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Abstract

Anti-resonant hollow-core fibers have exhibited excellent performance in applications such as high-
power pulse transmission; network communication; space exploration; and precise sensing.
Employing anti-resonant hollow-core fibers instead of light guiding arms for transmitting laser
energy at the 2.79 um band can significantly enhance the flexibility of medical laser handles; reduce
system complexity; and increase laser transmission efficiency. Nevertheless; common anti-resonant
hollow-core fibers do not have the ability to maintain the polarization state of light during laser
transmission; which greatly affects their practical applications. In this paper; we propose a
polarization-maintaining anti-resonant hollow-core fiber applicable for transmission at the mid-
infrared 2.79 um band. This fiber features a symmetrical geometric structure and an asymmetric
refractive index cladding; composed of quartz and a type of mid-infrared glass with a higher
refractive index. Through optimizing the fiber structure at the wavelength scale; single-polarization
transmission can be achieved at the 2.79 um wavelength; with a polarization extinction ratio
exceeding 1.01x10% indicating its stable polarization-maintaining performance. Simultaneously; it
possesses low-loss transmission characteristics; with the loss of the x-polarized fundamental mode
being less than 9.8x10-% dB/m at the 2.79 um wavelength. This polarization-maintaining anti-resonant
hollow-core fiber provides a more reliable option for the light guiding system of the 2.79 um Er; Cr:
YSGG laser therapy device

Keywords: mid-infrared laser; optical fibers; polarization-maintaining

1. Introduction

The Er, Cr: YSGG laser at the 2.79 pm mid-infrared band precisely lies within the strong
absorption peak regions of water molecules and hydroxyapatite. Owing to the specificity of its
wavelength, it holds significant application value and potential in biomedical applications [1,2]. In
the application of mid-infrared lasers, it is requisite to convey and irradiate the laser to the treatment
site of patients or biological targets through a flexible catheter. Most traditional mid-infrared laser
medical apparatuses adopt light guiding arms for laser transmission. Constrained by the
performance of mid-infrared wavelength diaphragms, the reflection of the light beam at large angles
by several lenses at multiple joints results in considerable transmission losses. Coupled with the rigid
structure, it is challenging to achieve flexible operation in any orientation within confined three-
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dimensional spaces such as the oral cavity [3,4], thereby presenting inconvenience in operation and
use. Optical fibers thus emerge as the optimal alternative for replacing light guiding arms to address
issues such as high losses and inflexibility. Currently, solid-core optical fibers, due to the severe
absorption losses of quartz materials in the mid-infrared region, cannot be employed for mid-infrared
laser transmission with wavelengths greater than 2.7 um. For this reason, it is necessary to adopt
glasses such as fluorides and chalcogenides with low absorption losses in the mid-infrared region for
the fabrication of solid-core optical fibers. However, the physical and optical properties of these soft
glass materials pose difficulties in the fabrication of optical fibers, such that their technical maturity
and economic viability cannot compare with those of quartz optical fiber fabrication. More
importantly, the damage threshold of these solid-core optical fiber materials, as well as the inevitable
inherent nonlinearity, dispersion, and Rayleigh scattering of the materials themselves during the
transmission of intense lasers, all restrict their application scope [5-7].

In recent years, the developed microstructure anti-resonant hollow-core fibers (AR-HCFs) form
a negative curvature at the core boundary by constructing the cladding microstructure, strongly
suppressing the overlap between the optical mode field and the glass material, thereby avoiding the
interaction of light with the fiber material. The light beam is confined and transmitted in the core air,
thus enabling low-loss transmission even when the AR-HCFs are made of high-loss materials [8-12].
Silica AR-HCFs possess advantages such as low nonlinearity, low latency, low dispersion, and high
damage threshold. They have been successfully applied in biomedical imaging and sensing [13-15],
and in a fiber with a core diameter of 24 um, the transmission of 2.94 um laser energy can reach 500
m], satisfying the requirements of clinical applications. However, during the laser transmission
process in a common AR-HCEF, the polarization characteristics of the light are influenced by external
temperature, random birefringence, polarization mode dispersion, and polarization loss [16], and the
polarization maintaining performance of AR-HCF has become a research focus. Currently, both
domestic and international research on polarization-sensitive AR-HCFs mainly concentrates on 1.55
pum. In 2016, Ding et al. first proposed the method of introducing high birefringence by altering the
wall thickness of the cladding tubes in the orthogonal direction of the AR-HCF [17]. In 2018, Wei et
al. proposed a six-tube negative curvature hollow-core fiber, where the polarization extinction ratio
(PER) reached 850 at 1.55 um [18]. In 2018, Yan et al. proposed a single-polarization double-ring NCF
where the PER could reach 17,000 at 1.55 um. Although this NCF can operate under single-
polarization single-mode guidance and has good bending performance, the single-polarization
single-mode bandwidth only covers 8§ nm [19]. In 2018, Yan et al. from Beijing Jiaotong University
proposed a single-mode single-polarization anti-resonant hollow-core fiber with a PER of 17,662 at
the working wavelength of 1,550 nm, and its fundamental mode minimum loss was 0.04 dB/m [20].
In 2020, Yerolatsitis et al. from the University of Bath fabricated a highly birefringent HC-NCF with
a birefringence of 2.35x10°% at a wavelength of 1550 nm and a transmission loss of 0.46 dB/m [21]. To
the best of our knowledge, in the 2.79 um mid-infrared band, which has significant applications in
biomedicine, environmental detection, and nonlinear optics research, studies on AR-HCFs with
polarization maintaining characteristics have not been reported yet.

In this paper, a polarization-maintaining anti-resonant hollow-core fiber with a symmetric
geometric structure and an asymmetric refractive index cladding is designed. The nested tubes
consist of fused silica and a mid-infrared glass with a higher refractive index. By varying the
refractive index of the cladding in the X and Y directions, the polarization mode in the Y direction is
coupled with the cladding mode, resulting in a larger polarization loss in the Y direction to achieve
polarization characteristics. Through structural optimization, single-polarization transmission at a
wavelength of 2.79 um is realized, with a polarization extinction ratio reaching 2.1x105, and its
polarization-maintaining performance has excellent stability; simultaneously, it exhibits low-loss
transmission characteristics, with the x-polarization fundamental mode loss at a wavelength of 2.79
pum being only 1.8x10+ dB/m. Utilizing this structure of the polarization-maintaining anti-resonant
hollow-core fiber to replace the light guide arm for the transmission of the 2.79 um mid-infrared laser
waveband solves the problems of high loss, low efficiency, and inflexibility of the light guide arm.
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2. Design Polarization-Maintaining AR-HCF for Transmission at
2.79 um Wavelength

In this paper, a polarization-maintaining anti-resonant hollow-core fiber (AR-HCF) composed
of 4 cladding tubes and 4 nested tubes is designed. The numerical calculation and analysis of the
polarization-maintaining AR-HCF are conducted using the finite element method, and the structure
is shown in Figure 1. The core diameter is D, the outer diameter of the cladding tube is d2, and the
maximum distance between the inner diameter of the nested tube and the cladding tube is Z=dz- dx
- t. The finite element method is employed for modeling, and the confinement loss can be solved by
Equation (1) [22]:

Confinement Loss=8.686 277[ Im(neff ) (1)

Where A is the incident wavelength and n.f is the effective refractive index. ne can be solved by
Equation (2) [23]:
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Figure 1. End face Diagram of Polarization-Maintaining AR-HCF.

As depicted in Figure 1, the yellow portion represents the high refractive index material, the
white part indicates air, and the light blue section stands for quartz. The refractive index of quartz is
denoted by n1, and that of the high refractive index material is represented by nz. The diameter of the
air core is D, the wall thickness of the inner nested capillary is t, and the wall thickness of the outer
capillary is T. Subsequently, we fix the core diameter at 85.68 pm. According to the resonance
principle of the AR-HCF, the wall thicknesses of the inner and outer capillaries are the same at 0.72
um. The wall thickness of the inner nested capillary d1 = 80 um and the wall thickness of the outer
capillary dz = 91 um remain unchanged. Firstly, we analyze the single-polarization performance at
different n2 values to obtain n2 that can suppress the y-polarized fundamental mode, that is, to
investigate the influence of the refractive index of the different high refractive index material parts
on the polarization-maintaining AR-HCF we designed. The results are presented in Figure 2.

The polarization extinction ratio (PER) is defined as Equation (3) [24], and when the PER value
is greater than 100, it can be considered that the fiber will maintain a single-polarization transmission
state:
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PER: YIDSS (3)
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Figure 2. The variations of x-polarized loss and PER with n2 when the incident wavelength is 2.79 um and the

field distributions of X and Y polarized fundamental modes at n2=2.5.

As depicted in the lower graph of Figure 2, the modal field distribution maps of the x-polarized
fundamental mode and the y-polarized fundamental mode are presented when n2 = 2.5. It can be
observed from the figure that the x-polarized fundamental mode is well confined within the core
area, while the y-polarized fundamental mode couples with a mode attached to the high refractive
index cladding. Consequently, the loss of the y-polarized fundamental mode is extremely high,
thereby enabling single-polarization transmission. At this moment, the PER is 887. Through the
analysis, single-polarization transmission has been successfully achieved with the design of an
asymmetric refractive index distribution cladding structure at the target wavelength of 2.79 um.

3. Results and Discussion
3.1. The Influence of the Inner Diameter of the Embedded Casing Pipe on PER

After conducting research on the refractive index of the cladding tube in the y-direction, it was
obtained that the y-direction polarization mode couples with the surface mode of the cladding tube
in the y-direction. Subsequently, through the investigation of the inner diameter di of the inner
embedded cladding capillary and n2, in order to enhance the coupling between the y-direction
polarization mode and the surface mode of the cladding tube and thereby obtain a greater PER, we
fixed the core diameter at 85.68 um. According to the resonance principle of the AR-HCF, the wall
thicknesses of the inner and outer capillaries were made the same at 0.72 um. The wall thickness di

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0911.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 July 2025

5o0f 9

of the inner embedded capillary was selected within the range of 60 - 85 pm, the wall thickness d2 of
the outer capillary was maintained at 91 um, and the refractive index nz of the higher refractive index
material was chosen within the range of 2.0 - 2.5. The influence of the inner diameter of the embedded
tube on PER was studied. In other words, what we investigated was the impact of the distance
between the inner embedded tube and the outer cladding tube on the calculation results. Because the
introduction of the nested anti-resonance tube increased the radial air-glass anti-resonance layer, the
inner embedded tube could reduce the weak interference overlap between the core and cladding
modes, thereby reducing the confinement loss and bending loss of the core. However, what we
expected was an increase in the y-direction leakage loss and a decrease in the x-direction leakage loss.
A suitable inner diameter of the embedded tube was required to achieve this effect. The calculation
results are presented in Figure 3.

2.6

n,

Figure 3. The impact of the inner diameter di and the refractive index n2 of the nested cladding tube on the
polarization-maintaining characteristics of the optical fiber, and the distribution maps of the x and y polarization

modes at di1=78 um and n2=2.5.

From Figure 3, it can be observed that when n2 = 2.5 and d1 =78 um, the confinement loss of the
y-direction polarization mode is significantly greater than that of the x-direction polarization mode.
At this point, the core mode in the y-direction strongly couples with the cladding tube mode, and the
vast majority of the y-direction polarization mode leaks into the cladding tube. The maximum PER
at this moment is 841.1. When n2 = 2.5 and di1 = 68 um, which is in the yellow area in the middle of
the figure, the y-direction polarization mode weakly couples with the surface mode of the cladding
tube, and only a small portion of the mode leaks into the cladding, resulting in a PER of less than 100
for both the x and y-direction polarization modes. Overall, it is not feasible to infinitely increase the
distance between the inner embedded tube and the outer cladding tube merely to enhance the leakage
loss in the y-direction. A relatively appropriate distance is of paramount importance. Eventually,
through calculations, it is determined that the most suitable distance between the two, Z=13.097 um.
On the right side are the mode field diagrams of the two eigenmodes. The x-direction polarization
mode, due to the thickness of the cladding tube, has a suppressing effect on coupling, concentrating
the optical energy in the core and preventing mode coupling. The y-direction polarization mode
couples with the surface mode of the cladding tube, leading to the leakage of part of the mode field
energy to the surface of the cladding tube.
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3.2. The Inner Diameter of the Jacketed Pipe Affects the PER

The core diameter D of the optical fiber is fixed at 85.68 um, the thicknesses of the inner and
outer cladding tubes are the same at 0.72 um, the refractive index of the y-direction cladding tube
material is set at 2.5, and the distance Z from the embedded tube to the outer cladding tube remains
unchanged at 13.097 um as described in Section 3.1. Next, the influence of the outer cladding tube d2
on the polarization-maintaining AR-HCF is investigated. Since changes in the capillary radius can
induce variations in the capillary gap and have an impact on the confinement loss characteristics of
all polarization modes, including the fundamental mode and higher-order modes, in the core area,
the optimization of the capillary radius is of great significance for the design of single-polarization
hollow-core fibers. The calculation results are shown in Figure 4.
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Figure 4. The effect of the inner diameter of the cladding tube on PER, and the curve chart of the loss limitation

in the x direction as the cladding tube changes.

From Figure 4, it can be observed that when d2/D =1.072 (within the yellow shaded region), the
loss of the y-polarization fundamental mode exceeds 2000 dB/m, while the loss of the x-polarization
fundamental mode is 0.117 dB/m. A portion of the x-polarization fundamental mode undergoes
micro-coupling with the cladding mode, resulting in a relatively large leakage loss of the x-
polarization fundamental mode. At this point, the polarization extinction ratio is greater than 17524.
Although the PER value is favorable at this moment, the low-loss transmission of the x-polarization
fundamental mode still needs to be considered. When d2/D = 1.062 (within the red shaded region),
the loss of the y-polarization fundamental mode is 11.264 dB/m, but the loss of the x-polarization
fundamental mode is merely 0.00987 dB/m. Under these conditions, only the x-polarization
fundamental mode can be stably transmitted within the fiber core, and the polarization extinction
ratio is 1141.52, indicating the realization of single-mode transmission of the x-polarization
fundamental mode of the fiber. The loss of the y-polarization fundamental mode undergoes
significant fluctuations with the alteration of d2 and maintains a relatively high loss value. Hence, in
this section, the optimal parameter for the capillary radius d2/D is selected as 1.062.

3.3. The Core Diameter Affects the PER

By varying the core diameter, the effective mode area of the optical fiber can be modified, and
the losses of the fundamental mode and higher-order modes in the core can be regulated. Based on
the optimizations in the previous two sections, a further analysis is carried out on the impact of the
core diameter on the fiber's performance. The initial structural parameters of the optical fiber are set
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as follows: the core diameter D is fixed at 85 um, the thicknesses of the inner and outer cladding tubes
are both 0.72 um, the refractive index of the y-direction cladding tube material is set at 2.5, as
described in Section 3.1, the distance Z from the embedded tube to the outer cladding tube remains
constant at 13.097 um, and the ratio d2/D of the outer cladding tube is 1.062. The results are presented
in Figure 5.
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Figure 5. Relationship between x and y polarization loss and PER with fiber core diameter.

Figure 5 depicts the variation relationship between the x-polarized fundamental mode loss, PER,
and the core diameter D at a wavelength of 2.79 um. It can be conspicuously observed that when the
core diameter is 85.71 um, the loss of the x-polarized fundamental mode is minimized, with a loss of
0.00932 dB/m and a PER value of 872. When the core diameter is 85.94 um, the x-polarized loss is
0.01065 dB/m, and the PER is greater than 1.01x10° at this point. Since the actual application scenario,
we ultimately have only required transmission over a few meters, the loss of 0.01065 dB/m over short
distances is adequate to meet the usage requirements. Therefore, we ultimately select D = 85.94 um
as the optimized structural parameter.

4. Conclusions

In recent years, high-refractive-index glasses have been continuously developed and fabricated,
finding applications in optical instruments and equipment and significantly improving and
enhancing optical performance. This paper proposes a polarization-maintaining AR-HCF featuring
a layer of nested tubes and cladding tubes with different refractive indices in the x and y directions.
Based on the finite element method, the influence of key structural parameters of the optical fiber,
such as the refractive index of the high-refractive-index material, the core diameter, the outer
diameter of the cladding tube, and the inner diameter of the nested cladding tube, on the transmission
characteristics of the polarization-maintaining AR-HCF is analyzed. The theoretical concept of this
paper focuses on guiding the surface mode of the y-direction cladding tube to anti-cross with the y-
direction polarization mode by adjusting the refractive index of the y-direction cladding tube,
achieving phase matching of the two modes, and increasing the leakage of the y-direction
fundamental mode, thereby obtaining the polarization-maintaining AR-HCF. The numerical results
indicate that the designed optical fiber in this paper can achieve a confinement loss of the x-direction
polarization mode of 1.065x10"2 dB/m at 2.79 um, with a PER greater than 1.01x10°. The polarization-
maintaining AR-HCF structure designed herein is simple and straightforward for fabrication, with a
relatively large core diameter, facilitating the coupling of a mid-infrared 2.79 um laser with a large
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spot diameter and featuring low transmission loss. The use of this structure for the transmission of
the mid-infrared 2.79 um Er, Cr: YSGG laser in polarization-maintaining AR-HCF enables convenient
multi-directional and multi-angle operation by surgeons in clinical applications. This study provides
valuable reference and theoretical guidance for the development of optical transmission technology
and clinical application research of mid-infrared laser medical instruments.
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