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In this paper, we analyze the guided-mode properties of negative curvature hollow-core
fibers (NCHCFs) using a new algorithm derived from the vector boundary element method
(VBEM). We present a numerical analysis of NCHCFs for core-diameter ratios from 0.46 to 0.64
and eight-capillary cladding. It is found that the guided mode is effectively limited to within the
hollow core when the core-diameter ratio is 0.51 to 0.62, enabling the core to confine the
transmission power without leakage.

1. Introduction

Negative curvature hollow-core fibers (NCHCFs) are composed of a hollow core with
multiple capillaries periodically arranged around the core to form a photonic crystal
fiber.!=* These novel photonic crystal fibers characterized by the core wall’s inverted curvature
enable light transmission in a hollow core with low-refractive-index media such as air and
vacuum. The guidance mechanism of NCHCFs is based on the anti-resonance effect in glass
core walls that act as a Fabry—Perot cavity, and the anti-resonance effect is strengthened through
inhibition of the coupling effect to reduce the transmission attenuation and enhance the
operational bandwidth.5-7) A guiding light in a large hollow air-filled core endows NCHCFs
with the favorable properties of high power transmission, ultralow dispersion, a large bandwidth,
and a simple structure.®-11 In 2020,(!2 we used a combination of an NCHCF and a gold-plated
graded-index fiber to fabricate a hollow-core photonic crystal fiber sensor and we analyzed the
sensing properties of the NCHCF sensor by measurement. We also modeled a surface-plasmon
photonic crystal fiber (PCF)-based sensor in a hollow-core photonic crystal fiber.13) It was
found that the design of the hollow-core photonic crystal fiber considerably affects the sensor’s
performance. Therefore, understanding NCHCFs will be important for designing hollow-core
photonic crystal fiber sensors.

NCHCFs with significantly lower transmission loss than other hollow-core photonic crystal
fibers, such as photonic band-gap fibers and Kagome fibers, and a simple cladding structure
characterized by very low coupling of the core and cladding modes have been proposed.!¥ In
2011, Pryamikov et al. proposed an NCHCF with negative curvature of the core—cladding
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interface in the waveguide regime.(!>) In 2015, Giinendi et al. demonstrated an NCHCF with six-
capillary cladding engineered to strongly suppress higher-order modes to realize a broadband
single mode.(1®) In 2016, Yu et al. experimentally studied the low-loss single-mode performance
of NCHCFs with seven- and eight-capillary cladding.!”) A promising NCHCF for sensing
applications with an all-fiber interferometer based on an NCHCF structure was first proposed in
2020 by Liu et al.('®

In this work, we propose a new algorithm for the vector boundary element method (VBEM)
to model and analyze the guided-mode properties of NCHCFs with core-diameter ratios from
0.46 to 0.64 and eight-capillary cladding.

2. Simulation Method

In this study, a new vectorial algorithm is derived from the VBEM{9~22 for modeling guided
modes in an NCHCF by simply solving the propagation constants corresponding to the supported
modes of the NCHCF structure. To our knowledge, this is the first time an approach based on the
boundary element method has been used for a hollow-core photonic crystal fiber.

Two homogeneous regions describe a hollow-core fiber: the air of the fiber core and the
capillaries. We denote E as an arbitrary function in the rectangular coordinate system that is the
solution of the Helmholtz equation in each region as follows:(??)

V2EF)+k*E(7F) =0, )

where Vtz represents the Laplacian operator in a transverse plane. The differential equation
Eq. (1) is converted to the following integral equation by using Green’s identities:(22)

dG(k,r,r")
dn

E(r)= gﬁr(E () - G(k, 7,7’)@—(7’)} dr'. Q)

n

The 2D Green’s function G takes the form G =(—;/ 4)H(()2)(k|17 - ;7'|), where Héz) is the zeroth
Hankel function of the second kind. In Eq. (2), I' denotes the boundary contour of two
homogeneous regions and d/dn indicates a normal inward derivative. If " is sufficiently smooth
to calculate points approaching the boundary, then Eq. (2) becomes

dG(k,7, 7"
dn

Ler)=r jr(E(f') - G(k,f,f')di—(f')j dr. ®)

n

where PJ. denotes the Cauchy principal value integral with the singularity at the point 7 =7

removed.(??)

3. Modeling and Discussion

In our numerical analysis of the guiding modes for the NCHCF, we calculate the propagation
constants and effective index of the fundamental core modes of the hollow core with multiple
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capillaries periodically arranged. As the NCHCEF relies on a combination of anti-resonance and
inhibition of the coupling effect, the higher-order modes are coupled to the cladding and are
removed from the core. Therefore, the fundamental core mode can be propagated and confined
in the hollow core with very low loss.

Here, we apply an NCHCF consisting of an eight-capillary cladding structure with circular
capillaries to demonstrate the numerical results of our approach. A schematic cross section of
the NCHCF with the eight-capillary cladding structure is shown in Fig. 1(a); the core is air, for
which n, is 1.0, and ¢,

ore 18 the core diameter in the fiber. The refractive index n; of the capillary

of the cladding is 1.45, and d,, and d,,, are the inner and outer diameters of the capillary,
respectively. Figure 1(b) shows the field distribution of the eight-capillary cladding structure of
the NCHCF when the core-diameter ratio (d.,,./D) is 0.51.

Figure 2 shows the effective index of the NCHCF versus the normalized wavelength for
d.,./D of 0.46, 0.51, and 0.56. From this diagram, as d,,
increases accordingly. The transmission power of the NCHCF is strongly related to the

ore'

ore/D Increases, the effective index (1)
propagation constant and effective index. Consequently, an NCHCF with a higher d.,,,./D has
greater transmission power.

Figure 3 shows the guided-mode properties of NCHCFs having d,.,,,../D from 0.46 to 0.64. We
find that the guided mode is effectively limited to within the core when d..,./D is 0.51 to 0.62 for
the eight-capillary cladding. The core of the NCHCF combines with the capillaries to form a

resonance region. When 4,

ore/D 1s too small, power leaks into the cladding because the negative

curvature arc is short. In contrast, when d,.,,./D is too large, the anti-resonant effect is broken

and the power also leaks. For d,

ore/D from 0.51 to 0.62, the transmission power can be confined

to the core without leakage.
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Fig. 1. (Color online) (a) Schematic cross section of the NCHCF with an eight-capillary cladding structure; (b)
field distribution of the NCHCF.
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4. Conclusions
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(Color online) Effective index of NCHCF versus normalized wavelength for d_.,,,./D = 0.46, 0.51, and 0.56.
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(Color online) Field distributions of NCHCFs with d_.,,,../D of 0.46 to 0.64.

In this work, we analyzed the guided-mode properties of NCHCFs using a new algorithm
derived from the VBEM. We proposed an NCHCF with a simple cladding structure characterized
by very low coupling of the core and cladding modes. This NCHCF has significantly lower
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transmission loss than a photonic band-gap filter and a Kagome filter. We performed a numerical
/D) from 0.46 to 0.64 and eight-capillary
/D is too small, the power leaks into the cladding because the negative

analysis of NCHCFs for core-diameter ratios (d,,,,
cladding. When d

core

curvature arc is short. In contrast, when d_,,,

/D from 0.51 to 0.62, the transmission power can be

/D is too large, the anti-resonant effect is broken

and the power also leaks. In the case of d,.,.,

confined to the core without leakage.
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