application. There are still ample opportunities to explore further in this area. It is expected that there will be
further progress in developing technologies related to MMFA, including development of gain fiber of
different dopants with precise distribution, that could be useful for creating structured light directly from the
fiber output. It would be possible to develop RE-doped gain fiber that will guide and simultaneously amplify
structured light for use in a myriad of applications including fiber-optic or free-space communications,
high-resolution microscopy, quantum entanglement, machining and so on.
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11. MIR fibers for SCG

Bertrand Kibler and Frédéric Smektala
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Status

Fiber SC sources may combine high brightness and coherence of a laser with multi-octave frequency
bandwidth of a lamp, as well as flexible delivery and compactness inherent to fiber-format systems. All this
makes them unique tools capable of replacing most existing light sources ranging from blackbody radiations
to synchrotron beamlines used today in numerous applications related to metrology, spectroscopy, imaging
and remote sensing [202—205]. SCG in optical fibers has been a subject of intense investigation over the last
25 years, benefiting from the comprehensive understanding of nonlinear fiber optics and the continuous
development of mature cutting-edge technologies such as ultrashort pulse lasers and optical fibers
[205-208]. Significant efforts have been devoted to overcome inherent shortcomings of broadband nonlinear
wavelength conversion during pulse propagation into an optical fiber, such as polarization state preservation,
power spectral density optimization, damage threshold, coherence and stability issues. As a consequence,
table-top fiber SC sources are nowadays robust and reliable, and build for non-experts in the field as
turn-key and low-maintenance units. Commercial fiber SC sources are mostly based on silica- and
fluoride-glass fibers, with watt-level output average power over their complete transmission windows, from
0.4 to 2.4 pum and up to 4.8 um respectively, by using near-infrared pulsed pumping (see figures 15(a) and
(b)). Nevertheless, emerging SC products extending up to the 10 ym waveband can be found with a cascaded
nonlinear MIR fiber system including a chalcogenide-glass fiber [205].

The field of research on fiber SC sources still remains very active worldwide in targeting such capabilities
over the entire MIR range. This is driven by the current need for the next-generation sources in this 2-20 ym
waveband, for instance overcoming drawbacks of traditional thermal emitters [209, 210]. This broad spectral
domain contains the main IR atmospheric windows and cover spectroscopic signatures of numerous
molecules, also known as the molecular fingerprint region (see figure 15(c)). This makes the MIR region of
considerable interest, with a myriad of applications related to environmental monitoring, spectroscopy and
imaging, security and defense, energy conservation and material processing, and free-space communication.
Specialty optical fibers for SCG have already started playing a key role in this high-demanding field [69, 211].
But, how far into the infrared can we expect them to operate in a near future?

Current and future challenges

Besides current challenges for bridging the gap between lab-scale and commercial dimensions (i.e., replace
bulky MIR pump lasers, simplify complex cascaded fiber systems and fiber splicing, optimize power spectral
density, pulse-to-pulse stability and degree of polarization) [205], the progress on extending the wavelength
coverage to the full MIR remains difficult (in particular beyond 15 pm). Just beyond the MIR, the far-IR
region is also of considerable importance for spectroscopy to determine intermolecular interactions, and the
low-frequency collective motions of complex molecules, including polymers, peptides, or proteins [212, 213]
(see also figure 15(c)), thus imparting wide-ranging impact in the physical, chemical, biological, and medical
sciences. Note that main issues in the far-IR usually come from the strong phonon absorption in the
Reststrahlen bands of semiconductor crystals [214]. The major challenge for fiber SC sources today is to
bridge the gap between the MIR and far-IR spectral regions (see figure 15(a)).

Harnessing broadband spectral broadening is a very challenging task when tackling new spectral regions,
in particular when less technologically mature, because of the lack of practical laser sources, and the weakness
of both thermal emitters and detectors. This becomes especially difficult when entering the long-wavelength
infrared (8-14 pm) and even more beyond 15 psm when approaching the far-infrared. However, the way to
success still depends on our end-to-end control of both materials chemistry and nonlinear fiber optics to
optimize each of the crucial steps, such as glass synthesis and purification, fiber design and drawing, as well
as engineering of SCG. Recent advances in MIR fiber SC sources can be attributed to the improving quality
of specialty fibers made of non-silica soft glasses, but also to the development of compact and powerful MIR
pulsed laser pumps. The latter now enable efficient pumping of SCG from the CW down to the femtosecond
pulse regime, up to MHz repetition rate, and over the 2—10 pm wavelength range [215].

Among the large variety of MIR fibers that have been developed and intensively tested for SCG, three
relevant families of soft-glass compositions emerge, namely fluorides (mainly based on ZrF,4 or InFs),
tellurites (TeO,-based), and chalcogenides (mainly composed of the following chalcogen elements: S or Se).
With respectively increasing transmission windows into the MIR, and increasing nonlinearity as well, the
research state-of-the-art for MIR SCG in such fibers has confirmed their potential usage over their entire
intrinsic glass transmission (see figures 15(a) and (b)), as with silica glass for the near-IR region [216-218].
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Typically, fluoride- and tellurite-based fibers can be used for SCG up to about 4-5 ym [219, 220], whereas
selenide (Se-based) fibers can reach longer wavelengths, routinely 10-13 pm [221, 222] and sometimes until
15-18 pum [223-225]. To go further in the MIR and reach the far-IR, some pioneering works have already
taken a new step forward in the development of tellurium-rich glass systems compatible with fiber processing
[226-229]. In fact, the width of the transmission window is usually determined by the phonon energy
spectrum of the glass used (i.e. controlled by the mass of the component elements). Among the numerous
families of chalcogenide glasses, sulfur- and selenium-based chalcogenides have been predominantly studied,
but the family based on tellurium (Te-rich glasses: tellurides) possesses the widest infrared window of all
amorphous materials and the strongest nonlinearity [229, 230] (see figure 15(b)), and thus emerges as the
unique potential solution for simultaneous MIR and far-IR SC applications.

Advances in science and technology to meet challenges

The potential of developing new telluride (Te-rich) glasses with higher nonlinearity and broader
transmission window to generate efficient MIR SCG that could extend into the far-IR is very exciting, but a
great care has to be paid on the selection of composition elements to form stable glasses without decreasing
the IR transparency. Initial efforts to prepare such telluride glasses were already done to enable fiber drawing,
but significant advances (novel compositions, purification techniques, fiber preform production) are still
required to optimize them for nonlinear applications [228, 229]. The long-wavelength edge of SC sources
also depends on the pumping configuration. Direct pumping around 5-8 pm with high-power ultrashort
pulses delivered by expensive laser chains based on optical parametric amplification and
difference-frequency generation has shown to clearly favor the MIR extension until the intrinsic
multi-phonon absorption edge of selenide glasses [223—225]. As a first step, one will need direct femtosecond
pulse pumping in the MIR close to 10 pum (near the zero-dispersion wavelength of telluride fibers [228]) to
generate SC in very short fiber lengths (cm-long). In order to optimize SCG in optical fibers (bandwidth,
power spectral density, coherence), this requires a detailed knowledge of the physics behind (dispersion vs
nonlinearity, soliton dynamics, etc). We will not enter into these details (we refer the reader to review articles
and books [205-208]), but simply, we remind that the closer the pump to the zero dispersion wavelength the
better, and even the lower and flatter positive group-velocity dispersion the more suitable. As a function of
available laser pump and soft-glass used for fiber drawing, one has then to design an optimized waveguide
geometry (e.g. SI, double-clad, microstructured or tapered fibers) to enable an extreme confinement of the
electromagnetic field and a high efficiency of wavelength conversion by means of nonlinear effects. Last but
not least, an important task relies on the accurate characterization of SC light generated. Measurements of
such mid- and far-IR spectra are far more difficult because of the weakness of available detectors, the thermal
radiation background and strong environment absorptions.
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Concluding remarks

In summary, we are reaching a turning point in the growing development of MIR fiber SC sources, can we
overcome demanding limitations at the interface between materials chemistry and nonlinear optics to
efficiently cover the 15-20 ym waveband and go beyond? Being close to cover the full molecular fingerprint
region by means of fiber technology, and to break the far-IR frontier, the last advances in fiber-based SC
sources and the emerging telluride fibers offer a very promising and exciting route with successive key
challenges. Filling current gaps in spectral coverage will facilitate the development of full IR optical
technology (i.e., complete systems and diagnostics from the light source to the detector/sensor).
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12. MIR fiber lasers
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Status

MIR lasers (generally in the 2—12 pm wavelength region) have found a wide range of scientific and
technological applications including spectroscopy, metrology, sensing, medicine, defense and security
because the MIR spectrum convers several important atmospheric windows and the strong absorption
fingerprints of many molecules. MIR lasers have been developed with most available laser technologies
including fiber lasers, semiconductor lasers, solid-state lasers, and gas lasers. During the last two decades,
semiconductors have experienced tremendous progress for MIR laser emission. Quantum cascade lasers
(QCLs) and interband cascade lasers (ICLs) are now able to generate laser covering most MIR bands.
However, they usually have poor beam quality and low power scalability. The solid-state lasers based on
direct transitions of active ions or nonlinear wavelength conversions in low-phonon-energy glass and
crystals, and the gas lasers have been extensively used for applications where high power or wavelength
tunable MIR lasers are required. However, these lasers generally have a bulky and complex configuration
requiring careful alignment and frequent maintenance. MIR fiber lasers have always attracted great interest
because fiber lasers have shown great advantages for their compactness, inherent simplicity, outstanding
heat-dissipating capability, excellent beam quality, high-power scalability, and very high single-pass gain.

As shown in figure 16, several RE ions including thulium (Tm’"), erbium (Er**), holmium (Ho’*),
dysprosium (Dy>*), cerium (Ce>*), and terbium (Tb**) have broad MIR emissions through direct
transitions between their energy levels and these ions dope optical fibers have been successfully used to
develop MIR lasers. The early research on MIR fiber laser was started with RE-doped fluoride fibers in late
1980s because fluoride glass has low phonon energy (<650 cm™!) and extended multi-phonon IR
absorption edge, which are two critical conditions for the MIR laser transitions of RE ions in optical fibers
[231]. With advances in high-brightness pump sources, new pumping schemes, and novel fiber designs,
RE-doped MIR fluoride fiber lasers have experienced rapid development during the last three decades
[232-241]. Watt-level and 10 s-watt-level CW RE-doped fluoride fiber lasers have been demonstrated in the
3 pm wavelength region. In current years, there has been increasing interest in extending the laser emission
to longer wavelengths with RE-doped chalcogenide fibers because chalcogenide glass has much lower
phonon energy and longer IR absorption edge [242, 243]. In addition to direct transitions of RE ions,
nonlinear effects in passive MIR fibers, such as fluoride, tellurite, and chalcogenide fibers, have also been
widely utilized to achieve MIR lasers that cannot be obtained with RE-doped fiber lasers [244, 245]. With the
advances of novel HCFs that can guide both the near-IR pump light and MIR signal light in the hollow core,
gas-filled HCF lasers based on the vibrational mode transitions or Raman scattering of several gases, such as
C,H,, HCN, CO, CO,, Ny, and H;, have emerged as a promising approach to powerful MIR lasers [246,
247]. In this section, we focus on the status of RE-doped MIR fiber lasers and their challenges.

Current and future challenges
Figure 17 presents the highest output power levels of RE-doped MIR fiber lasers that have been reported so
far. Since silica fiber has much higher melting temperature and mechanical strength than fluoride fiber and is
still transparent at 2 ym, Tm>* - and Ho?*-doped silica fiber lasers have produced the highest output powers
at this wavelength range [248, 249]. A 1 kW Tm>* -doped silica fiber laser was demonstrated with slope
efficiency as high as 53.2%, which is higher than the Stokes efficiency due to the unique 1-to-2 conversion of
the cross-relaxation process [248]. The efficiency of a Tm>*-doped silica fiber laser can be further improved
by optimizing the Tm>* concentration and fiber design to enhance the cross-relaxation process and
sufficiently cooling the gain fiber to mitigate the thermal effect on the population distribution. Compared to
Tm>*, Ho®>* can have a longer emission wavelength. A 407 W Ho®>*-doped silica fiber laser at 2.12 m was
achieved by in-band pumping with six Tm**-doped fiber lasers at 1.95 ym [249]. However, due to the
increased multi-phonon non-radiative decay rate and intrinsic loss of Ho>*-doped silica fiber at this
wavelength, the efficiency of this fiber laser is less than <40% even though the Stokes efficiency is nearly
92%. Compared to silica, germanate glass has lower phonon energy (<900 cm~!) and longer IR absorption
edge (>3 pm). Therefore, Ho**-doped germanate fiber is a promising gain medium for high-efficient laser
at 2.1 pm. However, commercial germanate fibers with low loss that can be used to develop high-efficiency
and high-power Ho®>" lasers at 2.1 um are not currently available.

Fiber lasers beyond 2.1 ym have been mainly demonstrated with the RE-doped fluoride fibers because
fluoride glass has high solubility, allowing high concentration doping of RE ions without concentration
quenching, and low phonon energy, enabling efficient radiative transitions in these RE ions. Laser emissions
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Figure 17. The highest continuous-wave output power levels at different mid-IR wavelengths obtained with the rare-earth-doped
glass fiber lasers so far.

at 2.3 ym have been obtained with Tm’*-doped fluoride fibers through the transition from energy level *H,
to °Hs [233]. However, the efficiency and power scalability of the 2.3 um fiber lasers are limited by the
complicated energy level structure of Tm*>* and the competitive laser operation at 2 um. Since Er’*-doped
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fluoride fiber laser can be pumped by readily available laser diodes at 980 nm and the laser efficiency can
even be larger than the Stokes efficiency due to the 1-to-2 conversion of the upconversion energy transfer
process, significant efforts have been conducted to improve the output power and other performance of this
type of fiber laser [235-238]. An Er**-doped fluoride fiber laser with CW output power as high as 41.6 W
has been demonstrated with an all-fiber laser cavity by inscribing fiber Bragg gratings (FBGs) at both ends of
the gain fiber [237, 250]. Because of the high hygroscopicity, low melting point, and low mechanical strength
of fluoride fiber, the output power of this laser is limited by the catastrophic optical damage and the thermal
issues of the gain fiber. By purging nitrogen to mitigate catastrophic damage and optimizing the pump
wavelength to improve the laser efficiency and mitigate the heat load, a quasi-CW output of 70 W at 2.8 um
was recently obtained, indicating that 100 W-level Er’-doped fiber laser can be achieved as the optical
damage and thermal issues are further mitigated [238]. Ho®>* - and Dy’ *-doped fluoride fiber lasers in the

3 pm wavelength region can emit longer wavelengths than Er’*-doped fiber lasers. However, their output
power levels have always been limited by the unavailability of high-power low-cost diode pumps at their
absorption bands. In-band pumping with Er**-doped fluoride fiber lasers at 2.8 um is an effective approach
for their power scaling. A 10.1 W Dy’ -doped fiber laser at 3.24 ym has been demonstrated with in-band
pumping [239]. The 100 W-level Ho?T- and Dy**-doped fiber lasers can be obtained as they can be cladding
pumped through MIR fiber combiners by many 2.8 um Er’*-doped fiber lasers.

To extend the operating wavelength of RE-doped fiber laser, one approach is to utilize the transitions
between two intermediate states of a RE ion with small gap. Lasers at 3.5 ym and 3.9 yum have been obtained
with Er’T- and Ho® " -doped fluoride fibers, respectively [240, 241]. A 15 W Er’"-doped fluoride fiber laser
at 3.55 pum was demonstrated with dual-wavelength pumping technique [240]. Using a Ho’"-doped indium
fluoride fiber, a 200 mW 3.92 pm laser was obtained at room temperature [241]. It becomes more
challenging to obtain MIR laser beyond 4 ;sm with RE-doped fluoride fibers because the non-radiative decay
rate become dominant in a transition between two intermediate states. The other approach is to utilize the
transitions between the first excited state and the ground state of RE ions in chalcogenide fibers, which have
phonon energy of <300 cm ™! and thus enables the laser operation beyond 5 pum [242, 243]. Most recently, a
Tb**-doped chalcogenide fiber laser with 150 mW output at 5.1-5.4 ym was demonstrated, showing the
possibility of producing MIR lasers with RE-doped chalcogenide fibers [243]. However, due to the low
solubility and low melting point of chalcogenide glass, it is still very challenging to make highly RE-doped
chalcogenide fibers that can be used to develop high power laser beyond 5 pm.

Pulsed lasers with high energy or high peak power in the MIR are in great demand for many applications
[232]. A lot of pulsed RE-doped fluoride fiber lasers have been demonstrated with various Q-switching and
mode-locking techniques that have been widely used for near-IR fiber lasers. However, due to the lack of
MIR fiber devices such as coupler, wavelength division multiplexer (WDM), combiner, fiber-coupled
isolator, etc, current pulsed fluoride fiber lasers were built with free-space optical components, which bring
many negative impacts on the reliability, compactness and robustness of fiber lasers.

Advances in science and technology to meet challenges

With the advances of silica fiber laser technology, kW-class even 10 kW-class fiber lasers have already been
developed and used in a wide range of applications. The techniques, experiences, and innovations of silica
fiber lasers can be directly adopted for the development of MIR fiber lasers. Nevertheless, the first but not the
last challenge for MIR RE-doped fiber lasers is to develop the laser in all-fiber configuration especially at the
3 pm wavelength region and beyond. Thanks to the femtosecond laser FBG fabrication technique, gratings
can be easily written in MIR fibers to form all-fiber laser cavity [250]. This is a major driving force for the
development and commercialization of high power MIR RE-doped fiber lasers. However, the unavailability
of other fiber devices still makes it very challenging to develop MIR fiber lasers in all-fiber configuration.
Because of the fragility and easy crystallization of MIR fibers, it is still hard to fabricate MIR fiber devices
using the fused tapered-fiber technique, which has been widely used for the fabrication of silica fiber devices.
Even MIR fiber coupled devices based on miniature optics still lag behind the MIR fiber laser development.
Significant efforts on the MIR fiber device fabrication and new fabrication tools are needed to remove the
obstacles for the development of MIR all-fiber lasers and consequently improve the performance of current
MIR fiber lasers.

One factor for the remarkable progress on 2.8 zum Er**-doped fluoride fiber lasers is the readily available
pump diodes at 980 nm, which have experienced tremendous development during the past decades driven by
the great demands for pumping EDFAs for optical communications, high-power ytterbium-doped lasers at
1 um, and Er’T-doped lasers at 1.55 um. Therefore, advances of laser diode technology, especially the QCL
and ICL technology that can be used to directly excite RE ions, will trigger rapid development of MIR fiber
lasers at other longer wavelengths.
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Non-radiative decay is a major factor impairing the efficiencies of MIR RE-doped fiber lasers. The
phonon energy of the glass material needs to be smaller as the laser wavelength is longer. Therefore,
RE-doped chalcogenide fibers have been fabricated for MIR laser beyond 5 pzm. However, conventional
chalcogenide glass has low solubility and the propagation loss of current chalcogenide fibers (>1 dB m™!) is
still much higher than that of fluoride fibers (<0.1 dB m™~"). New highly RE-doped chalcogenide fibers with
low loss are essential for high power RE-doped fiber laser at longer MIR wavelengths.

Concluding remarks

MIR RE-doped fiber lasers have experienced tremendous progress on either CW or pulse operation
performance during the last two decades. The power and energy of MIR RE-doped fiber lasers can be further
increased by several folds by improving the thermal management to mitigate the fiber degradation and
damage, optimizing the pump scheme and fiber design to increase the laser efficiency and heat dissipation
capability, and building the laser in all-fiber format. New MIR optical fibers with lower phonon energy and
higher solubility are needed to achieve high-efficiency fiber lasers at long MIR wavelengths. Alternatively,
MIR fiber lasers operating at longer wavelengths can be achieved by employing the Raman scattering in MIR
solid-core fibers. As substantial investment and effort are placed in the field of MIR fiber lasers,
breakthroughs in laser output power, emission spectrum, reliability, and integration can be predicted in the
next 1-2 decades.
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13. MIR gas-filled HCF lasers

Andrey Pryamikov
Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia

Status

MIR gas-filled hollow core—core fiber lasers (GFHCFLs) have a rather long history. It is currently accepted
that the term MIR generally covers the spectral region from 2.5 to 25 pm. The first hollow-core waveguide
gas laser was reported by Smith [251]. The laser operated with He—Ne mixtures at 0.633 pm. The laser light
propagated through the hollow-core dielectric tube with 430 ym inner diameter and a length of 20 cm. The
tube also served to confine the discharge. The first He—Ne laser operating at a wavelength of 3.39 ym with
510 pm inner diameter was demonstrated in [252]. It is also worth noting the creation of CO, waveguide gas
laser which had a discharge tube 23.7 cm length and 3.3 mm diameter [253]. The obtained output power was
2.5 W. The waveguides was located between the mirrors that form the optical resonator. The main reasons
that such waveguide gas lasers are not widely used are due to the impossibility of reducing the inner air core
diameter without a significant increase in losses.

Despite such a long history of the development of GFHCFLs in the MIR range, strong interest in their
development does not weaken. This is primarily due to the large number of their possible applications in
such areas as laser absorption spectroscopy, high-quality cutting and ablation, efficient laser pump sources
for longer-wavelength oscillators and many others. It is also worth noting such advantages of mid IR
gas-filled hollow-core lasers as a beam quality and compact system configuration. In addition, it is necessary
to take into account the fact that MIR GFHCFLs are devoid of such disadvantages as the relatively weak heat
handling capacity of fluoride and chalcogenide glass fiber lasers. The creation of hollow-core PCFs
(HCPCFs) [254, 255] allowed to avoid disadvantages of the first hollow-core laser designs. The lowest losses
achieved in silica glass hollow-core photonic band gap fiber with an air-core diameter of 40 ym were
2.6 dB m~! at a wavelength of 3.15 yum [256]. Further efforts to penetrate into the mid IR spectral range with
help of hollow-core silica glass photonic band gap fibers did not give a successful result due to strong power
overlap of the air-core modes with silica cladding.

Current and future challenges

The first optically pumped GFHCFL based on HCPCFs operating in the MIR spectral range was
demonstrated using Kagome lattice HCPCF [255]. This GFHCFL based on population inversion in 2C,H,
gas was pumped by 5 ns pulses at 1.52 ym and lased at 3.12 ym and 3.16 pm. The diameter of the
hollow-core was 45 pm. The measured slope efficiencies of this gas fiber laser did not exceed a few percent
due to high losses of the fiber at the laser wavelengths.

A breakthrough in the creation of new types of MIR GFHCFLs operating in both pulsed and CW mode
was achieved thanks to the creation of new types of hollow-core micro-structured fibers [257-259]. This is
also the main future challenge. A strong light localization in the negative curvature HCFs (NCHCFs) made it
possible to avoid disadvantages of the first MIR GFHCEFLs. This made it possible to expand the range of
radiation transmission in the MIR spectral range in HCFs made of silica glass despite the high material
losses [260].

MIR GFHCEFLs can be divided into two types, namely, GFHCFLs based on population inversion and
GFHCFLs based on Raman-active transitions. In the latter case, GFHCFLs implement SRS to transfer the
pump power to longer wavelengths. Currently, the main active media used to fill the HCF of silica glass
GFHCEFLs based on population inversion are acetylene (C,H,), nitrous oxide (N,O), carbon dioxide (CO;)
and HBr. Two last gases were used to create GFHCFLs operating in CW mode at wavelengths greater than
4 pm. In the case of GFHCEL filled with CO, the authors obtained the output power of the laser up to
560 mW at 4.3 pm and demonstrated a step-tunable laser behavior in the 4.27-4.43 pum spectral range [261].
The output power of Hbr-based GFHCFL was scaled up to 3.1 W in CW mode at wavelength of 4.16 ym
[262]. Acetylene-filled lasers operate in both continuous and pulsed modes [263, 264]. Raman GFHCFLs
filled with H,, D, or CHy (or their mixtures) work only in pulse mode due to high value pf threshold
[264-267]. In order to demonstrate the capabilities of GFHCFLs for various gases in pulse mode, we have
given data from recent studies in figure 18.

Advances in science and technology to meet challenges

Silica glass NCHCFs have a limit for transmitting radiation with losses that allow effective laser radiation in
the mid IR spectral range. Usually these are wavelengths >5 pm. The solution to this problem can be carried
out in two main ways, namely, either by creating hollow-core optical fibers from other glasses and materials
with low material losses in the MIR spectral range, or by trying to propose new geometric structures of the
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Figure 18. Summary of the state-of-the-art of GFHCFL in the 2.5-4.5 p4m region in terms of pulse energy.

cross-section of the NCHCFs that allow for significantly greater localization of radiation even in silica glass
HCFs. As for solving this problem in the first way, it can be solved by using tellurite [33] or chalcogenide
glasses [268]. Progress especially noticeable in the development of HCFs made of chalcogenide glass [269]. In
the case of the second way of solving the problem, it is necessary to achieve, as it seems to the author, a deeper
and more accurate understanding of the mechanism of light localization in NCHCFs [270, 271], which will
allow choosing the correct parameters of the fiber cladding (the shape of the core boundary, the number of
the cladding elements, their thickness, etc) necessary to optimize its design and reduce losses. Perhaps in the
future, optimization of the cladding design will become possible thanks to machine learning methods and
the creation of complex cladding elements using 3D printing methods. And finally, in conclusion, it should
be said that it may be possible to return to the idea of creating gas-discharge fiber lasers based on NCHCFs
without using other fiber lasers based on solid-state optical fibers with their inherent limitations as pumping.

Concluding remarks

In conclusion, it must be said that the development of GFHCFLSs is a dynamic and constantly changing
process, depending on the success of research in fiber optics, laser physics and material science. There is no
doubt that in the very near future there will be new GFHCFLs based on NCHCFs operating in the MIR

spectral range.
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14. Single-photon fiber sources

Stephan Reitzenstein
Institute of Solid State Physics, Technische Universitit Berlin, Berlin, Germany

Status

Fiber-coupled single-photon sources (SPSs) are important building blocks for many applications in photonic
quantum technology [272]. On-demand SPSs can be realized by integrating quantum emitters such as single
molecules, defect centers, and semiconductor QDs into photonic nanostructures with high photon
extraction efficiency and near-ideal optical and quantum-optical properties [273]. Their emission
wavelengths cover today the spectral range from UV to visible to near-infrared, including the O-band at

1.3 pm and the C-band at 1.55 pum [274]. Despite the tremendous advances in the development of the
quantum emitters themselves, their direct fiber coupling is still in its infancy. The first concepts and
numerical optimizations of practical fiber-coupled SPS date back to the early 2010s, when for example an
optical-horn-based quantum emitter was coupled to a SM optical fiber [275]. Regarding experimental
implementations of fiber-coupled SPSs one has to distinguish between approaches using micro- and
nanofibers and ones using cleaved fibers. Here, micro- and nanofibers rely on evanescent field coupling to
ensure an efficient transfer of photons from the emitter into the fiber-core (figure 19(a)). Cleaved-fiber based
approaches use either near-field coupling or far-field coupling between the quantum emitter and the fiber
core. Recently, deterministic emitter-fiber alignment technologies (figure 19(b)) have led to first stand-alone
SPSs (figure 19(c) which deliver single photons directly into the core of multi- [276] and SM fibers [277]. We
refer to Bremer et al [278] for a comprehensive overview of the underlying concepts.

Current and future challenges

In general, it is technically very challenging to couple single-photon emitters to optical fibers with high
efficiency and in a robust manner. Firstly, high coupling efficiency requires high-NA optical fibers and good
mode matching between the SPS and the fiber core, which is best optimized by numerical modeling of the
entire system consisting of the single photon emitter, photonic nanostructure, mode-matching micro-optic,
and optical fiber. For this, very efficient algorithms, such as Bayesian optimizers, are required to be able to
handle the complex numerical problem consisting of subsystems with significantly different length scales
from nanometers to millimeters. Moreover, fabrication and doping of optical fibers must be optimized to
realize ultra-high-NA optical fibers with low optical losses. Secondly, the robust and sub-zm exact alignment
between the SPS and the optical fiber is challenging. In fact, many quantum emitters such as QDs are
operated preferably at cryogenic temperatures, which makes active fiber alignment very difficult or, as a rule,
impossible. Technical solutions must therefore be developed that allow optimal alignment and fixation of all
components at room temperature and at the same time prevent maladjustment during repeated cooling to
cryogenic temperatures. Ideally, appropriate concepts will allow fine adjustment of the emitter-fiber system
during low-temperature operation. Thirdly, advanced applications in photonic quantum technologies
require solutions that go beyond single-core systems. E.g. long-range quantum communication is based on
entanglement, for which photon pair sources must emit entangled photons into branching fibers to send the
two photons of a QD to different nodes of the network while maintaining the entanglement. Furthermore,
multi-emitter-multi-core fiber systems can be very interesting to maximize the transmission bandwidth of
QKD systems by spatial multiplexing, or to simultaneously transmit signals in quantum channels and classic
ones via different cores of one and the same multi-core fiber.

Advances in science and technology to meet challenges

While current results already demonstrate the great potential of fiber-coupled SPSs (see [281], table 2 for an
overview), there is an enormous need for technological optimization to open up real fields of application.
For example, designs and technical solutions must be developed that increase the overall efficiency of robust
and durable fiber-coupled SPSs from currently a few percent to values in excess of 90%. For example, 3D
printed fiber holders and micro-optics in connection with quantum emitters in CBG cavities could be very
suitable. Furthermore, excellent quantum properties in terms of single-photon purity, indistinguishability
and entanglement fidelity must be guaranteed, and practical aspects such as electrical control and spectral
fine-tuning, for example via piezo-induced strain-tuning, must be implemented. All of this places the highest
demands on the production of the fiber-coupled SPS, which can possibly be met by using e.g. deterministic
lithographic processes in combination with efficient fiber coupling technologies based on 3D microprinting
an high-NA specialty fibers.

41



10P Publishing J. Phys. Photonics 7 (2025) 012501 M F S Ferreira et al

(c)

Fiber-coupled
QD-microlens

Vacuum
chamber

FC ports

Seilll o
\FC Output o

Figure 19. (a) Schematic view of a micro-fiber SPS. (b) Deterministic fiber-coupling of a QD-SPS using 3D microprinting of a
lensed fiber (left) and a fiber-holder (center) aligned with sub-pm accuracy to QD-micromesa. Finished device with glued fiber
holder (right) (c) first stand-alone fiber-coupled QD-SPS with integrated Stirling cryo-cooler with a base temperature of 40 K.
Reprinted with permission from [279]. Copyright (2011) American Chemical Society. Reproduced from [280]. CC BY 4.0.
Reproduced from [276]. CC BY 4.0.

Concluding remarks

Single-photon fiber sources have high application potential in many fields of photonic quantum
technologies. Their development and optimization require interdisciplinary collaboration between scientists
in the areas of numerical optimization of nanophotonic structures, the manufacture of specialty optical
fibers, the development of quantum light sources and experts in quantum engineering of advanced
optoelectronic devices. In the future, these quantum devices can make an important contribution to the
implementation of quantum networks.
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