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Hollow-core negative curvature fibers have drawn lots of attention due to their

attractive properties, including a low transmission loss, a wide transmission band-

width, low power ratio in the glass, and a simple structure. In this dissertation, we

describe the history, guiding mechanism, advances, and future prospects for negative

curvature fibers. We focus our studies on negative curvature fibers using chalcogenide

glasses, which have low material loss in the mid-infrared region. Optical fibers used

for lasers in mid-infrared region have important applications for chemical sensing,

environmental monitoring, homeland security, and medical diagnostics.

We study one-dimensional slab waveguides, two-dimensional annular core fibers,

and negative curvature tube-lattice fibers to illustrate the inhibited coupling guiding

mechanism. Antiresonance in the glass at the core boundary and a wavenumber

mismatch between the core and cladding modes inhibit coupling between the modes

and have led to remarkably low loss in negative curvature fibers.

We show computational studies to design negative curvature fibers that improve

the performance of the hollow core fibers. First, we compare loss in silica and chalco-

genide negative curvature fibers and consider both simple and nested geometries as

the transmission wavelength varies. At wavelengths shorter than 4.5 µm, silica nega-

tive curvature fibers have a loss that is around or below 10–1 dB/m and are preferable



to chalcogenide fibers. At wavelengths longer than 4.5 µm, it is preferable to use

As2S3 chalcogenide or As2Se3 chalcogenide negative curvature fibers since their loss is

one or more orders of magnitude lower than the loss of silica negative curvature fibers.

Second, we find the impact of cladding tubes in chalcogenide negative curvature fibers.

The leakage loss is decreased by a factor of 19 and the operating bandwidth is almost

doubled when the optimal gap between cladding tubes is used in negative curvature

fibers with 6 tubes. The optimal gap in a fiber with 6 cladding tubes is 3 times as

large as the optimal gap in fibers with 8 or 10 cladding tubes. A larger gap is needed

in a fiber with 6 cladding tubes to remove the weak coupling between the central core

mode and the tube modes. Third, we study conditions for suppression of higher-order

core modes in chalcogenide negative curvature fibers with an air core. An avoided

crossing between the higher-order core modes and the fundamental modes in the

tubes surrounding the core can be used to resonantly couple these modes, so that the

higher-order core modes become lossy. Fourth, we study bend loss in chalcogenide

negative curvature fibers with different polarizations, different tube wall thicknesses,

and different bend directions relative to the mode polarization. The coupling between

the core mode and tube modes induces bend loss peaks in the two non-degenerate

modes at the same bend radius. There is as much as a factor of 28 difference between

the losses of the two polarization modes. Last, we propose a polarization-filtering and

polarization-maintaining negative curvature fiber in which two nested resonant tubes

are added to a standard negative curvature fiber with one ring of tubes. The cou-

pling between the glass modes in the nested resonant tubes and the fundamental core

modes is used to increase the birefringence and differential loss for the fundamental

core modes in the two polarizations.

At the end, we discuss the future prospects for negative curvature fibers and give

a summary.
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CHAPTER ONE

Introduction

This chapter published as part of [1]: C. Wei, R. J. Weiblen, C. R. Menyuk, and J.
Hu, “Negative curvature fibers,” Adv. Opt. Photon. 9, 504–561 (2017).

In this chapter, we present the history of hollow-core fibers and hollow-core neg-

ative curvature fibers. We also describe recent applications of negative curvature

fibers.

1.1 History of Hollow-Core Fibers

Conventional step-index optical fibers have a higher index material in the center

and a lower index material in the cladding in order to guide light by total internal

reflection. Their guided modes have an effective index that is between the refractive

indices of the core and cladding regions. The first microstructured optical fiber was

fabricated in 1974 and consisted of a small-diameter rod supported on a thin plate

in the center of a larger-diameter protective tube [2]. Research on periodic optical

structures has grown rapidly [3] since photonic crystals were introduced in 1987 [4,5].

The first photonic crystal fiber (PCF) was demonstrated in 1996 [6,7]. It had a solid

core with hexagonally arranged air holes along the entire length of the fiber with one

missing defect hole that confined light in the central core [7, 8]. In photonic crystal

fibers of this type, there are one or more defect holes missing in the center, and

these defects form the central core. The holey cladding forms an effective low-index

material and confines the light. The effective index of the cladding is determined

by the fundamental space-filling mode [8] and can be calculated using the tight-

binding model [9–12]. The confinement mechanism is still effectively the same as

in conventional step-index fibers that use total internal reflection. Because of the

flexibility of fiber design that includes air holes in the fiber, PCFs can have attractive
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properties, such as higher nonlinearity, endlessly single-mode transmission, tunable

dispersion, and high birefringence [8, 13–16].

In the late 1970s, a cylindrical Bragg waveguide, which consists of alternating

rings of high- and low-refractive index materials, was proposed. This waveguide uses

a bandgap or a forbidden gap to confine the light in the central core with a low

refractive index [17, 18]. A bandgap implies that certain frequencies cannot propa-

gate. If the light frequency is in the frequency range of the bandgap, the periodic

cladding structure can confine the light in the central air core [14, 15, 19]. In addi-

tion, the effective index of the fundamental core mode will reside in the range of the

bandgap [14, 15, 19]. In the late 1990s, hollow-core photonic bandgap fibers using a

two-dimensional periodic cladding structure with an air core in the center attracted a

large amount of interest due to their potential to realize optical properties that are not

possible in conventional fibers [20, 21]. The hollow-core photonic bandgap fibers can

overcome some of the fundamental limitations of conventional step-index fibers and

can in theory lead to reduced transmission loss, lower nonlinearity, and a higher dam-

age threshold [19,22–24]. The central core, which confines the light, can be filled with

gases or other materials, leading to long light-matter interaction lengths [19, 25–27].

Later, kagome fibers were also developed to obtain low-loss transmission in an air

core [28–31].

Besides the periodic cladding structure, antiresonant reflection can also confine

light in the region with a low refractive index. It was first studied and experimen-

tally realized in a one-dimensional slab waveguide in 1986 [32, 33]. Two-dimensional

structures with light transmission in a low-index core that use the same confinement

mechanism have been studied [34–36]. Antiresonant reflective structures have been

used to design the inner core boundary of photonic crystal fibers that have different

cladding structures. These include kagome fibers, square-lattice hollow-core fibers,

and bandgap fibers [29,30,37–44]. By tuning the thickness of the core boundary, the
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antiresonant structure can also be used to minimize the field intensity at the glass

and air interface [44–46].

1.2 History of Hollow-Core Negative Curvature Fibers

Research on antiresonance and kagome fibers finally led to negative curvature

fibers with a cladding that consists of one ring of tubes, taking advantage of both the

simple cladding structure and the negative curvature of the core boundary [47–54].

In a negative curvature fiber, the surface normal vector of the core boundary is op-

positely directed from a radial unit vector [37, 48, 55]. Figure 1.1 illustrates different

kinds of curvature in core boundary. Left image illustrates the positive curvature

core boundary. Middle image illustrates the flat core boundary. Right image illus-

trates the negative curvature core boundary. The negative curvature inhibits coupling

between the fundamental core mode and the cladding modes. The cladding modes

are modes that reside primarily inside the tubes, in the glass, or in the interstices

between the tubes and the outer glass ring. Antiresonance is necessary to inhibit

coupling between core and cladding modes in negative curvature fibers, but it is not

sufficient. A combination of antiresonance in the glass at the core boundary and a

wavenumber mismatch between the core and the cladding modes inhibits coupling

between the modes and has led to remarkably low loss. By taking advantage of in-

hibited coupling, silica negative curvature fibers have been demonstrated with low

Figure 1.1: Different kinds of curvature in core boundary. Red contour indicates mode
profile.
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transmission loss on the order of 10 dB/km [37, 50–53, 56–61]. Lower losses are rel-

ative easier to achieve at larger core diameters [62]. Many analyses have been done

on negative curvature fibers to study the effect on the fiber loss of the curvature of

core boundary, the number of cladding tubes, the thickness of the tubes, and the

bend radius [43, 63–72]. Enhancements of negative curvature fibers have also been

suggested, including fibers with gaps between the cladding tubes [43,66–69] and fibers

that include one or more nested tubes with additional reflecting surfaces [43, 65, 66].

Since no bandgap is used in negative curvature fibers, there is no requirement for a

periodic cladding structure. The simplicity of the negative curvature structure opens

up the possibility of fabricating fiber devices for mid-infrared (IR) applications using

non-silica glasses [73–77], such as chalcogenide, since the development of hollow-core

chalcogenide fibers has been hampered by fabrication difficulties [55,78,79].

Figure 1.2 shows scanning electron micrographs (SEMs) of hollow-core fibers with

a negative curvature core-cladding interface. In particular, Figs. 1.2(a) and 1.2(c)

show negative curvature fibers with six [80] and seven [58] cladding tubes to sup-

press higher-order core modes. Figure 1.2(b) shows a negative curvature fiber for

Raman spectroscopy using ethanol [81]. Figure 1.2(d) shows a negative curvature

fiber used for penalty-free 10G on-off keying data transmission through 100 m of

fiber [60]. Figure 1.2(e) shows the fiber with one ring of touching tubes [49]. The loss

can be further reduced by introducing a separation between the cladding tubes, as

shown in Fig. 1.2(f) [51]. The mode content in a negative curvature fiber shown in

Fig. 1.2(g) has been experimentally measured using spatially and spectrally resolved

imaging [82]. A negative curvature fiber with a loss of 7.7 dB/km at 750 nm has

been reported, as shown in Fig. 1.2(h) [57]. A negative curvature fiber with a larger

separation between tubes corresponding to a small tube diameter has also been pro-

posed for lower bend loss as shown in Fig. 1.2(i) [69]. A 10.6 µm CO2-laser delivery

system has been fabricated with a chalcogenide negative curvature fiber, as shown
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in Fig. 1.2(j) [55]. Figure 1.2(k) shows a chalcogenide negative curvature fiber that

was fabricated using extrusion [77]. Figure 1.2(l) shows a hollow-core negative cur-

vature fiber made with polymethylmethacrylate (PMMA) tubes for THz spectrum

transmission [83]. Figure 1.2(m) shows a hollow-core negative curvature fiber [50],

which has been used for high power applications in the mid-IR region [53, 84]. Fig-

ures 1.2(n) and 1.2(o) show double antiresonant fibers with one small tube inside

another tube [62, 85]. Figure 1.2(p) shows a hypocycloid-shaped kagome fiber, in

Figure 1.2: Scanning electron micrographs (SEMs) of negative curvature fibers listed in
Table 1.1.
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Table 1.1. Parameters in negative curvature fibers

Figure Fiber Core Wall Loss Wavelength Ref
material diameter thickness

(a) Silica 30 µm 0.44 µm 0.18 dB/m 1.6 µm [80]
(b) Silica 32 µm 0.25 µm 100 dB/km 1.3 µm [81]
(c) Silica 30 µm 0.83 µm 30 dB/km 1.09 µm [58]
(d) Silica 40.2 µm 0.359 µm 25 dB/km 1.2 µm [60]
(e) Silica 27 µm 2.0 µm <1 dB/m 1 µm [49]
(f) Silica 119 µm 6 µm 50 dB/km 3.39 µm [51]
(g) Silica 70 µm 1.2 µm 0.68 dB/m 1.5 µm [82]
(h) Silica 41 µm 0.545 µm 7.7 dB/km 0.75 µm [57]
(i) Silica 109 µm 2.4 µm 100 dB/km 3.1 µm [69]
(j) Chalcogenide 380 µm 18 µm 11 dB/m 10.6 µm [55]
(k) Chalcogenide 172 µm 7 µm 2.1 dB/m 10 µm [77]
(l) PMMA 3.24 mm 252 µm 0.16 dB/cm 362 µm [83]
(m) Silica 94 µm 2.66 µm 34 dB/km 3.05 µm [50]
(n) Silica 25 µm 2.3 µm 75 dB/km 1.85 µm [62]
(o) Silica 51 µm 1.27 µm 175 dB/km 0.48 µm [85]
(p) Silica 60 µm 1.4 µm 17 dB/km 1.064 µm [37,86]

which curvature of the core boundary can be adjusted [37,86]. Table 1.1 displays the

parameters of the fibers that are shown in Fig. 1.2.

In the literature, negative curvature fibers are referred to as hollow or hollow-core

antiresonant fibers [64, 65, 69, 85, 87–91], hypocycloid-shaped hollow-core photonic

crystal fibers [37, 38, 48, 86, 92–97], inhibited coupling fibers [95, 98–101], negative

curvature fibers [51–55, 63, 67, 68, 70, 78, 102], revolver fibers [62, 103–106], and tube

lattice fibers [83,107–113]. Since all these fibers take advantage of negative curvature

in the region surrounding the central core, we will refer to them collectively as negative

curvature fibers, which are the focus of this dissertation. Hollow-core fibers with

straight membranes in the region surrounding the central core also use antiresonant

reflection which contributes to inhibited coupling [30,41,42,114–117]. However, they

do not use negative curvature and are outside the scope of this dissertation.
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1.3 Recent Applications of Negative Curvature Fibers

In this section, we describe results that have appeared in Refs. [50,53,54,84,118],

to explain the recent applications of negative curvature fibers, including mid-IR fiber

lasers, micromachining, and surgical procedures.

1.3.1 Mid-IR Fiber Lasers

The invention of hollow-core fibers and their ability to host gases for long inter-

action lengths and micron-scale mode areas have enabled new gas-filled hollow-core

fiber lasers. Wang et al. demonstrated mid-IR emission using acetylene-filled hollow-

core negative curvature fibers [84]. The fiber had a core diameter of 109 µm, a tube

diameter of 27.9 µm, a silica wall thickness of 2.4 µm, and a fiber length of 10.5 m.

The pump diode laser had a wavelength of 1530.37 nm, a repetition rate of 10 kHz,

and a pulse duration of 20 ns. The loss at the pump wavelength of 1.53 µm was

0.11 dB/m. The loss was 0.1 dB/m near the output laser wavelengths of 3.1–3.2 µm.

The fiber was filled with acetylene using two gas cells. This pumping creates an

immediate population inversion, which leads to two lasing lines at wavelengths of

3.12 µm and 3.16 µm.

By properly designing the fiber’s transmission bands, and carefully selecting active

gases and pump lasers, efficient, compact, high-power mid-IR fiber gas lasers can

potentially be obtained at a number of wavelengths. Negative curvature fibers with

a low transmission loss, a wide bandwidth, a large core size, and a high damage

threshold can play an important role in hollow-core gas fiber lasers [119, 120]. In

addition, the pulse propagation in the hollow-core fiber has a very low nonlinearity,

which can be used to increase the cavity length of the fiber laser loop.
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1.3.2 Micromachining

High power lasers are widely used in micromachining because of their accuracy

and flexibility. Unfortunately, nonlinearity limits high power delivery in solid-core

optical fibers. Hollow-core fibers confine the light inside a hollow air core surrounded

by a photonic crystal cladding, which can provide low loss and high power transmis-

sion [22]. Negative curvature fibers, as one kind of hollow-core fiber, can be used for

high power delivery by taking advantage of low nonlinearity, a high damage threshold,

and low material absorption because most of the light power propagates in the air

core. Jaworski et al. [54] showed that high-average-power picosecond and nanosec-

ond pulse delivery using negative curvature fibers can be used for micromachining.

The fiber used in this experiment was a silica negative curvature hollow-core fiber

fabricated by the commonly stack and draw technique [50]. Experiments were car-

ried out to demonstrate high-quality machining of 0.15 mm thick fused silica using

a TRUMPF TruMicro picosecond laser. The wavelength was 1030 nm, the duration

was 6 ps, the pulse energy was 52 µJ, and the repetition rate of the laser pulses was

400 kHz. The fiber had a length of 1 m and an attenuation of 0.23 dB/m at 1030 nm.

The micro-milled pattern had been realized using a laser pulse that is transmitted by

a negative curvature fiber with no cracks on the glass sample. The spot diameter of

the focused laser at the workpiece was calculated to be 36 µm and the marking speed

was 100 mm/s, which makes it possible to fabricate features with the dimensions

less than 1 mm × 1 mm with a depth of 30 µm. It is hard to achieve crack-free

machining of glass with picosecond pulses that are delivered at wavelengths near

1 µm using solid-core large mode-area fibers or conventional hollow-core fibers due to

the low damage threshold and nonlinear effects in the short pulse regime. Later, 10

meter-long kagome fibers were also used for laser micromachining in glass sheet [121].

Precision machining experiments at wavelengths of 532 nm and 515 nm were

also carried out in negative curvature fibers [122]. The energy threshold damage
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was measured to be 5 mJ level in hypocycloid-shaped kagome fibers [123, 124]. The

energy handling capability of these fibers is higher than that of standard hollow-core

bandgap fibers [93] and conventional silica fibers. Hence, negative curvature fibers

provide a strong candidate for a solution to high power handling requirements.

1.3.3 Surgical Procedures

Biological tissue with water absorbs mid-IR radiation very well. Mid-IR lasers can

offer a safe, effective, and precise surgical cutting tool for minimally invasive surgical

procedures [125,126]. The benefit includes small penetration depth, high precision, no

additional pressure, and a minimal heat-affected zone to reduce collateral damage and

cell death in surrounding tissue [127,128]. A flexible transmission tool from the laser

to the patient is required for successful surgery, and optical fibers are good candidates,

because of their small size, weight, and flexibility. Urich et al. demonstrated high

energy delivery through a negative curvature fiber, which can be used for soft and

hard tissue ablation under both dry and aqueous conditions [53, 118]. This negative

curvature fiber has a core diameter of 94 µm [50]. The attenuation of this fiber is

34 dB/km at a wavelength of 3.05 µm. An Impex High Tech ERB 15 laser was used

to generate optical pulses at a wavelength of 2.937 µm, a full-width half-maximum

(FWHM) of 225 µs, and a repetition rate of 15 Hz. The laser light has a focused

spot size diameter of 67 µm. The maximum coupling efficiency achieved was around

35% due to a mismatch between the laser mode and fiber mode profiles. A total

fiber length of 6.5 m was used, where 5.5 m of the fiber was coiled with a diameter

of 0.5 m. The fiber attenuation was measured to be 0.183 dB/m at a wavelength of

2.94 µm. In order to avoid fiber contamination, the fiber end was encapsulated with a

sapphire endtip, which was mounted onto the fiber using a heat-shrinking tube. The

output power at the surface of the endtip was 30 mJ at 2.94 µm with a divergence

half angle of 36 mrad and an energy density of larger than 500 J/cm2 at the contact
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point. This energy density far exceeds the ablation thresholds necessary for biological

tissue. At the same time, this energy density is well within the operating capability

of the device. Using this fiber system with an endtip, soft tissue in muscle and hard

tissue in bone can be ablated in both air and water. The width of the cut is around

300 µm, and the depth of the cut is 220 µm. This system for high power applications

at 2.94 µm demonstrates a promising surgical device for minimally invasive surgical

procedures.

Laser poration can remove the barrier skin layer, and thereby provides a route for

the diffusion of applied drugs [129]. Femtosecond pulsed laser ablation was demon-

strated to enhance drug delivery across the skin [130]. A negative curvature fiber was

used to deliver femtosecond pulsed visible light. The optical nonlinearity and disper-

sive effects in conventional step-index fibers are too high for this application [130].

Light guided in the negative curvature fibers is confined to an air core with low non-

linearity and dispersion, which allows the delivery of high-peak-power femtosecond

pulses [131].

1.4 Organization of Dissertation

The rest of the dissertation is organized as follows: Chapter two describes the

inhibited coupling guidance mechanism in one-dimensional slab waveguides, two-

dimensional annular core fibers, and negative curvature fibers. The guidance mech-

anism, the transmission loss, and the mode properties have been studied separately

in slab waveguides [32, 33], annular core fibers [90, 107, 132], and negative curvature

fibers [49–52]. Annular core fibers can be used to predict the effective indices of

the modes in negative curvature fibers, although not the loss. Chapter three de-

scribes comparison of loss in silica and chalcogenide negative curvature fibers as the

wavelength varies. Chapter four presents impact of cladding tubes in chalcogenide

negative curvature fibers. Chapter five presents higher-order mode suppression in
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chalcogenide negative curvature fibers. Chapter six describes bending-induced mode

non-degeneracy and coupling in chalcogenide negative curvature fibers. Chapter seven

describes polarization-filtering and polarization-maintaining low-loss negative curva-

ture fibers. We discuss future prospects for negative curvature fibers in Chapter eight.

A summary is also given in Chapter eight.
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CHAPTER TWO

Guidance Mechanism

This chapter published as part of [1]: C. Wei, R. J. Weiblen, C. R. Menyuk, and J.
Hu, “Negative curvature fibers,” Adv. Opt. Photon. 9, 504–561 (2017).

In this chapter, we describe the guidance mechanism in negative curvature fibers.

The guidance mechanism in negative curvature fibers is inhibited coupling between

light that propagates in the fiber core and light that propagates in the glass, in the

cladding tubes, or in the interstices between the cladding tubes and the glass wall.

Antiresonance plays a critical role in inhibiting the coupling between light in the

core and in other regions of the negative curvature fiber, although some wavenumber

mismatch is always needed. In section 2.1, we describe antiresonant reflection in

one-dimensional slab waveguides, two-dimensional annular core fibers, and negative

curvature fibers. In section 2.2, we describe that a wavenumber mismatch between

the core and cladding modes will contribute to inhibited coupling. The combination

of antiresonance and a wavenumber mismatch between the fundamental core and

the cladding modes inhibits coupling between the modes. The inhibited coupling

mechanism differs significantly from the guidance mechanism in photonic bandgap

fibers. In section 2.3, we compare these two guidance mechanisms. Throughout

Chapter two, we use a wavelength of 1.0 µm, a refractive index of 1.45 for silica glass,

and a refractive index of 1.0 for air.

2.1 Antiresonant Reflection

We show simulation results with different structures that summarize simulations

that have appeared in [49, 90, 107, 133, 134], to illustrate the antiresonant reflection

mechanism, the transmission loss, and the mode properties. This section illustrates

the important role of antiresonant reflection in guiding the light.
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2.1.1 Slab Waveguide

We first study the modes in a one-dimensional M -type slab waveguide. A schematic

illustration of the refractive index profile of the M -type slab waveguide that extends

infinitely in y- and z-directions, is shown in Fig. 2.1. The gray regions represent

glass. The white regions represent air. The normalized electric field intensity of

the fundamental mode is shown in Fig. 2.2. The width of the air core is 30 µm,

and the glass thickness is 0.8 µm. We calculate the effective index and leakage loss

for the fundamental core mode in the M -type slab waveguide, with both the mode-

matching method [135,136] and the finite-element method (FEM) [137,138], as shown

in Fig. 2.3. The details of the mode-matching method and the FEM for the slab wave-

guide can be found in Refs. [135,138]. Both the mode-matching method and the FEM

can give accurate predictions for the effective index and the loss in the M -type slab

waveguide. It takes 2 seconds and 11 seconds on a desktop computer with a CPU

speed of 3.4 GHz using the mode-matching method and the FEM, respectively, to

find the effective index of the fundamental core mode in the M -type slab waveguide

shown in Fig. 2.1. The mesh size and thickness of the absorbing layers must be veri-

fied for convergence when using the FEM, leading to additional computational cost.

Given the complex effective index ncomp = neff + inimag, which is what either method

directly yields, the leakage loss is calculated as Loss = 40π nimag/[ln(10)λ], where λ

Figure 2.1. Cross section and index profile of an M -type slab waveguide.
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Figure 2.2: Normalized electric field intensity of the fundamental core mode in an M -type
slab waveguide. The blue curve and red circles are the results from the mode-matching
method and the FEM, respectively. The dashed lines indicate interfaces between air and
glass.

is the wavelength [139, 140]. The effective index equals the real part of the complex

effective index. As the glass thickness increases from 0.2 µm to 1.5 µm, there are

three high loss thicknesses of 0.48 µm, 0.95 µm, and 1.43 µm, as shown in Fig. 2.3.

A schematic illustration of the reason for the high loss, which is due to a resonance

condition, is shown in Fig. 2.4. For the core mode in the structure with a large core

width where W � λ, the longitudinal wave vector, kL, can be approximated by

n0k0, and the transverse wave vector, kT, in the glass region, can be approximated

by k0(n2
1 − n2

0)1/2. The parameter k0 = 2π/λ denotes the wave vector in the air.

Then, the phase difference between the waves passing through the glass slab with

and without additional reflections is 2tk0(n2
1 − n2

0)1/2. The resonance condition that

the phase difference is a multiple of 2π yields t = mλ/[2(n2
1−n2

0)1/2], where m equals

any positive integer [32–34]. The values of the thickness, t, corresponding to the

resonances at m = 1, 2, and 3, are 0.48 µm, 0.95 µm, and 1.43 µm, respectively, which

correspond to the high-loss regions in Fig. 2.3(b). The minimum loss of 2.4 dB/m is

the same in different transmission bands in the M -type slab waveguide. We also show
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Figure 2.3: (a) Effective index and (b) leakage loss of the fundamental core mode as a
function of glass layer thickness, t. The blue curves and red circles are the results from the
mode-matching method and the FEM, respectively.

Figure 2.4. Schematic illustration of the resonance and antiresonance conditions.
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Figure 2.5: Leakage loss of the fundamental core mode in the M -type slab waveguide as a
function of the glass thickness and the core width.

a contour plot of the leakage loss of the fundamental core mode as a function of the

glass thickness and the air-core width in Fig. 2.5. There are three transmission bands,

I, II and III near the antiresonance condition, t = (m− 0.5)λ/[2(n2
1 − n2

0)1/2], where

m equals any positive integer [34, 141, 142]. These transmission bands are between

the high-loss regions corresponding to the resonance condition at glass thicknesses

of 0.48 µm, 0.95 µm, and 1.43 µm. The resonance condition does not change with

different widths of the air core. The leakage loss decreases as the width of the air

core increases [43, 112, 143]. Note that the resonance condition and antiresonance

condition can also be derived by using the conditions of minimum and maximum

reflection, respectively, from the equations for multiple-beam fringes with a plane-

parallel plate [144].

2.1.2 Annular Core Fiber

The cylindrical waveguide that corresponds most closely to the M -type slab is the

annular core fiber, which has a high index ring in the fiber geometry [145–147]. In

Fig. 2.6, we show the cross section and the index profile along the radial direction

of the annular core fiber. The gray regions represent the glass. The white regions
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Figure 2.6: Cross section and index profile along the radial direction of an annular core
fiber.

represent the air. Annular core fibers with modes that exist in the glass ring have

been extensively studied [145–147]. The effective index in this case is between the

refractive indices of n0 and n1. This section focuses on annular core fibers with modes

that exist inside the central air core. These modes have an effective index that is less

than either of the refractive indices n0 or n1 [90,107,132–134]. We find the core mode

using the mode-matching method [145,148] and FEM [137,138].

Figure 2.7 shows a contour plot of the normalized electric field intensity of the

fundamental core mode in an annular core fiber with an air-core diameter of 30 µm

and a glass thickness of 0.8 µm. Figures 2.8(a) and 2.8(b) show the effective index

and the leakage loss of the fundamental core mode as a function of glass thickness.

The blue solid curves represent the results from the mode-matching method. The

red circles represent results that are calculated using the FEM. We calculate the fiber

modes and their propagation constants using Comsol Multiphysics, a commercial full-

vector mode solver based on the FEM. Anisotropic, perfectly matched layers (PMLs)

are positioned outside the cladding in order to reduce the size of the simulation

window [149]. It takes 7 seconds and 29 seconds on a desktop computer with a CPU

speed of 3.4 GHz using the mode-matching method and the FEM, respectively, to
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Figure 2.7: Contour plot of the normalized electric field intensity of the fundamental core
mode in an annual core fiber. The white dashed lines indicate the boundaries of the glass
ring.

Figure 2.8: (a) Effective index and (b) leakage loss of the fundamental core mode as a
function of glass thickness. The blue solid curves and red circles represent the results from
the mode-matching method and the FEM, respectively.
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find the effective index of the mode in the annular core fiber shown in Fig. 2.6. A

longer time is required to use the FEM since a small mesh size is required in the

model, especially in the thin glass regions. Also, convergence tests must be carried

out on the mesh sizes in different regions of the fiber structure and on the thickness

of the PML in order to obtain accurate results. While the mode-matching method

runs more quickly, it can only be used in highly regular geometries like the annular

core fiber, and cannot be used in irregular waveguide geometries, such as the negative

curvature fibers that are shown in Fig. 1.2. We can see three high-loss regions at

0.48 µm, 0.95 µm, and 1.43 µm in Fig. 2.8(b), which are consistent with the results

shown in Fig. 2.3(b) for the M -type slab waveguide. The minimum loss of 23 dB/m

is the same in different transmission bands in the annual core fiber. In Fig. 2.9, we

also show a contour plot of the loss of the fundamental core mode as a function of the

glass thickness and the core diameter. Low-loss antiresonant transmission bands exist

between the high-loss regions corresponding to the resonance condition at the glass

thicknesses of 0.48 µm, 0.95 µm, and 1.43 µm. The resonance condition does not

change with different air-core diameters. The leakage loss decreases as the air-core

diameter increases [43, 112,143].

Figure 2.9: Leakage loss of the fundamental core mode in the annual core fiber as a function
of the glass thickness and the core diameter.
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Figure 2.10. Full hollow-core negative curvature fiber geometry.

Figure 2.11: Normalized electric field intensity of the fundamental core mode in a negative
curvature fiber. The white dashed curves indicate the boundaries of the glass.

2.1.3 Negative Curvature Fiber

We now consider the fundamental core mode in a simple negative curvature fiber.

The full fiber geometry is shown in Fig. 2.10. The gray regions represent glass, and

the white regions represent air. We model a negative curvature fiber with eight

cladding tubes. The thickness of the tube walls, t, the inner tube diameter, dtube,

the number of tubes, p, and the core diameter Dcore, are related by the expression

Dcore = (dtube+2t)/sin(π/p)−(dtube+2t) [58,70,141,142,150]. The normalized electric

field intensity of the fundamental core mode with parameters Dcore = 30 µm and t

= 0.8 µm, is shown in Fig. 2.11. Only a quarter of the geometry is used in modeling

the hollow-core fiber in Fig. 2.10 because of the symmetry of the modes [139,151].
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Figures 2.12(a) and 2.12(b) compare the effective index and leakage loss of the

fundamental core mode as a function of glass thickness in the negative curvature

fiber and in the annular core fiber. The results in the negative curvature fiber were

obtained using the FEM, and the results in the annular core fiber were obtained

using the mode-matching method. The core diameter of the annular core fiber and

the negative curvature fiber are both 30 µm. In Fig. 2.12(a), the effective index of

Figure 2.12: (a) Effective index and (b) leakage loss of the fundamental core mode as a
function of tube thickness. The blue dots, the green crosses, and the red circles represent
the results in the negative curvature fiber with a core diameter of 30 µm, the annular core
fiber with a core diameter of 30 µm, and the annular core fiber with a core diameter of
31.5 µm, respectively.
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the fundamental core mode in the negative curvature fiber is larger than the effective

index of the fundamental core mode in the annular core fiber by 3×10−5. The reason

is that the negative curvature boundary effectively increases the core diameter in the

negative curvature fiber [70]. We next calculate the mode in the annular core fiber

with a core diameter of 31.5 µm, which is increased by 5% to compensate for the

effective increase in the core diameter that occurs in a negative curvature fiber. The

corresponding results for the effective index and loss for an annular core fiber with a

core diameter of 31.5 µm are marked by the red circles in Fig. 2.12. With an empirical

5% increase in the core diameter, the effective indices of the core modes in the annular

core fiber match the effective indices of the core modes in the negative curvature fiber

when the glass thickness is in the antiresonant region in Fig. 2.12(a). In Fig. 2.12(b),

the glass thicknesses corresponding to the resonance conditions or high-loss regions in

the negative curvature fiber are slightly larger than the glass thicknesses in the annular

core fiber. The reason is that the curvature effectively lowers the glass thickness [71].

The leakage loss decreases slightly when the core diameter increases from 30 µm to

31.5 µm in the annular core fiber. However, the leakage loss in the negative curvature

fiber is lower than the leakage loss in the annular fiber by three orders of magnitude

due to the negative curvature [37, 64]. Since cladding tubes are touching, localized

nodes are created, and glass modes exist in the localized node area [51]. Fluctuations

of the leakage loss in the transmission bands are due to the mode field in the localized

node area in negative curvature fibers [37].

Figure 2.13 shows a contour plot of the leakage loss of the fundamental core mode

as a function of the glass thickness and the core diameter in the negative curvature

fiber. The three transmission bands are still visible between the high-loss regions,

corresponding to the resonance conditions. The resonance condition does not change

with different air core diameters. The leakage loss decreases as the air-core diameter

increases [43, 112,143].
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Figure 2.13: Leakage loss of the fundamental core mode in the negative curvature fiber as
a function of the tube thickness and the core diameter.

The same transmission bands are obtained in simulations with silica glass that

includes an imaginary refractive index of 9 × 10−8, in accordance with the experi-

mentally measured material loss [152]. The leakage loss increases by less than 5%

compared with the previous simulation that did not include the imaginary part of the

complex refractive index of the silica glass.

2.2 Inhibited Coupling

Antiresonant reflection impedes the penetration of light into the glass that sur-

rounds the core, and is necessary to achieve the low loss that has been observed in

negative curvature fibers. However, as the comparison between annular core and neg-

ative curvature fibers in sections 2.1.2 and 2.1.3 shows, it is not sufficient. More gen-

erally, the coupling between the core and cladding modes must be inhibited [37, 57].

Inhibited coupling means that leakage of the core mode into the cladding is sup-

pressed by a strong reduction in the coupling between the core mode and the cladding

modes [37,57]. The coupling between the core and cladding modes is reduced by hav-

ing a small spatial mode overlap and a mismatch of their wavenumbers or effective

indices [37, 57]. In order to effectively inhibit coupling, both conditions should be
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met. Antiresonance reduces the mode overlap. A smaller overlap reduces in turn

the wavenumber mismatch that is needed to inhibit coupling, but some mismatch is

always needed.

In this section, we first review inhibited coupling in a three-slab waveguide in

which glass partitions separate an air-core slab from two surrounding air-cladding

slabs. We then review inhibited coupling in the simple negative curvature fiber that

we considered in section 2.1.3, although here we consider the effect of decreasing in

tube diameter, which creates gaps between the tubes, on the loss of the fundamental

core modes. The analogy to the slab waveguide sheds useful light on the mechanism of

inhibited coupling in negative curvature fiber. However, this analogy is imperfect. In

particular, a correct adjustment of the gap between the cladding tubes is important in

minimizing the loss of the fundamental core mode. There is no analogous parameter

in the slab waveguide. Simulation results that we present summarize work that is

presented in Refs. [12,30,37,39,57,95,98,136,153].

In the waveguides that we will consider here, the true modes of the waveguide are

the solutions of Maxwell’s equations that are obtained by solving for the modes in the

complete waveguide structure. All true modes are hybrid modes and are all mutually

orthogonal (or, strictly speaking, biorthogonal once losses are taken into account).

The true modes are neither pure core modes nor pure cladding modes, although

the power in either the core or cladding region can be very low when coupling is

inhibited between the core and the cladding. Alternatively, there are approximate

modes that are the mode solutions of Maxwell’s equations for the stand-alone core

or cladding structures. The approximate modes reside almost entirely in the core or

in the cladding. These approximate modes are not orthogonal and have a non-zero

overlap that leads to mode coupling. Antiresonant reflection, discussed in section 2.1,

greatly reduces the overlap, but does not eliminate it. As long as the wavenumbers

of the modes do not match, the effect of the overlap is weak, the approximate modes
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do not couple, and the true modes are well-approximated by the approximate core

or cladding modes. However, when the wavenumbers match, an avoided crossing is

created in which the true modes reside in both the core and the cladding. The loss of

these hybrid modes is typically far larger than the loss of modes that reside almost

entirely in the core. If the overlap is weak, then the frequency range over which

this resonant behavior occurs is restricted, but it will always be present when the

wavenumbers match. To inhibit coupling, it is thus necessary to design waveguides

that minimize the overlap between the core and cladding modes and in which the

wavenumbers do not match over the frequency range of interest.

2.2.1 Slab Waveguide

In this section, we describe inhibited coupling in a one-dimensional, three-layer

slab waveguide with three air layers and four glass partitions. The three-layer slab

waveguide is used here to study the mode coupling between the fundamental core

mode that is between the two central glass partitions and the cladding mode that is

between the two glass partitions on each side. Figure 2.14 shows the cross section and

index profile of the waveguide. The thickness of the glass layers, t, is 0.72 µm, which

corresponds to the second antiresonant thickness that we described in the previous

section. We focus here on leaky modes that exist primarily in the air slabs and have

effective indices that are less than the air index of 1.0. There are glass modes with

effective indices greater than 1.0, which we do not consider here. The true modes

in this waveguide always exist in all three air slabs, as well as the glass. However,

approximate modes that exist in the individual slabs can couple. The mode coupling

in this simple slab waveguide is analogous to the mode coupling in negative curvature

fibers between the fundamental core modes and the tube modes. The cladding modes

in the slab waveguide are the modes in the stand-alone slab waveguide 2 that is

shown in the green dashed box in Fig. 2.14. The approximate core modes in the
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Figure 2.14: Cross section and index profile of a three-layer slab waveguide with four glass
partitions. The red and green dashed boxes show the cross sections of the stand-alone slab
waveguide 1 and waveguide 2, respectively.

stand-alone slab waveguide 2 will resemble the true cladding modes in the three-layer

slab waveguide except near the avoided crossing.

The blue solid curve in Fig. 2.15(a) shows the effective index of the fundamental

core mode as a function of the width of the air cladding, Wcladding, in the waveguide.

The inner core width, Wcore, is 30 µm. The effective index of the true fundamental

mode in waveguide 3 has three avoided crossings. The red and green dashed curves

indicate the effective indices of the modes in the stand-alone, single-slab waveguide

1 and waveguide 2, respectively, and they overlap with the solid curve except at the

avoided crossings. The loss of the true fundamental core mode in the three-layer slab

waveguide 3 is shown in Fig. 2.15(b). The loss is high at Wcladding = 30 µm, 60 µm,

and 90 µm, when the effective indices of the core mode and cladding modes match,

as shown in Fig. 2.15(a).

The high loss at Wcladding = 30 µm, 60 µm, and 90 µm can also be explained by

the resonance condition in the low-index air cladding layer [32,34]. The fundamental

core mode satisfies the resonance condition in the air core, 2kTWcore = 2π, where

kT is the transverse wave vector [154]. This resonance occurs because the phase

change in one round trip of the air-core layer in the transverse direction is 2π [154].
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When the low-index cladding layer satisfies the resonance condition 2kTWcladding =

2mπ, corresponding to Wcladding = 30 µm, 60 µm, and 90 µm, the leakage loss is

high, as shown in Fig. 2.15(b). Thus, we find that resonance and antiresonance in

the low-index layer induce strong coupling and inhibited coupling, respectively [32,

34]. In negative curvature fibers, the thickness of the low-index layer cannot be

exactly quantified; so, the analogy is not exact. However, it is qualitatively useful in

understanding the role that antiresonance plays in inhibiting coupling between core

modes and cladding modes.

Figure 2.15: (a) Effective index of the true modes in the three-layer slab waveguide 3 (blue
solid curve) and the stand-alone single-slab waveguide 1 (red dashed curve) and waveguide 2
(green dashed curve). (b) Leakage loss of the true fundamental core mode in the three-layer
slab waveguide.
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Figure 2.16: Effective indices of the air-slab modes in the three-layer slab near the avoided
crossing at Wcladding = 30 µm. The insets show field distributions of the true modes in the
three-layer slab.

Figure 2.16 shows a blow-up of the first avoided crossing near Wcladding = 30 µm

in Fig. 2.15(a). The two blue solid curves are effective indices of the two true modes

in the three-layer slab waveguide in Fig. 2.14. The red and green dashed lines are the

effective indices of the approximate modes in waveguide 1 and waveguide 2. When

Wcladding < 29 µm, the indices of the two approximate modes do not match and the

coupling is inhibited. The fields of the two true modes mainly reside in either wave-

guide 1 or waveguide 2. When Wcladding = 30 µm, the indices of the two approximate

modes match and coupling occurs. The avoided crossing occurs and the two true

modes become hybrid modes residing in both waveguide 1 and waveguide 2. When

Wcladding > 31 µm, the indices of the two approximate modes do not match and the

coupling is once again inhibited. The fields of the two true modes mainly reside in

either waveguide 1 or waveguide 2. In the neighborhood of the avoided crossing, the

two true modes switch position between the waveguide 1 and waveguide 2 as Wcladding

increases [136,153].
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Figure 2.17: (a) Effective index difference, ∆neff , between the effective indices of the modes
in waveguide 1 and waveguide 3, as illustrated in Fig. 2.14. The condition ∆neff = 0
indicates that there is a mismatch between the wavenumbers of the approximate core and
cladding modes in the three-layer slab waveguide. (b) Leakage loss of the true modes in the
three-layer slab waveguide.

We studied antiresonant reflection using a one-layer slab waveguide in section

2.1.1. We now revisit antiresonance in the case of a three-layer slab waveguide. Fig-

ure 2.17 shows ∆neff and the loss as Wcladding varies for glass thicknesses of 0.50 µm

and 0.72 µm. These glass thicknesses correspond respectively to resonance and to

antiresonance, as shown in Fig. 2.3. We set Wcore = 30 µm. The quantity ∆neff is the

difference between the effective indices in waveguide 1 and waveguide 3, as illustrated
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in Fig. 2.14. When ∆neff = 0, the cladding layers do not affect the core layer, and the

wavenumbers of the approximate core and cladding modes are mismatched. When

the glass thickness t equals 0.50 µm, the resonance condition is fulfilled, and coupling

is strong for a wide range of values of Wcladding around which the effective indices of

the approximate modes cross. For this range of values, we find ∆neff 6= 0, as shown by

the red dashed curves. When the glass thickness t equals 0.72 µm, the antiresonance

condition is fulfilled, and the range of values of Wcladding over which strong coupling

occurs is greatly reduced, and the range of values for which ∆neff 6= 0 is correspond-

ingly reduced, as shown by the blue solid curves. Nonetheless, some wavenumber

mismatch is needed. Figure 2.17(b) shows the leakage loss of the true fundamental

modes in the three-layer slab waveguide, and we see that it always peaks when the

effective indices of the approximate modes cross, but it is also consistently smaller

when the antiresonance condition is met. Figure 2.18 shows the normalized electric

field with Wcladding = 45 µm. We see that the field is higher in the cladding regions

when the resonance condition is met, than it is when the antiresonance condition is

met. That is consistent with the larger loss when the resonance condition is met. We

conclude that while some wavenumber mismatch is needed between the approximate

core and cladding modes, antiresonance plays a critical role in inhibiting coupling

between these modes.

2.2.2 Negative Curvature Fiber

In this section, we describe inhibited coupling in negative curvature fibers. We

show the cross section of a negative curvature fiber with six cladding tubes in Fig. 2.19.

The core diameter, Dcore, is 30 µm. The modes in a stand-alone annular core fiber,

as shown in the red dotted box of Fig. 2.19, are approximate cladding modes in the

negative curvature fiber.
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Figure 2.18: Normalized electric field intensity of the true modes in the three-slab waveguide
with glass thicknesses of 0.50 µm and 0.72 µm and with Wcladding = 45 µm.

Figure 2.19: Cross section of a negative curvature fiber with six cladding tubes. The red
dotted box shows the cross section of the stand-alone annular core fiber.

Figure 2.20(a) shows the effective index of the true modes in the negative curvature

fiber as a function of the gap, g, or the diameter of the cladding tubes, dtube. The

thickness of the cladding tubes, t, is 0.72 µm, which corresponds to the antiresonance

condition described in section 2.1.1. The blue solid curve and red solid curve show

the effective indices of the true fundamental core mode and the true cladding tube

mode, respectively. Note that core modes reside primarily in the central air core of
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the fiber, while tube modes reside primarily inside the cladding tubes. The effective

indices of the true core mode and true cladding tube mode approach when the gap

decreases and the tube diameter increases. The effective index of the approximate

tube mode in the stand-alone annular core fiber is plotted using the green dashed

curve, which matches the true tube mode in the negative curvature fiber. There is

no avoided crossing visible. The true modes are almost entirely in the core or in the

cladding. It is not obvious how to define an approximate core mode in this case.

Figure 2.20: (a) Effective indices of the modes in the negative curvature fiber and the stand-
alone annular core fiber. (b) Leakage loss of the fundamental core mode in the negative
curvature fiber.
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Figure 2.21: (a) Schematic illustration of a negative curvature fiber in which the black solid
line connects the center of two adjacent cladding tubes. (b) The electric field intensity
normalized to the electric field intensity in the center of the core at g = 0 µm, 5 µm, and
10 µm, corresponding to the three circles in Fig. 2.20(b).

However, we already showed in section 2.1.3 that it corresponds to the mode of an

annular core fiber in which the diameter is slightly larger than Dcore. Figure 2.20(b)

shows the loss of the true fundamental core mode in the negative curvature fiber. The

loss is larger when there is no gap due to coupling to glass modes. The minimum

loss occurs when the gap, g, is 5 µm. The loss is high with a larger tube diameter,

which induces weak mode coupling between the fundamental core mode and the

cladding tube modes [141]. It is analogous to the mode coupling in the three-layer

slab waveguide that was described in section 2.2.1. However, there is no analogy to

this gap in the slab waveguide that we considered in section 2.2.1.

The leakage loss increases as the gap increases from 5 µm to 10 µm due to leakage

of the electric field through the air gap. Figures 2.21(b) shows the mode profile

along the line connecting the center of two adjacent cladding tubes in the negative

curvature fiber in Fig. 2.21(a) indicated by the black solid line. Similar plots have

been presented in Ref. [57]. The mode intensity increases inside the gap when the

gap increases from 0 to 10 µm. The increased leakage through the gap leads to an

increased loss when the gap increases from 5 µm to 10 µm in Fig. 2.20(b).
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Figure 2.22: (a) Cross section of a negative curvature fiber with four cladding tubes. (b)
Effective index of different modes and (c) leakage loss of the fundamental core mode in the
negative curvature fiber with four cladding tubes. Inset shows a blow-up of the loss around
g = 2 µm.

There is no complete avoided crossing between the fundamental core mode and the

tube mode in negative curvature fibers using six cladding tubes. The tube diameter,

dtube, the core diameter, Dcore, the glass wall thickness of the cladding tubes, t, the

minimum gap distance between the cladding tubes, g, and the number of tubes, p,

are related by the expression: Dcore = (dtube + 2t + g)sin(π/p) − (dtube + 2t) [58, 70,

141, 142, 150]. For a fiber with six cladding tubes (p = 6), the core diameter has the

relation, Dcore = dtube + 2t+ 2g. The core diameter of the fiber is always larger than

the tube diameter by twice the glass wall thickness and the gap between the cladding

tubes, so that the effective index of the fundamental core mode is always larger than
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that of the tube mode. Hence, only part of an avoided crossing is seen near g =

0 µm in Fig. 2.20(a). We now examine negative curvature fibers with four cladding

tubes. Figures 2.22(a) and 2.22(b) show a schematic illustration and mode effective

index of a negative curvature fiber with four cladding tubes. We can see avoided

crossings with gaps of 0 µm, 5 µm, or 11 µm. Note that the crossing [155, 156] at

a gap of 2 µm occurs between the fundamental core mode and the cladding mode

that is located in the interstices between the tubes and the outer glass ring, marked

ε in Fig. 2.22(a). Figure 2.22(c) shows the leakage loss of the fundamental core

mode. As expected, the loss of the fundamental core mode increases dramatically

at the avoided crossing at a gap of 0 µm, 5 µm, or 11 µm. A small bump in the

loss curve is observed at a gap of 2 µm due to a match of the effective index and

a mode overlap between the fundamental core mode and the interstice mode in the

region marked ε in Fig. 2.22(a) [156]. A blow-up of this small bump is shown by

the inset in Fig. 2.22(c). Comparison between Figs. 2.20 and 2.22 shows that the

coupling between the fundamental core mode and the tube mode is automatically

avoided in negative curvature fibers using six cladding tubes with small air regions

in the cladding outside the tubes. These small air regions in the cladding of the

fibers that use six cladding tubes are helpful in inhibiting the coupling between the

fundamental core mode and the cladding modes.

Figure 2.23 shows a magnification at the avoided crossing near a gap of 11 µm, as

shown in Fig. 2.22(b). The two blue solid curves are effective indices of the two true

modes in the negative curvature fibers. The corresponding mode field intensities at

marked circles are shown in Fig. 2.24. We see avoided crossings that are analogous to

the avoided crossings in the slab waveguide of section 2.2.1. While it is not obvious

how to define an approximate core mode in this case, a study of the true modes shows

that at gaps, g, that are far from the avoided crossings, the true modes reside almost

entirely in the core or cladding, while at the avoided crossings, the true modes are
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Figure 2.23: Effective index of the fundamental core mode near the avoided crossing at g
= 11 µm.

Figure 2.24: Normalized electric field intensity near the avoided crossing at g = 11 µm,
corresponding to the circles in Fig. 2.23.

hybrid modes that reside in both the core and the cladding. In the neighborhood of

the avoided crossing, the two true modes switch position between the core and the

cladding tubes as the gap increases or the tube diameter decreases [136,153].
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While a negative curvature fiber with four cladding tubes is evidently easier to

fabricate than a fiber with six or more cladding tubes, the existence of avoided cross-

ings and the large loss that accompanies them make these fibers uninteresting in

practice. This example illustrates once again that while antiresonance is necessary to

inhibit coupling between core and cladding modes in negative curvature fibers, it is

not sufficient.

2.3 Comparison of the Guiding Mechanisms

Hollow-core photonic bandgap fibers using a two-dimensional periodic cladding

structure have attracted great interest due to their ability to transmit light power

in the central air core [20, 21]. A bandgap implies that certain frequencies are for-

bidden. If the light frequency is in the frequency range of the bandgap, the periodic

cladding structure can confine the light in the central air core [14, 15, 19]. In addi-

tion, the effective index of the fundamental core mode will reside in the range of the

bandgap [14,15,19,140,157]. Hence, the leakage loss can be reduced by simply adding

more rings to the bandgap structures [158]. Currently, the lowest transmission loss in

photonic bandgap fibers that has been demonstrated is 1.2−1.8 dB/km, which was

achieved at around 1550 nm [19, 22, 44, 159, 160]. By taking advantage of inhibited

coupling, the lowest losses that have currently been achieved in silica negative cur-

vature fibers range from 7.7 dB/km to 50 dB/km at wavelengths between 0.75 µm

to 3.39 µm [37, 50–53, 56–61]. It is difficult to arrange the antiresonant membranes

to achieve coherent light reflection in the radial direction. Simply adding more tubes

rings as is done in photonic bandgap fiber is not successful for negative curvature fibers

due to the interconnecting struts or nodes [41, 43]. A double antiresonant structure

or a nested structure might provide a solution to this issue [43,65,66,85,161].

In a bandgap fiber, light scattering in the bandgap region acts constructively to

confine the light in the defect core. The nature of this guidance yields oscillatory light
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fields in the glass region [135, 162]. Surface roughness on the interface between the

glass and air created during the fiber cooling process dominates the loss in bandgap

fibers [22, 43, 163]. In negative curvature fibers, the antiresonant glass membranes

act as a mirror to reflect light back into the central core region. The outgoing and

reflected light cancel out near the glass at the boundary of the core. Additionally,

there is a wavenumber mismatch between the core and glass modes. As a consequence,

coupling between the core mode and glass modes is inhibited, yielding a very low

power ratio in the glass region of less than 0.01% [60,164]. Hence, surface scattering

in negative curvature fibers can be possibly lower than in bandgap fibers. For the

same reason, the power damage threshold is also expected to be higher in negative

curvature fibers [165].
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CHAPTER THREE

Comparison of Loss in Silica and Chalcogenide Negative Curvature Fibers

This chapter published as [142]: C. Wei, J. Hu, and C. R. Menyuk, “Comparison of
loss in silica and chalcogenide negative curvature fibers as the wavelength varies,”

Front. Phys. 4, 30 (2016).

In this chapter, we computationally study fiber loss in negative curvature fibers

made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with a fixed

core-diameter-to-wavelength ratio of 30. We consider both simple and nested geome-

tries as the transmission wavelength varies. At wavelengths shorter than 4.5 µm,

silica negative curvature fibers have a loss that is around or below 10-1 dB/m and are

preferable to chalcogenide fibers. At wavelengths longer than 4.5 µm, it is preferable

to use As2S3 chalcogenide or As2Se3 chalcogenide negative curvature fibers since their

loss is one or more orders of magnitude lower than the loss of silica negative curva-

ture fibers. With nested negative curvature fibers, chalcogenide fibers have losses

that are lower than those of silica fibers at wavelengths larger than 2 µm. However,

it is still preferable to use silica nested negative curvature fibers at wavelengths less

than 4.5 µm and with a loss around or lower than 10-1 dB/m due to the fabrication

advantages of silica fibers.

3.1 Introduction

Hollow-core photonic crystal fibers can confine light in the air core, leading to a low

transmission loss, a low nonlinearity, and a high damage threshold [15,20,45,140,166].

Hollow-core photonic bandgap fibers use a periodic structure in the fiber cladding that

creates a bandgap or a forbidden gap, which confines the light at the forbidden fre-

quencies to the central air core [19]. Silica bandgap fibers have been demonstrated

to transmit light up to 2.2 µm [19, 167]. Development of hollow-core fibers using

39



non-silica glasses, such as chalcogenide, has been hampered by fabrication difficul-

ties. Recently, low-loss transmission has been observed in a new kind of hollow-core

fiber, called negative curvature fiber [43, 47–51, 67, 70, 119, 150]. Negative curvature

implies that the surface normal to the core boundary is oppositely directed from

the core. Since no bandgap is used, there is no requirement for a periodic cladding

structure. The relative simplicity of the negative curvature structure could enable

the fabrication of fiber devices for mid-IR applications using non-silica glasses, such

as chalcogenide [78, 79]. Using chalcogenide negative curvature fibers, the delivery

of mid-infrared radiation has been successfully demonstrated for a CO2 laser at a

wavelength of 10.6 µm [55].

An important reason for the low loss in negative curvature fibers relative to hollow-

core bandgap fibers with positive curvature is the relatively low overlap between the

mode field and the glass [48,51]. In the bandgap fiber, light scattering in the bandgap

region acts constructively to confine the light in the defect core. The nature of this

guidance yields oscillatory light fields in the glass regions [135, 162]. In negative

curvature fibers, the antiresonant glass membranes act as a mirror to reflect the

light back to the central core region. The outgoing and reflected light cancel out

around the glass regions and yield a very low power ratio in the glass regions of

less than 0.01% [58, 164]. With a low overlap, the impact of the material loss is

decreased. Silica has a high material loss at wavelengths above 2 µm [51, 168]. The

low overlap between the mode field and glass will enable low loss transmission in silica

negative curvature fibers for wavelengths longer than 2 µm. The low loss in negative

curvature fibers makes silica a competitive choice of material for mid-IR applications.

Transmission losses of 0.05 dB/m and 0.085 dB/m have been realized at 3.4 µm and

4.0 µm respectively in silica negative curvature fibers [51,52]. To date, it has not been

determined how far out in wavelength it is possible to use silica and still achieve losses

that are competitive or better than what can be achieved using chalcogenide or other
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glasses, with low material losses in the mid-IR. This chapter addresses this question for

chalcogenide glasses. We focus on chalcogenide glasses because the material losses of

other mid-IR glasses, such as ZBLAN and Tellurite, are higher than chalcogenide glass

beyond 4.5 µm [75, 169–171]. Comparing the losses of silica glass and chalcogenide

glass fibers as a function of wavelength in negative curvature fibers will guide the

choice of which type of fiber to use for mid-IR applications. In this chapter, we

compare the performance of negative curvature fibers that are made with silica glass

to those that are made with chalcogenide glass.

In hollow-core negative curvature fibers, the total fiber loss is influenced by both

the mode confinement loss and material loss. In this chapter, we calculate the total

fiber loss in negative curvature fibers with both simple and nested geometries. We

analyze the impact from the confinement and the material loss on the total fiber

loss in negative curvature fibers, comparing fibers that are made with silica, As2S3

chalcogenide, and As2Se3 chalcogenide glasses. We find that, using a simple negative

curvature fiber with a fixed core diameter to wavelength ratio of 30, a fiber made with

silica glass has comparable loss to fibers made with As2S3 and As2Se3 chalcogenide

glasses for wavelengths shorter than 4.5 µm. Hence, it is preferable to use silica

glass because of the relatively simple fabrication process for fibers made from silica

glass. It is preferable to use negative curvature fibers made with As2S3 and As2Se3

chalcogenide glasses when the wavelength is longer than 4.5 µm, since the losses are

more than one order of magnitude lower than the loss in negative curvature fibers

that are made with silica glass.

The rest of the chapter is organized as follows: section 3.2 presents the antireso-

nance condition and the confinement loss as a function of wavelength and refractive

index. We analyze the fiber loss for silica glass fibers in section 3.3 and for As2S3 and

As2Se3 chalcogenide glass fibers in section 3.4. section 3.5 shows a direct comparison

among fibers made with different glasses. Conclusions are given in section 3.6.
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Figure 3.1. Cross sections of (A) a simple and (B) a nested negative curvature fiber.

3.2 Antiresonance Condition and Confinement Loss

Figure 3.1(A) shows a schematic illustration of a simple negative curvature fiber.

The gray regions represent glass, and the white regions represent air. The outer

tube diameter, dtube, the core diameter, Dcore, the tube wall thickness, t, and the

minimum gap between the cladding tubes, g, are related by the expression:Dcore =

(dtube + 2t+ g)/sin(π/6)− (dtube + 2t). Figure 3.1(B) shows a schematic illustration

of a nested negative curvature fiber, which has an additional nested tube with a tube

diameter, dnest, and a wall thickness, tnest, inside each of the major tube. The total

fiber loss is obtained from the imaginary part of the propagation constant,

Loss =
40π

ln(10)

Im(neff)

λ
, (3.1)

where λ is wavelength [135, 139]. In this chapter, we use total fiber loss to describe

the mode leakage, which includes the mode confinement loss and the material loss

due to glass light absorption.

The tube thickness t for both the outer tubes and nested tubes that is required

by the antiresonance condition is given by

t = (m− 0.5)λ/[2(n2
1 − n2

0)1/2], (3.2)
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Figure 3.2: Contour plot of the tube thicknesses that satisfy the antiresonance condition,
t = (m− 0.5)λ/[2(n2

1 − n2
0)1/2], where m = 2.

where n1 and n0 are the real part of refractive indices of the glass and air, λ is the light

wavelength, andm is the antiresonance order [32,34]. We use the second antiresonance

transmission band for which m = 2. We ran additional simulations on the first and

third transmission bands, and we obtained similar losses to the loss that we obtained

using the second antiresonance transmission band [141]. A higher-order antiresonance

implies thicker tube wall thickness, especially for shorter wavelengths, which makes

fabrication easier; however, the analysis and conclusions in this chapter still hold if

we use the first or third transmission band. In Fig. 3.2, we use Eq. 3.2 to plot the

antiresonant tube thickness as a function of wavelength, λ, and the refractive index,

n1. Figure 3.3 shows the confinement loss of simple and nested negative curvature

fibers that are calculated using the antiresonant tube thickness as a function of the

wavelength and the refractive index. We assume no material loss in this section, in

order to focus on the confinement loss. The core diameter, Dcore, and the minimum

gap between tubes, g, are fixed at 60 µm and 10 µm, respectively. The ratio of the

diameter of the nested tube to the diameter of the outer tube is fixed at, dnest/dtube
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Figure 3.3: Contour plot of fiber loss in (A) simple and (B) nested negative curvature fibers.
No material loss is included.

Figure 3.4: Normalized mode intensity at a wavelength of 2.00 µm in both (A) simple and
(B) nested negative curvature fibers.

= 0.5. We see that the confinement loss increases as the wavelength increases in both

simple and nested fibers, which implies that the loss is mainly determined by the

wavelength, and the index of refraction has a relatively low impact on the fiber loss.

The normalized mode intensity in both simple and nested negative curvature

fibers is shown in Fig. 3.4. Only a quarter of the geometry is used in modeling the

fiber because of the symmetry of the fundamental modes [139]. The refractive index

and wavelength are 1.45 and 2.00 µm, respectively. We use antiresonant tube wall
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thicknesses that are given by Eq. 3.2. In both simple and nested negative curvature

fibers, the mode field is well-confined in the core.

3.3 Silica Glass

In this section, we study fiber loss in negative curvature fibers made with silica.

Keeping the geometry of the fiber fixed, as shown in Fig. 3.1, we calculate the total

fiber loss as a function of both the material loss and the wavelength. The material

loss increases from 10−1 dB/m to 105 dB/m and the wavelength increases from 2 µm

to 6 µm. The fundamental mode will change as a function of these two parameters,

which will in turn change the confinement loss. The total fiber loss is a combination of

the material loss and the confinement loss. Since the material loss is not an arbitrary

parameter, the value of this plot requires some explanation. As the material loss

increases at a fixed wavelength, the total fiber loss will initially be dominated by the

confinement loss and will be almost constant and then later will be dominated by the

material loss and change proportional to the material loss. By plotting the actually

material loss on a contour plot of the total fiber loss as a function of both the material

loss and the wavelength, it is possible to immediately determine by visual inspection

whether material loss or confinement loss dominates the total fiber loss.

We show the results of this procedure for silica fiber in Fig. 3.5. We denote the

region in the parameter space in which confinement loss dominates as region I and the

region in which material loss dominates as region II. The two regions are separated by

a black dashed curve that is drawn through the points of maximum curvature in the

contour plot [172]. We have set the refractive index n1 = 1.45, and we do not include

the small effect of dispersion. As noted previously, we use the second transmission

band, m = 2, as shown in Eq. 3.2. We set the core diameter Dcore = 60 µm and we

set the minimum gap between tubes g = 10 µm. Comparing Figs. 3.5(A) and 3.5(B),

we first observe that the total fiber loss is smaller below 3.5 µm for the nested fiber
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Figure 3.5: Contour plot of fiber loss in (A) simple and (B) nested negative curvature fibers
made with silica glass. The black solid curves show the material loss of silica glass. The
black dashed curves separate regions I and II.

than it is for the simple fiber. The reason is that the nested tubes provide a second

antiresonant layer and enhance the confinement. However, above 4.5 µm, the loss in

the nested fiber is larger than in the simple fiber. The reason is that the diameters of

the nested tubes are too small for them to function as antiresonant layers, and they

add to the material loss and the total fiber loss. For example, when λ = 5 µm, the

inner and outer diameter (din and dout) of the nested tubes, 16.4 µm and 23.6 µm,

are only a few times the wavelength. To confirm this point, we show the fiber loss as

a function of the diameter of the nested tube, as shown in Fig. 3.6. We fixed Dcore =

60 µm, g = 10 µm, λ = 2 µm, and n1 = 1.45. We also set the material loss equal to

zero. We can see that, when the diameter of the nested tube is less than four to five

times the wavelength, the fiber confinement loss increases significantly.

We also plot the material loss of silica [51, 168] using the black solid curve in

Figs. 3.5(A) and 3.5(B). The high loss bumps in the black solid curve are due to over-

tones and combination vibrations from the absorption bands at longer wavelengths

of 8.9 µm, 12.5 µm, and 21.5 µm [168]. The corresponding simple and nested fiber

losses located at the material loss curves are extracted from Figs. 3.5(A) and 3.5(B)
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Figure 3.6: Fiber confinement loss as a function of diameter of the nested tube. No material
loss is included. We set λ = 2 µm.

and plotted in Fig. 3.7 using red solid and red dashed curves, respectively. Since most

of the mode propagates in air, the bulk material loss is several orders of magnitude

higher than the total fiber loss. We also observe that the total fiber loss increases

with wavelength. It is lower in the nested fiber than in the simple fiber when the

wavelength is less than 3.5 µm. However, when the wavelength is larger than 3.5 µm,

nested tubes do not lower the total fiber loss, and the losses indicated by the red solid

curve and red dashed curve are almost the same.

The core diameter is fixed at 60 µm in Figs. 3.5(A) and 3.5(B). At longer wave-

lengths, it is better to use a larger core in order to lower the fiber loss. Negative

curvature fibers have been fabricated using a ratio of the core diameter to the wave-

length that varies from 31 to 36 [49–51,69]. We then study negative curvature fibers

with a fixed ratio of the core diameter to the wavelength, Dcore / λ = 30. We can

directly extract the total loss from the data in Fig. 3.5 by using the constraint Dcore

/ λ = 30 and the scale invariance of Maxwell’s equations [3]. As the wavelength
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Figure 3.7: Fiber loss of simple and nested negative curvature fibers made with silica glass.

and fiber geometry increase proportionally, the total fiber loss is determined by the

material loss of the glass. The corresponding total fiber loss of simple and nested

fibers are shown as blue solid and dashed curves in Fig. 3.7, respectively. When the

wavelength is larger than 3.5 µm, the bulk material loss is higher than 102 dB/m in

region II, and the total fiber losses of the simple and nested fibers are similar and

dominated by the material loss. When the wavelength is less than 3.5 µm, the nested

fiber has a low confinement loss with an additional antiresonant layer. Hence, the

blue dashed curve for the total fiber loss in the nested fiber has a similar shape as

the curve for the bulk material loss, as shown in Fig. 3.7.

Overall, with a fixed ratio of Dcore / λ = 30, the simple and nested negative cur-

vature fibers can be used for transmission with a loss around or less than 10−1 dB/m

up to a wavelength of around 4.5 µm.

3.4 Chalcogenide Glasses

In this section, we carry out the same loss analysis on negative curvature fibers

made with As2S3 and As2Se3 chalcogenide glasses as what we carried out in section
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3.3 for silica glass. For As2S3, we have n1 = 2.4 and for As2Se3, n1 = 2.8. The

small dispersive contribution is again ignored. The tube wall thickness using Eq. 3.2

in the second antiresonance transmission band m = 2 is again used. Figures 3.8(A)

and 3.8(C) show the total fiber loss in simple and nested negative curvature fibers,

respectively, for As2S3, and Figs. 3.8(B) and 3.8(D) show the total fiber loss in simple

and nested negative curvature fibers for As2Se3. We use a wavelength range of 2 µm

to 6 µm in Fig. 3.8. We note however that As2Se3 has a broader transmission window

that goes out approximately to 10 µm [173].

Figure 3.8: Contour plot of fiber loss in (A) simple and (C) nested negative curvature fibers
made with As2S3 chalcogenide glass. Contour plot of fiber loss in (B) simple and (D) nested
negative curvature fibers made with As2Se3 chalcogenide glass. The black solid curves show
the material loss of chalcogenide glass. The black dashed curves separate regions I and II.
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The bulk material loss is shown using black solid curves [173,174]. In Figs. 3.8(A)

and 3.8(C), the peaks in the material loss curve of As2S3 at wavelengths of 2.8 µm,

2.92 µm, and 4.05 µm are due to the absorption bands of impurities of H2O, OH, and

SH, respectively [175]. In Figs. 3.8(B) and 3.8(D), the peak in the material loss curve

of As2Se3 at a wavelength of 4.57 µm is due to the H-Se stretching vibration [173,

176]. The three minor peaks at wavelengths of 2.32 µm, 3.55 µm, and 4.15 µm are

attributed to the combination and first overtone of the H-Se stretching vibration at

4.57 µm [173,176]. In Fig. 3.8, just as in the case of silica fibers, two regions, denoted

I and II, are separated by a black dashed curve in which confinement loss and material

loss dominate, respectively. In contrast to silica fibers, we see that confinement loss

dominates the total fiber loss at all wavelengths.

With a fixed Dcore = 60 µm, the corresponding simple and nested fiber loss located

at the material loss curves are extracted from Figs. 3.8(A) and 3.8(C) and plotted in

Fig. 3.9(A) using red solid and red dashed curves, respectively. The total fiber loss

increases almost linearly and has no similarity with the shape of the material loss

curve of As2S3, which is consistent with the observation that the total fiber loss is

dominated by the confinement loss. The total fiber loss is lower in the nested fiber

than in the simple fiber when the wavelength is less than 4.5 µm. The total fiber

loss is a little higher in the nested fiber than in the simple fiber when the wavelength

is larger than 4.5 µm, because, just as the case in silica fibers, the diameter of the

nested tube is too small for it to act effectively as an antiresonant layer.

When the ratio of the core diameter to the wavelength, Dcore / λ = 30, the blue

solid and dashed curves show respectively the corresponding total fiber loss of simple

and nested As2S3 fibers in Fig. 3.9(A). When the wavelength increases from 2 µm

to 6 µm, the total fiber loss decreases slightly in the simple fiber, as shown by the

blue solid curve. In this case, the material loss of As2S3 chalcogenide glass is in the

region I and does not contribute much to the total fiber loss. The imaginary part
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Figure 3.9: Fiber loss of simple and nested negative curvature fibers made with (A) As2S3

chalcogenide, and (B) As2Se3 chalcogenide glasses.

of the effective index remains almost the same at different wavelengths due to the

scale invariance of Maxwell’s equations [3]. The total fiber loss is then slightly lower

for a longer wavelength according to Eq. 3.1. On the other hand, the blue dashed

curve is two orders of magnitude lower than the blue solid curve, which shows that

the nested fiber has a much lower confinement loss due to the additional antiresonant

layers. In Fig. 3.9(B), we show the figure for As2Se3 that corresponds to Fig. 3.9(A).

The results are similar to what we observe for As2S3 fibers. With Dcore = 60 µm, the

total loss is dominated by confinement loss, and nested fibers have a slightly higher

loss than simple fibers beyond 5 µm. When Dcore / λ = 30, total fiber loss decreases

slightly as wavelength increases, and the material loss does not contribute much to

the total fiber loss.

3.5 Comparison and Analysis

In this section, we will compare the performance of negative curvature fibers made

with silica and chalcogenide glasses. Figures 3.10(A) and 3.10(B) show a comparison

of simple and nested negative curvature fibers made with silica, As2S3 chalcogenide,

and As2Se3 chalcogenide glasses between a wavelength range of 2 µm and 6 µm.
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Figure 3.10: Fiber loss of (A) simple and (B) nested negative curvature fibers made with
silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with Dcore / λ = 30.

The ratio of the core diameter to the wavelength is fixed at Dcore / λ = 30. In

simple negative curvature fibers made with silica, the fiber loss increases after 3.5 µm

due to the material loss. For wavelengths shorter than 4.5 µm, the loss of silica

negative curvature fiber is around or less than 10−1 dB/m. These fibers are easier to

fabricate than chalcogenide fibers and should be used at wavelengths below 4.5 µm. At

wavelengths that are longer than 4.5 µm, As2S3 chalcogenide or As2Se3 chalcogenide

fibers are preferred because their loss is at least one order of magnitude less than that

of silica fibers. In nested negative curvature fibers, fibers made with chalcogenide

glasses have a loss much lower than that of fibers made with silica. However, due

to the fabrication advantages, it is still preferable to use silica fibers at wavelengths

below 4.5 µm.

Figures 3.11(A) and 3.11(B) show a comparison of simple and nested negative

curvature fibers made with silica, and chalcogenide glasses with a fixed core diameter

of 60 µm between a wavelength range of 2 µm and 6 µm. We arrive again at the same

conclusion as when we fixed Dcore / λ = 30. It is preferable to use silica glass below

4.5 µm, and it is preferable to use chalcogenide glasses above this wavelength.
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Figure 3.11: Fiber loss of (A) simple and (B) nested negative curvature fibers made with
silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with a fixed core diameter of
Dcore = 60 µm.

3.6 Conclusion

We computationally study the fiber loss in simple and nested negative curvature

fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses. There

is no significant difference in loss for fibers using materials with different refractive

indices if no material loss is considered. With a fixed core diameter to wavelength

ratio of Dcore / λ = 30 or a fixed core diameter Dcore = 60 µm, silica negative

curvature fibers should be used for either simple or nested negative curvature fibers

at wavelengths that are shorter than 4.5 µm. The achievable total fiber loss is around

10−1 dB/m or less in this wavelength range, and silica fibers are easier to fabricate.

For wavelengths that are longer than 4.5 µm, As2S3 or As2Se3 chalcogenide negative

curvature fibers should be used because their total fiber loss is one or more orders of

magnitude lower than the total fiber loss in silica fibers. In nested negative curvature

fibers, fibers made with chalcogenide glasses have losses that are lower than the losses

in fibers made with silica at wavelengths that are longer than 2 µm. However, silica

fibers should still be used at wavelengths less than 4.5 µm since their total fiber
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loss is still around or less than 10−1 dB/m, and they are easier to fabricate. Nested

tubes do not decrease the total fiber loss when the diameters of the nested tubes

are less than 4–5 times the wavelength because the nested tubes no longer act as an

antiresonant layer. This comparative study for negative curvature fibers shows that

it is advantageous to use silica glass in negative curvature fibers below 4.5 µm, and

it is advantageous to use chalcogenide glasses at longer wavelengths.
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CHAPTER FOUR

Impact of Cladding Tubes in Chalcogenide Negative Curvature Fibers

This chapter published as [141]: C. Wei, C. R. Menyuk, and J. Hu, “Impact of
cladding tubes in chalcogenide negative curvature fibers,” IEEE Photon. J. 8,

2200509 (2016).

In this chapter, we computationally study the leakage loss and bandwidth in

chalcogenide negative curvature fibers. The leakage loss is decreased by a factor of

19 and the operating bandwidth is almost doubled when the optimal gap between

cladding tubes is used in negative curvature fibers with 6 tubes. There is a wide

range of the gaps between 5 µm and 40 µm, which gives a leakage loss lower than

0.04 dB/m and a wide transmission bandwidth of 1.1 µm. The optimal gap in a fiber

with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8 or 10

cladding tubes. A larger gap is needed in a fiber with 6 cladding tubes to remove

the weak coupling between the central core mode and the tube modes. This design

of the chalcogenide negative curvature fibers using a wide range of gaps will lead to

successful fiber devices with a low loss and a wide bandwidth for mid-IR transmission.

4.1 Introduction

Negative curvature fibers consisting of a ring of tubes, have yielded promising

results with low transmission loss [49,50,64–66,70,80,83,114,150,177–179]. It is found

that a gap between cladding tubes can effectively decrease the leakage loss in negative

curvature fibers [43, 51, 69]. When the tubes touch, localized nodes are created, and

modes exist in the localized node area. A separation between the cladding tubes

removes the additional resonances in the transmission bands [43,51]. However, further

increase in the separation between the cladding tubes decreases the mode confinement

in the air core. There is an optimal gap range between these two limits. In addition,
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the surface tension forces straighten the tube walls in the fiber drawing process [43].

Hence, it is difficult to obtain touching circular tubes to produce a negative curvature

core boundary. In a negative curvature fiber whose cladding tubes do not touch,

it is possible to maintain the circular shape of the tubes even at a high drawing

temperature [43]. Hence, fibers with a gap between tubes are expected easier to

fabricate, since surface tension would naturally assist in maintaining the circular

shape of the tubes.

Sources and transmission of mid-infrared light are important for applications

in biosensing, environmental monitoring, homeland security, and medical diagnos-

tics [180]. In this chapter, we computationally study the leakage loss [135] and band-

width in chalcogenide negative curvature fibers with 6 cladding tubes at a wavelength

of 5 µm. We focus on 5 µm because development of quantum cascade lasers has shown

great potential for the generation of mid-infrared emission around 5 µm with a wall-

plug efficiency of 50% and a watt-level power output [181]. We show that the leakage

loss decreases and bandwidth increases with an appropriate gap between cladding

tubes. Using a fiber with a tube wall thickness of 1.8 µm and a gap range between

5 µm and 40 µm, a low transmission loss of under 0.04 dB/m and a bandwidth of

1.1 µm can be achieved simultaneously for chalcogenide negative curvature fibers

with 6 cladding tubes. We also compare the optimal gaps for fibers with 6, 8, and

10 cladding tubes. We find that the optimal gap in a fiber with 6 cladding tubes is 3

times as large as the optimal gap in fibers with 8 or 10 cladding tubes. The reason is

that there is a weak coupling between the central core mode and the tube modes in

a fiber with 6 cladding tubes. A larger gap is needed to remove the weak coupling.

4.2 Leakage Loss

Figure 4.1 shows the full hollow-core fiber geometry with 6 tubes in the cladding.

Only a quarter of the geometry is used in modeling hollow-core negative curvature
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Figure 4.1: Cross section of the chalcogenide negative curvature fiber with 6 cladding tubes.

fibers because of the symmetry of the modes [139,151,182]. The gray regions represent

glass, and the white regions represent air. The inner tube diameter, dtube, the core

diameter, Dcore, the tube wall thickness, t, the number of tubes, k, and the minimum

gap between the cladding tubes, g, have the following relationship: Dcore = (dtube +

2t+ g)/sin(π/k)− (dtube + 2t) [58,150]. The core diameter, Dcore, is fixed at 150 µm,

and the ratio of the core diameter to the wavelength is Dcore/λ = 30. Different

negative curvature fibers were fabricated using a ratio of the core diameter to the

wavelength that varies from 31 to 36 [49–51, 69]. We simulate As2S3 chalcogenide

glass with a refractive index whose real part equals 2.4 and whose imaginary part

equals 3.4× 10−8 at a wavelength λ = 5 µm [183].

Now, we study the leakage loss in chalcogenide fibers with different tube wall

thicknesses and different gaps between the cladding tubes. Figure 4.2 shows the

leakage loss as a function of tube wall thickness for a fiber with different gaps when

the tube wall thickness increases from 0.5 µm to 3.5 µm. There are three thicknesses

at t = 1.2 µm, 2.4 µm, and 3.5 µm, near which high loss occurs. These tube wall

thicknesses match the resonance condition, t = mλ/[2(n2
1 − n2

0)1/2], where m equals

any positive integer, λ is the light wavelength, and n1 = 2.4 and n0 = 1.0 are the

refractive indices of chalcogenide glass and air, respectively [32,34]. We show the first

three transmission bands, labeled I, II, and III, that occur between the three tube wall
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thicknesses, at which high loss is present. The tube wall thicknesses corresponding to

the minimum loss for these three transmission bands are located at 0.7 µm, 1.8 µm,

and 2.9 µm. These values are consistent with the antiresonance condition, t = (m−

0.5)λ/[2(n2
1 − n2

0)1/2], where m equals any positive integer [32, 34]. The tube wall

thickness corresponding to the minimum loss only changes slightly when the gap

increases from 10 µm to 40 µm.

In Fig. 4.3(a), we plot the leakage loss as a function of the gap with tube wall

thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm. The leakage loss decreases when the gap

is first introduced, and the leakage loss increases as the gap increases. When there

is no gap, two nearby tubes create nodes where the mode field can reside [43, 51].

However, when the gap is too large, the field leaks through the gap, and the leakage

loss increases. Figure 4.3(b) shows the normalized mode intensity in the fiber with a

gap of 30 µm, a tube thickness of 1.8 µm, and a wavelength of 5 µm.

We also studied the leakage loss as a function of wavelength with different gaps.

Figures 4.4(a) ands 4.4(b) show the results with tube wall thicknesses of 1.8 µm

Figure 4.2: Leakage loss as a function of tube wall thickness with different gaps. The
wavelength is 5 µm.
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Figure 4.3: (a) Leakage loss as a function of the gap with different tube wall thicknesses of
0.7 µm, 1.8 µm, and 2.9 µm and with a wavelength of 5 µm. (b) Normalized mode intensity
in the fiber with a gap of 30 µm and a tube thickness of 1.8 µm.

Figure 4.4: Leakage loss as a function of wavelength with different gaps for tube thicknesses
of (a) 1.8 µm and (b) 2.9 µm.

and 2.9 µm, respectively, corresponding to the tube wall thicknesses of transmission

bands II and III in Fig. 4.2. The material dispersion is also included in the simulation

[184,185]. Again, the leakage loss can be decreased when an appropriate gap is used.

The minimum loss occurs at a wavelength slightly lower than 5 µm because the core

size is effectively larger at a smaller wavelength. The differences between the losses

at a wavelength of 5 µm and at the wavelengths corresponding to the minimum loss,
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Figure 4.5: The loss at a wavelength of 5 µm and bandwidth as a function of the gap for
tube wall thicknesses of (a) 1.8 µm and (b) 2.9 µm.

which is near 4.8 µm, is only 11% and 12% for thicknesses of 1.8 µm and 2.9 µm,

respectively, between gaps of 10 µm and 40 µm. We also confirmed that the minimum

loss occurs at a wavelength slightly lower than 5 µm even when the material dispersion

is neglected.

We also plot the leakage loss at 5 µm as a function of the gap for thicknesses of

1.8 µm and 2.9 µm using the blue solid curves in Figs. 4.5(a) and 4.5(b), respectively.

The leakage loss can be decreased by factors of 19 and 25 for thicknesses of 1.8 µm

and 2.9 µm, respectively, when an appropriate gap is used.

4.3 Bandwidth

Bandwidth is another important parameter. Here, we define the bandwidth as the

transmission window where the leakage loss is less than twice the minimum leakage

loss. The bandwidth as a function of the gap for both thicknesses of 1.8 µm and

2.9 µm is shown using the blue dashed curves in Figs. 4.5(a) and 4.5(b), respectively.

When the gap increases from g = 0 to g = 5 µm, the bandwidth increases sharply.

When the gap increases from g = 5 µm to g = 30 µm, the bandwidth stays almost the

same. When the gap increases from g = 30 µm to g = 42.5 µm, the bandwidth further
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increases with the tradeoff that the minimum loss at the center of the transmission

band increases, as shown in Fig. 4.5. The bandwidth for a tube wall thickness of

1.8 µm in Band II is wider than the bandwidth for a tube wall thickness of 2.9 µm

in Band III, as shown in both Figs. 4.4 and 4.5. In negative curvature fibers, the

operating wavelength sits between the nearby resonance wavelengths at λ = 2t(n2
1 −

n2
0)1/2/m, where m equals any positive integer and t is the tube wall thickness. Hence,

a lower-order transmission band with a smaller m will yield a wider bandwidth.

Comparing the leakage loss and bandwidth in Fig. 4.5, the gap should be chosen

in the range between 5 µm and 40 µm, depending on the tradeoff between loss and

bandwidth in specific applications. When the gap is between 5 µm and 40 µm, the

bandwidth can be 1.1 µm and 0.75 µm in the fibers with tube wall thicknesses of

1.8 µm and 2.9 µm, respectively. The corresponding ratios of the bandwidth to the

central wavelength are 22% and 15%. Meanwhile, the losses at 5 µm can be lower

than 0.04 dB/m in both fibers. The broad range of gaps that have nearly minimum

loss allows successful fiber devices as it might be hard to exactly control the size of

the gap in the fiber drawing process.

Figure 4.6: Leakage loss as a function of gap in fibers with 6, 8, and 10 cladding tubes. The
tube wall thickness is 1.8 µm and the wavelength is 5 µm.
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Figure 4.7: Power ratio inside the tubes as a function of the gap in fibers with 6, 8, and 10
cladding tubes. The tube wall thickness is 1.8 µm and the wavelength is 5 µm.

4.4 Number of Tubes

In previous sections, we studied the leakage loss and the bandwidth in negative

curvature fibers with 6 cladding tubes. In this section, we study the effect of the

gap on the leakage loss and the bandwidth in fibers with 8 and 10 cladding tubes.

The core diameter, the tube wall thickness, and the wavelength are fixed at 150 µm,

1.8 µm, and 5 µm, respectively. We only study the transmission Band II at a tube wall

thickness of 1.8 µm in this section, because we find no significant difference in leakage

loss between Band II and Band III, as shown in Figs. 4.3, 4.4, and 4.5. Figure 4.6

shows the leakage loss as a function of the gap for fibers with 6, 8, and 10 cladding

tubes. The blue solid curve shows the leakage loss of a fiber with 6 cladding tubes,

which is the same as the blue solid curve in Fig. 4.5(a). For a fiber with 6 cladding

tubes, the leakage loss decreases by a factor of 19 when an appropriate gap is used.

For fibers with 8 and 10 cladding tubes, the leakage losses only decrease by 66% and

49% when the gap increases from 0 to 10 µm, respectively. The optimal gap in a fiber

with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8 or 10

cladding tubes.
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In order to find the reason for the difference between the behavior with 6, 8, and

10 cladding tubes, we plot the power ratio inside the tubes for fibers with 6, 8, and 10

cladding tubes in Fig. 4.7. The power ratio inside the tubes is defined as the ratio of

the power inside all the cladding tubes to the total power in the fiber geometry. For

a fiber with 6 cladding tubes, the power ratio inside the tubes decreases by a factor

of 3.8, when the gap increases from 0 to 10 µm. For fibers with 8 and 10 cladding

tubes, the power ratios inside the tubes only decrease by 22% and 21% when the gap

increases from 0 to 10 µm, respectively. This study shows that the gap has more

impact on the power ratio inside the tubes for a fiber with 6 cladding tubes.

We further study the normalized electric field intensity at g = 0 and g = 10 µm

in fibers with 6 and 8 cladding tubes. Figure 4.8(a) shows one quarter of the fiber

geometry with 6 cladding tubes. Figure 4.8(c) shows the normalized electric field

intensity in a fiber with 6 cladding tubes along x-axis at y = 0. We can see the mode

is confined inside the core radius of 75 µm for both g = 0 and g = 10 µm. The

thin gray vertical bar indicates the location of the glass tube at x = 75 µm with a

thickness of 1.8 µm. The field between x = 76.8 µm and x = 203 µm is inside the

cladding tube for the fiber with g = 10 µm indicated by the red dashed curve, which

shows exponential decay inside the cladding tubes. For the fiber with g = 0, the

field between x = 76.8 µm and x = 223 µm is inside the cladding tube indicated by

the blue solid curve, which shows noticeable field due to the weak coupling between

the core mode and the tube modes. Note that the fiber with g = 0 has a cladding

tube diameter of 146 µm that is close to the core diameter of 150 µm. On the other

hand, the fiber with g = 10 µm has a cladding tube diameter of 126 µm that is much

smaller than the core diameter. Hence, the gap effectively decreases the diameter of

tube, which reduces the coupling between the core mode and the tube modes. The

gap also induces an abrupt decrease in the power ratio inside the tubes, as shown in

Fig. 4.7.
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Figure 4.8: Normalized electric field intensity at g = 0 and g = 10 µm in fibers with (a) 6
and (b) 8 cladding tubes. The tube wall thickness is 1.8 µm and the wavelength is 5 µm.
The thin gray vertical bars indicate the location of the glass tube at x = 75 µm with a
thickness of 1.8 µm.

A quarter of the fiber geometry with 8 cladding tubes is shown in Fig. 4.8(b).

In this case, the diameter of tube is much smaller than the diameter of the central

air core. There is almost no coupling between the central air-core mode and the

cladding-tube modes, and the electric field intensities decay exponentially along the

x-axis in the cladding tubes for both g = 0 and g = 10 µm, as shown in Fig. 4.8(d).

Hence, for a fiber with 8 or 10 cladding tubes, there is no sharp decrease in the power

ratio inside the tubes when the gap first becomes non-zero, as shown in Fig. 4.7. The

power ratio inside the tubes decreases almost linearly when the gap increases from 0

to 40 µm. The optimal gap of 5 µm to 10 µm for the fiber with 8 or 10 cladding tubes

is much smaller than the optimal gap of 30 µm for a fiber with 6 cladding tubes,
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which is needed to remove the weak coupling between the core mode and the tube

modes. In Fig. 4.7, we show the light intensity with the electric field polarized in the

x-direction. The other polarization yields similar results.

In nested negative curvature fibers, where another nested tube is inside each major

lattice tube, a small gap should be used to minimize the loss [43]. A much larger gap

should be used in standard negative curvature fibers with six cladding tubes, as shown

in Fig. 4.1, because a weak coupling between the core mode and tube modes plays an

important role in this case and must be minimized.

Figure 4.9 shows a bandwidth comparison among fibers with 6, 8, and 10 cladding

tubes. The blue dashed curve is the same as the blue dashed curve in Fig. 4.5(a).

When the gap increases from 0 to 5 µm, the bandwidth increases sharply due to the

removal of the nodes from the connecting tubes. The bandwidths for fibers with 6

and 8 cladding tubes further increase as the gap increases from 25 µm to 40 µm, with

the tradeoff of increased leakage loss at the central wavelength. For a fiber with 10

tubes, the tube diameter is too small to confine the mode in the core when the gap is

Figure 4.9: Bandwidth as a function of the gap in fibers with 6, 8, and 10 cladding tubes.
The tube wall thickness is 1.8 µm.
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40 µm, as shown in Fig. 4.6. The bandwidth for a fiber with 10 tubes also decreases

accordingly when the gap is 40 µm, as shown in Fig. 4.9.

4.5 Conclusion

In this chapter, we design tube structure in chalcogenide negative curvature fibers.

Fibers with tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm satisfy an antires-

onance condition and have the minimum leakage loss at a wavelength of 5 µm. The

gap can effectively decrease the transmission loss by a factor of 19 in the negative

curvature fiber with 6 cladding tubes. We find that there is a range of the gaps,

which correspond to a low leakage loss and a wide transmission bandwidth. Using

a fiber with a tube wall thickness of 1.8 µm and a gap range between 5 µm and

40 µm, a low transmission loss of under 0.04 dB/m and a bandwidth of 1.1 µm can

be achieved simultaneously in chalcogenide negative curvature fibers. It is found that

a lower-order transmission band yields a wider bandwidth than the bandwidth from a

higher-order transmission band. The optimal gap corresponding to the minimum loss

in a fiber with 6 cladding tubes is 3 times as large as the optimal gap in fibers with 8

or 10 cladding tubes. A larger gap is required to remove the weak coupling between

the core mode and tube modes in a fiber with 6 cladding tubes. In summary, a fiber

design with low sensitivity to exact gaps allows low-loss and broadband chalcogenide

fiber devices even with some uncertainties in the fiber drawing process.
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CHAPTER FIVE

Higher-Order Mode Suppression in Chalcogenide Negative Curvature Fibers

This chapter published as [70]: C. Wei, R. A. Kuis, F. Chenard, C. R. Menyuk, and
J. Hu, “Higher-order mode suppression in chalcogenide negative curvature fibers,”

Opt. Express 23, 15824–15832 (2015).

In this chapter, we find conditions for suppression of higher-order core modes in

chalcogenide negative curvature fibers with an air core. An avoided crossing between

the higher-order core modes and the fundamental modes in the tubes surrounding

the core can be used to resonantly couple these modes, so that the higher-order core

modes become lossy. In the parameter range of the avoided crossing, the higher-order

core modes become hybrid modes that reside partly in the core and partly in the

tubes. The loss ratio of the higher-order core modes to the fundamental core mode

can be more than 50, while the leakage loss of the fundamental core mode is under

0.4 dB/m. We show that this loss ratio is almost unchanged when the core diameter

changes and so will remain large in the presence of fluctuations that are due to the

fiber drawing process.

5.1 Introduction

Negative curvature fibers have been simulated and fabricated in silica with core

diameters ranging from 30 µm to 110 µm for transmission wavelengths between 1 µm

and 4 µm [43, 49, 50, 52, 54, 64, 65, 69]. A chalcogenide negative curvature fiber has

been fabricated with a large core size of 380 µm to transmit light from a CO2 laser at

10.6 µm [55]. Fibers with a large core diameter like this one have low-loss transmission

with low nonlinearity. On the other hand, fibers with a large core diameter have

higher-order core modes. It is desirable for many applications to suppress the higher-
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order modes, which would decrease the coupling between the fundamental and higher-

order core modes due to small perturbations like microbending [37,186].

In this chapter, we show computationally that it is possible to suppress higher-

order core modes in a chalcogenide negative curvature fiber while preserving low

leakage loss for the fundamental core mode. The mechanism is resonant coupling

between the higher-order core modes and the fundamental tube modes. This approach

is analogous to using defect modes in a photonic bandgap fiber [186–189]; however,

there is no need to create defects in this case, since the tubes that create the negative

curvature can also provide the resonant coupling. Avoided crossings lead to high loss

for fiber modes [190, 191]. It is possible to design negative curvature fiber so that

an avoided crossing between the higher-order core modes and the fundamental tube

modes leads to an increase in the loss of the higher-order core modes. The higher-

order core modes in the parameter range of the avoided crossing are really hybrid

modes that reside partly in the core and partly in the tubes. The loss ratio of the

higher-order core modes to the fundamental core mode can be greater than 50, while

the leakage loss for the fundamental core mode is still under 0.3 dB/m.

Figure 5.1. Cross-section of the chalcogenide negative curvature fiber.
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5.2 Avoided Crossing Between Higher-Order Core Modes and Tube Modes

Figure 5.1 shows the full hollow-core PCF geometry. The gray regions represent

glass, and the white regions represent air. Only a quarter of the geometry is used

in modeling hollow-core PCFs because of the symmetry of the modes [139, 151]. We

model a hollow-core PCF with eight cladding tubes. The inner tube diameter, dtube,

and the inner core diameter Dcore, are related by the expression Dcore = (dtube +

2t)/sin(π/8) − (dtube + 2t). We use t to denote the thickness of the tube walls. We

use a core diameter, Dcore = 60 µm, and a wavelength, λ = 2 µm. We vary the tube

wall thickness t to obtain an avoided crossing. We simulate As2S3 chalcogenide glass

with a refractive index whose real part equals 2.4 and whose imaginary part equals

1.1× 10−8 [183].

In order to confine light in the core of the negative curvature fiber, the wall

thickness of the tubes must not be resonant with the wavelength of the light. Res-

onance occurs when t = mλ/2/(n2
1 − n2

0)1/2, where m is any positive integer, λ is

the light wavelength, and where n1 = 2.4 and n0 = 1.0 are the real parts of the

refractive indices of chalcogenide glass and air, respectively. At resonance, the phase

of the electric field changes by a multiple of 2π from one side of the tube wall to

the other [34, 35, 42, 192]. The values of t that correspond to m = 1, 2, and 3 are

0.46, 0.92, and 1.38 µm, respectively. We study the first transmission band, so that

t < 0.46 µm. Figure 5.2(a) shows the real part of the effective indices of the core

modes and the tube modes as a function of t. Figure 5.2(b) shows the loss of the

core modes, and Fig. 5.2(c) shows the ratio of the loss of the TE01 to the loss of the

HE11 core mode. The TE01 mode is the higher-order core mode that has the lowest

loss, and the HE11 mode is the fundamental core mode. The loss ratio of these two

modes reaches a maximum of 58 when t = 0.42 µm; at this wall thickness, the loss

of the fundamental core mode is 0.32 dB/m. Hence, higher-order core modes can be

suppressed in combination with low transmission loss for the fundamental core mode.
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Figure 5.2: Real part of (a) the effective index and (b) the leakage loss of the fundamental
HE11 core mode, the TE01 core mode, the TM01 core mode, and the two degenerate HE21

core modes in the chalcogenide negative curvature fiber. The blue dashed curves correspond
to the tube modes. (c) Loss ratio of the TE01core mode to the fundamental HE11 core mode.

We repeated the same analysis for the second and third transmission bands. The

maximum loss ratio of the higher-order core modes to the fundamental core mode

reaches 39 and 28 when t = 0.88 and 1.33 µm, respectively. The corresponding losses

of the fundamental core modes are 0.4 and 0.55 dB/m.
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Figure 5.3: (a) Real part of the effective index of the HE11 core mode, the TE01 core
mode and corresponding tube mode that couples to the TE01 core mode. The open circles
represent the real part of the effective index of the corresponding modes using the annular
core fiber model. (b) Effective index difference between the TE01 core mode and tube mode
that is coupled to the TE01 core mode.

In order to study the coupling mechanism, we show the avoided crossing between

the TE01 core mode and the corresponding tube mode that couples to it at the

avoided crossing. In Figs. 5.3, 5.4, and 5.5, we use A1, A2, and A3 to label the

fundamental core mode (HE11 mode) when t = 0.32, 0.42, and 0.44 µm, respectively.

We use B1, B2, and B3 to label the TE01 core mode and C1, C2, and C3 to label

the corresponding tube mode at the same three thicknesses. Figure 5.3(a) shows the

real part of the effective index for the TE01 core mode and the corresponding tube

mode as the tube thickness increases from 0.32 to 0.44 µm. For reference, we also

show the real part of the effective index of the fundamental core mode. Since both

the TE01 core mode and the corresponding tube mode reside in air and interact with
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the same tube wall, they vary in a similar way as the wall thickness increases. As a

consequence, the avoided crossing happens slowly as the tube thickness changes from

0.40 to 0.44 µm. Nonetheless, the avoided crossing is clearly visible in the effective

index and in the mode fields. The difference of the effective indices between the

TE01 core mode and the corresponding tube mode, as shown in Fig. 5.3(b), reaches

a minimum at t = 0.42 µm, which is also the tube thickness at which the loss ratio

of the TE01core mode to the fundamental HE11 core mode reaches its maximum, as

shown in Fig. 5.2(c).

We show the mode fields in Fig. 5.4. The color indicates the electric field, nor-

malized to its maximum, while the arrows indicate the direction of the transverse

electric field and the lengths of the arrows are proportional to the amplitude of the

transverse electric field. When t = 0.32 µm, both the TE01 core mode and the corre-

Figure 5.4: Mode fields of the HE11 core mode, the TE01 core mode, and the tube mode that
couples with the TE01 core mode at tube thicknesses of 0.32 µm, 0.42 µm and 0.44 µm,
respectively, corresponding to the same labeled crosses in Fig. 5.3(a) and Fig. 5.5. The
contour plots represent the normalized electric field intensity and the arrows represent the
amplitude and direction of the transverse electric field.
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Figure 5.5: (a) The power ratio in the core and the power ratio in the tubes for the TE01

core mode. (b) The power ratio in the core and the power ratio in the tubes for the
corresponding tube mode that couples with the TE01 core mode.

sponding tube mode are well-confined to the core and the tubes, respectively. When

t = 0.42 µm, in the center of the parameter range in which the avoided crossing

occurs, both the original TE01 core mode and corresponding tube mode reside partly

in the core and partly in the cladding tubes. Both have effectively become hybrid

modes. When t = 0.44 µm, most of the original TE01 core mode resides in the tubes

and vice versa. In Fig. 5.5, we show the ratios of the power in the core and the

power in the tubes to the total power in the fiber for both modes as a function of t.

The crossing point, which occurs at t = 0.43 µm, is clearly visible. By contrast, the

fundamental core mode is almost unaffected by the avoided crossing, and the fraction

of its power that is in the core falls gradually from 0.98 to 0.88 as t increases from

0.32 µm to 0.44 µm. Note that other higher-order core modes, the TM01 and HE21

modes also have avoided crossings at t = 0.42 µm, although the effect of the avoided

crossing is not as strong as the effect on the TE01 core mode, as shown in Fig. 5.2(b).

5.3 Comparison Between Negative Curvature and Annular Core Fibers

Here, we analyze the higher-order core modes and fundamental tube modes in

a negative curvature fiber when they are effectively decoupled, which allows us to

predict when an avoided crossing will occur. We use annular core fibers to predict
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the effective indices of the modes in the air core and a cladding tube of a negative

curvature fiber. The annular core fiber is just a glass ring suspended in air [145,146,

177]. Figure 5.6 shows two different annular core fibers used to study the modes in

the core and a cladding tube of the negative curvature fiber. To study the modes

in the tube, we use an annular core fiber with the same glass thickness and core

diameter as the tubes in the negative curvature fiber. To study the modes in the air

core, we use an annular core fiber with the same glass thickness as the glass thickness

in the negative curvature fiber. We increase the core diameter in the annular core

fiber by 5% to account for the effective increase in the core diameter that occurs in

a negative curvature fiber. With this increase in the core diameter, we have found

that the effective indices of the core modes in the negative curvature fiber match the

effective indices of the modes in the corresponding annular core fiber within 0.001%

for the tube thicknesses between 0.32 and 0.37 µm, as shown in Fig. 5.3(a). We solve

for the modes in the air core of the annular core fiber and plot the real part of the

effective indices of different modes as open circles in Fig. 5.3(a). The blue circles

represent the effective index of the tube mode using an annular core fiber with the

same diameter as a single tube in the negative curvature fiber. The black and red

circles represent the effective indices of the fundamental core mode and the TE01

Figure 5.6: Annular core fibers are used to study the modes in the tube and the core of a
negative curvature fiber.
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core mode, respectively. We can see that corresponding solid curves and circles agree

very well for tube thicknesses between 0.32 and 0.37 µm. At a larger tube thickness

region, the blue circles and red circles cross each other at the tube thickness of the

0.42 µm. Hence, the crossing point of the decoupled modes in the annular core fibers

is consistent with the avoided-crossing point of the coupled modes in the negative

curvature fiber, as shown in section 5.2. Annular core fibers can thus be used to

provide a simple prediction of the avoided crossing between the higher-order core

modes and the tube modes.

5.4 Higher-Order Mode Suppression with Different Core Diameters

We also studied the possibility of suppressing higher-order core modes by using

different core diameters or a different number of tubes. When we increase the core

diameter, we increase the tube diameter proportionally. The effective indices of the

modes in the core and tubes change by nearly the same amount. We find that the

index difference between the higher-order (TE01) core mode and the corresponding

coupled tube modes only changes by 2× 10−5 when the core diameter changes from

Figure 5.7: Loss of the fundamental core mode and loss ratio of the lowest-loss, higer-order
(TE01) core mode to the fundamental core mode as a function of core diameter. The tube
thickness is fixed at 0.42 µm.
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50 µm to 60 µm. Hence, changing the core diameter does not significantly change the

resonant coupling condition. On the other hand, one can benefit from this property

because as one varies the core diameter, the avoided crossing condition and the higher-

order mode suppression still occur. In addition, the loss of the fundamental core mode

decreases as the core diameter increases. Figure 5.7 shows the loss coefficient of the

fundamental core mode as a red solid curve, and it shows the loss ratio of the lowest-

loss, higher-order (TE01) core mode relative to the fundamental core mode as a blue

dashed curve, as one changes core diameter. The tube thickness is fixed at 0.42 µm.

The loss of the fundamental core mode decreases from 0.38 to 0.27 dB/m, while the

loss ratio varies between 55 and 59 when we increase the core diameter from 58 to

62 µm. Hence, the higher-order mode suppression will be robust in the presence of

core diameter fluctuations due to the fiber drawing process.

Instead of increasing the diameter of the tubes, one might increase the number

of tubes, in which case the core diameter does not change and the tube diameter

decreases. At the end, the effective index for the core mode does not change much

and the effective index for the cladding tube mode decreases. The increasing index

difference between the higher-order core modes and cladding tube modes will not

enable the resonant coupling between the higher-order core modes and cladding tube

modes. On the other hand, if we decrease the number of tubes from eight to six,

the hexagonal fiber structure would effectively have the same core diameter and tube

diameter. In this case, the fundamental core mode would easily couple to the tube

modes, which should be avoided.

5.5 Conclusion

In this chapter, we study higher-order core mode suppression in chalcogenide

negative curvature fibers. In a negative curvature fiber, there is no need to create

additional defect cores in the cladding region. The cladding tubes automatically
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serve as outer defect cores. The higher-order core modes can be suppressed using the

avoided crossing between the higher-order core modes and the corresponding cladding

tube modes. When the core diameter is 60 µm and the tube thickness is 0.42 µm, the

loss ratio of the higher-order core modes to the fundamental core mode can be more

than 50, while the leakage loss of the fundamental core mode is still under 0.4 dB/m.

The higher-order core mode suppression is robust even with fluctuations of the core

diameter that are induced by the fiber drawing process.
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CHAPTER SIX

Bending-Induced Coupling in Chalcogenide Negative Curvature Fibers

This chapter published as [150]: C. Wei, C. Menyuk, and J. Hu, “Bending-induced
mode non-degeneracy and coupling in chalcogenide negative curvature fibers,” Opt.

Express 24, 12228–12239 (2016).

In this chapter, we study bend loss in chalcogenide negative curvature fibers with

different polarizations, different tube wall thicknesses, and different bend directions

relative to the mode polarization. The coupling between the core mode and tube

modes induces bend loss peaks in the two non-degenerate modes at the same bend

radius. There is as much as a factor of 28 difference between the losses of the two

polarization modes. The fiber with a larger tube wall thickness, corresponding to

a smaller inner tube diameter, can sustain a smaller bend radius. The bend loss is

sensitive to the bend direction when coupling occurs between the core mode and tube

modes. A bend loss of 0.2 dB/m at a bend radius of 16 cm, corresponding to 0.2

dB/turn, can be achieved in a chalcogenide negative curvature fiber.

6.1 Introduction

The relative simplicity of the negative curvature structure could enable the fabri-

cation of fiber devices for mid-IR applications using non-silica glasses, such as chalco-

genide. Using chalcogenide negative curvature fibers, the delivery of mid-infrared

radiation has been successfully demonstrated for a CO2 laser at a wavelength of

10.6 µm [55]. Mid-infrared light sources and transmission are important for ap-

plications to biosensing, environmental monitoring, homeland security, and medical

diagnostics [180, 193]. The development of quantum cascade lasers has shown great

potential for the generation of mid-infrared emission around 5 µm with a wall plug

efficiency of 50% [181,194,195] and a watt-level power output [196]. While transmis-
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sion of light in silica negative curvature fibers has been demonstrated at wavelengths

up to 4 µm [52], the material loss of chalcogenide glass is four orders of magnitude

or more lower than silica glass at wavelengths at or above 5 µm [51, 183]. So, it is

preferable to use chalcogenide glass at these wavelengths.

In negative curvature fibers, core sizes from 20 µm to 380 µm have been used [47–

55,64,65,114,161]. Fibers with a large core size have a low leakage loss [135]. At the

same time, fibers with a large core size have many higher-order modes [70]. Several

structures have been suggested to suppress higher-order modes using the resonant

coupling between the higher-order core modes and cladding modes [43, 66, 70, 80,

197, 198]. Another important limiting factor in fiber devices is the bend loss. Bend

effectively introduces structure distortion, especially for fibers with a large core cross

section [69, 83, 179, 199]. It is preferable for a fiber to insensitive to bends when it is

used for light delivery. Conversely, however, bend sensitivity can be useful for sensing.

In bandgap fibers, since the cladding air holes are much smaller than the central air

core, there is not much loss due to the mode coupling between the core modes and the

cladding modes. The bend loss for a bandgap fiber is mainly due to distortion of the

fiber structure. In negative curvature fibers, besides the structure’s distortion, the

mode coupling between the core mode and tube modes leads to an increase in the loss

of the core modes. Bending-induced higher-order mode suppression has been obtained

using the resonant coupling between the higher-order core modes and the tube modes

in negative curvature fibers [58]. Structures that include nested cladding tubes or

smaller cladding tubes have also been proposed to decrease the bend loss [43,69]. To

date, there is no detailed study on two polarization modes in bent negative curvature

fibers [38, 43, 68, 69, 83, 179, 197, 199]. In this chapter, we study the bending-induced

mode coupling for the non-degenerate core modes in chalcogenide negative curvature

fibers. Fiber bends break the symmetry of the fiber geometry, and the fundamental

core modes become non-degenerate modes in bent negative curvature fibers. It is
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thus necessary to take into account the mode polarization when calculating the loss

in bent fibers. We find that the loss in the two polarization modes can differ by up

to a factor of 28.

The rest of the chapter is organized as follows: In section 6.2, we show the fiber

geometry. We also present the bend loss for both parallel-polarized and perpendicular-

polarized modes with respect to the bend direction in the chalcogenide negative curva-

ture fiber. In section 6.3, we study the avoided crossing during the resonant coupling

between the core mode and the tube modes. Two non-degenerate core modes can

be coupled to tube modes at the same bend radius. In section 6.4, we study the

influence from the tube wall thickness on the resonant coupling. We find that a fiber

with a larger tube wall thickness, corresponding to a smaller inner tube diameter,

can sustain a smaller bend radius. In section 6.5, we study the bend loss when the

relative angle between the bend direction and fiber orientation varies, since the bend

direction is not always aligned with the fiber geometry in practice. The bend loss is

sensitive to the bend direction when coupling occurs between the core mode and a

tube mode. We summarize our results in section 6.6.

6.2 Geometry and Bend Loss

In this section, we introduce the geometric parameters of the negative curvature

fiber. Figure 6.1 shows the full hollow-core negative curvature fiber geometry. The

gray regions represent glass, and the white regions represent air. The inner tube

diameter, dtube, the core diameter, Dcore, the tube wall thickness, t, and the minimum

gap between the cladding tubes, g, are related by the expression: Dcore = (dtube +

2t + g)/sin(π/8) − (dtube + 2t). The core diameter, Dcore, and the gap, g, are fixed

at 150 µm and 10 µm, respectively. The wavelength is 5 µm in our simulation. We

simulate As2S3 chalcogenide glass with a refractive index whose real part equals 2.4

and whose imaginary part equals 3.4 × 10−8 [183]. Negative curvature fibers have
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Figure 6.1. Cross section of a chalcogenide negative curvature fiber.

been drawn using 6 or 8 cladding tubes [49, 51, 55, 68, 78–80]. We use 8 cladding

tubes in this chapter because negative curvature fibers with a smaller cladding tube

diameter yield a lower bend loss [69].

We studied the bend loss using the above negative curvature fiber geometry. We

assume that the bend is along the x-axis, and we take advantage of the reflection

symmetry with respect to the y = 0 plane to only keep values for which y > 0 in the

simulation [151]. A conformal transformation is used to replace the bent fiber with a

straight fiber that has an equivalent index distribution: n′(x, y) = n(x, y)·exp(x/R),

where R is the bend radius [199, 200]. Figures 6.2(a) and 6.2(b) show the contour

plot of the bend loss as a function of bend radius and tube wall thickness for the

fundamental core modes that are polarized parallel and perpendicular to the bend

direction, respectively. We observe that losses are consistently high for the tube

wall thicknesses, t = 1.15 µm, 2.29 µm, and 3.44 µm, that satisfy the resonance

condition, t = mλ/[2(n2
1 − n2

0)1/2], where n1 and n0 are respectively the real parts of

the refractive indices of the glass and air [32,34,177]. We observe three transmission

bands, I, II, and III, which are separated by the above tube wall thicknesses in both

Figs. 6.2(a) and 6.2(b). In the following sections, we will study the bend loss with

different polarizations, different tube wall thicknesses, and different bend directions.
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Figure 6.2: Bend loss of the fundamental mode that is polarized (a) parallel and (b) perpen-
dicular to the bend direction as a function of the tube wall thickness and the bend radius.
The plus signs denote points at which the loss becomes high relative to the bend-free loss
even though the thickness is antiresonant.

6.3 Modes in Two Polarizations

In this section, we will compare the bend loss in two fundamental modes whose

polarization directions are parallel or perpendicular to the bend direction. The tube

wall thickness is fixed at 1.8 µm. Figure 6.3(a) shows the real parts of the effective

indices of the parallel-polarized and perpendicular-polarized core modes, as the blue

dashed curve and red solid curve, respectively. We can see that there are two avoided

crossings at bend radii of 5.7 cm and 9.4 cm, and the index difference between the two

polarized core modes is very small. Figure 6.3(b) shows the bend losses for core modes

at different bend radii. There are two high loss peaks in the bend loss curves for both

the parallel-polarized and perpendicular-polarized modes, which are consistent with

the two avoided crossings shown in Fig. 6.3(a).

The mode structure at the two bend-loss peaks is different. Figure 6.4 shows both

the parallel-polarized and perpendicular-polarized modes at bend radii of 5.7 cm and

9.4 cm, corresponding to the avoided crossings and the loss peaks in Fig. 6.3. We

only show the mode in the middle of the avoided crossing; the evolution of the mode

during the avoided crossing has been described in negative curvature fibers with 8
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cladding tubes [70]. The color indicates the electric field intensity, normalized to

its maximum. The arrows indicate the direction of the transverse electric field and

the lengths of the arrows are proportional to the amplitude of the transverse electric

field. We can see that, at a bend radius of 9.4 cm, coupling occurs between the core

mode and the tube mode, which is located along the bend direction, as indicated

by Figs. 6.4(b) and 6.4(d). The bend loss of the parallel-polarized mode is higher

than the bend loss of the perpendicular-polarized mode as shown in Fig. 6.3(b). The

Figure 6.3: (a) Real parts of the effective indices and (b) bend losses for both parallel-
polarized and perpendicular-polarized modes in the negative curvature fiber with a tube
wall thickness of 1.8 µm. The inset shows the avoided crossing close to a bend radius of
9.4 cm. The effective air index is defined as the index after conformal transformation at
the peak of the core mode intensity.
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alignment of the core mode and the coupled tube mode is the same as the polarization

direction for the parallel-polarized mode. Therefore, the coupling is stronger for the

parallel-polarized mode and leads to a loss that is up to a factor of 6 higher than the

loss of the perpendicular-polarized mode when the bend radius is 15 cm and is up to

a factor of 28 higher when the bend radius is 10 cm. Since both parallel-polarized

and perpendicular-polarized core modes are coupled to the same tube modes, avoided

crossings and loss peaks occur at the same bend radius, as indicated by Fig. 6.3. At

a smaller bend radius of 5.7 cm, the index in the tube along the bend direction is

higher than the core index. Index matching occurs between the core mode and the

tube mode in the tube at 45 degree with respect to bend direction or x-axis [83], as

indicated by Figs. 6.4(a) and 6.4(c). In addition, since both the core modes in the

two polarizations are coupled to the tube mode at 45 degree with respect to their

polarization directions, those two non-degenerate modes have almost the same loss

at the bend radius of 5.7 cm, as shown in Fig. 6.3(b).

In Fig. 6.5, we show the parallel-polarized modes at bend radii of 7.0 cm and 15.0

cm, corresponding to the two stars in Fig. 3(b). The modes are well-confined in the

Figure 6.4: The parallel-polarized and perpendicular-polarized modes at bend radii of 5.7 cm
and 9.4 cm. The contour plots represent the normalized electric field intensity, and the
arrows represent the amplitude and direction of the transverse electric field.
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Figure 6.5: The parallel-polarized fundamental core modes at bend radii of (a) 7.0 cm and
(b) 15.0 cm.

core. Conversely, coupling between the core and tube mode at the bend radius of

9.4 cm is visible in Fig. 6.4(b). Hence, the bend loss peaks in Fig. 6.3(b) are indeed

induced by the mode coupling between the core and tube modes in the negative

curvature fiber [69, 70].

We also note that some of the mode effective indices are higher than the refractive

index (n = 1.0), which is due to the fiber bend. Figure 6.3(a) shows the effective

air indices for the parallel-polarized and perpendicular-polarized modes as blue open

circles and red dots, respectively. The effective air index is defined as the index after

conformal transformation at the peak of the core mode intensity. The peak of the

core mode intensity is not at the center of the core in the bent fiber, as shown in

Fig. 6.5. Hence, the modes indicated by the blue dashed curve and the red solid

curve in Fig. 6.3(a) have effective indices that are below the effective air index and

are the fundamental core modes confined in the air core of the negative curvature

fiber.

6.4 Different Tube Thicknesses

In Figs. 6.2(a) and 6.2(b), we see that besides the high loss that occurs at resonant

tube thicknesses, there are in addition bend radii that lead to high loss, which are

denoted by plus signs. In this section, we study these bend loss peaks for a fiber

with different tube thicknesses [199]. In order to analyze the source of these high loss

ranges, Figs. 6.6(a) and 6.6(b) show the real parts of the effective indices and bend
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Figure 6.6: (a) Real parts of the effective indices and (b) bend losses for the parallel-
polarized mode with tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm.

losses, respectively, for the parallel-polarized mode with fixed tube wall thicknesses

of 0.7 µm, 1.8 µm, and 2.9 µm. We present results for the parallel-polarized mode

because it has a larger leakage loss than does the perpendicular-polarized mode. The

real part of the effective index for the perpendicular-polarized mode is essentially

the same as that for the parallel-polarized mode, and the bend loss exhibits peaks

at the same bend radii as the parallel-polarized mode, although the loss peaks are

lower. The avoided crossings are visible in Fig. 6.6(a). The loss peaks in Fig. 6.6(b)

correspond to the high loss ranges in Fig. 6.2(a) that are marked by the plus signs.

Note that the peak of the bend loss for fibers with a larger tube wall thickness occurs

at a smaller bend radius, as shown in Fig. 6.6(b).
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Mode coupling occurs when the effective indices of the core and tube modes match.

In order to explain the results in Fig. 6.6, we study both the core mode and the

tube modes when the tube wall thickness increases. The effective indices of the core

modes with the same core diameter are almost the same even with different tube

wall thicknesses. To predict the effective index of the tube mode, we ran additional

simulations to find the mode in an annular core fiber [70], which contains just one

ring of glass, as shown in Fig. 6.7. We study annular core fibers in two cases. For the

first case, we use tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm with a fixed

inner tube diameter din of 75 µm. For the second case, we use tube wall thicknesses

of 0.7 µm, 1.8 µm, and 2.9 µm with a fixed outer tube diameter dout of 76.4 µm. The

tube parameters of an inner tube diameter din of 75 µm and an outer tube diameter

dout of 76.4 µm correspond to the tube parameters in a straight negative curvature

fiber using a core diameter of 150 µm, a tube wall thickness of 0.7 µm, and a minimum

gap between the cladding tubes of 10 µm. In a fiber with a fixed inner tube diameter

of 75 µm, the effective index increases slightly when the tube wall thickness increases

Figure 6.7: Real parts of the effective indices in annular core fibers with a fixed inner tube
diameter or a fixed outer tube diameter. The inset shows the geometry of an annular core
fiber.
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Figure 6.8: Minimum bend radius for the parallel-polarized mode as a function of tube wall
thickness for given bend losses of 0.2 dB/m, 0.5 dB/m and 1.0 dB/m.

from 0.7 µm to 2.9 µm. In a fiber with a fixed outer tube diameter of 76.4 µm,

the effective index decreases when the tube wall thickness increases from 0.7 µm to

2.9 µm. Hence, if one increases the tube wall thickness while the outer diameter of

the tubes is fixed in a negative curvature fiber, the effective index of the tube mode

decreases because the inner diameter of the tubes decreases. Bending effectively

increases the effective index of certain tube modes. Hence, the avoided crossing and

mode coupling occur at a smaller bend radius for the fiber with a larger tube wall

thickness, corresponding to a smaller inner tube diameter, as shown in Figs. 6.6(a)

and 6.6(b). This finding is consistent with research on negative curvature fibers in

which more tubes are used [69]. The corresponding effective air indices in the fibers

with tube wall thicknesses of 0.7 µm, 1.8 µm, and 2.9 µm are shown in Fig. 6.6(a) by

blue circles, red dots and green triangles, respectively.

From Fig. 6.2(a), we can infer the minimum bend radius for a given loss. We then

plot the minimum bend radius with respect to the tube wall thickness for given bend

losses of 0.2 dB/m, 0.5 dB/m, and 1 dB/m for the parallel-polarized mode in Fig. 6.8.

We again observe three transmission bands. As expected, a smaller loss requires a
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larger bend radius. The minimum bend radius for any given bend loss decreases as

the transmission-band order increases in the parameter range we study here. Hence,

a negative curvature fiber with a larger tube wall thickness can sustain a smaller

bend radius. The reason is that the mode coupling in the fiber with a larger tube

wall thickness, corresponding to a smaller inner tube diameter, occurs at a smaller

bend radius, as we explained earlier. The bend loss is less than 0.2 dB/m in the

transmission bands I, II, and III, corresponding to a loss value of 0.2 dB/turn if the

fiber has a bend radius of 16 cm.

6.5 Different Bend Directions

Our previous simulations assumed that the bend direction is aligned with x-

direction, as shown in Fig. 6.1 [65, 69, 199]. In practice, the bend can be in any

direction. In this section, we will consider a bend direction with a relative angle, ∆θ,

with respect to the x-direction. Since symmetry is broken, a full fiber geometry model

has to be used in the simulation. The tube wall thickness is 1.8 µm. Figure 6.9(a)

shows the bend losses for the two fundamental core modes as a function of the rela-

tive angle with respect to the x-axis at a bend radius of 9.4 cm, where the resonant

coupling occurs. The loss is symmetrical about a bend relative angle of π/8 due to

the fiber symmetry. When the bend relative angle changes from 0 to π/8, the leak-

age loss of the parallel-polarized mode, indicated by the blue dashed curve, and the

perpendicular-polarized mode, indicated by the red solid curve, decrease by factors

of 12 and 10, respectively. When the bend relative angle changes from 0 to π/8, the

mode changes from being resonantly coupled to being slightly off resonance. Hence,

the index matching condition is strongly affected by the relative angle, which leads to

a large variation in the loss as the bend relative angle varies. The parallel-polarized

mode profiles at relative angles of 0 and π/8 are shown in Figs. 6.10(a) and 6.10(c),

respectively, at a bend radius of 9.4 cm. We see that the coupling between the core
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Figure 6.9: Bend losses of the parallel-polarized and perpendicular-polarized modes as a
function of bend relative angle for the fibers with a tube wall thickness of 1.8 µm at bend
radii of (a) 9.4 cm and (b) 20.0 cm. The inset shows the relative angle, ∆θ, between the
bend direction and x-axis in the negative curvature fiber. The blue triangles mark the
relative angles for the mode fields that are shown in Fig. 6.10.

mode and tube mode is strong at ∆θ = 0, and the coupling between the core mode

and tube mode is weak at ∆θ = π/8.

Figure 6.9(b) shows the bend losses at different bend relative angles when the

bend radius is 20.0 cm. The leakage losses of the two fundamental core modes only

change within 7%, as the relative angle increases from 0 to π/8. It is because the fiber

geometry is far from the coupling range between the core mode and tube modes at a

bend radius of 20.0 cm. Changing the bend relative angle has almost no effect on the

coupling condition. The corresponding mode profiles at relative angles of 0 and π/8

are shown in Figs. 6.10(b) and 6.10(d), respectively. The modes are well confined in

the core, and there is not much difference in the mode profile except a rotational shift

of π/8.
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Figure 6.10: Parallel-polarized core mode at (a) ∆θ = 0 and (c) ∆θ = π/8 corresponds to
the two triangles in Fig. 6.9(a) at a bend radius of 9.4 cm. The parallel-polarized core mode
at (b) ∆θ = 0 and (d) ∆θ = π/8 corresponds to the two triangles in Fig. 6.9(b) at a bend
radius of 20.0 cm.

6.6 Conclusion

In this chapter, we investigate the bending-induced loss for the two non-degenerate

modes in chalcogenide glass negative curvature fibers. The bend loss peaks are in-

duced by the resonant coupling between the core mode and tube modes. It is found

that the parallel-polarized mode with respect to the bend direction experiences a

higher bend loss than the perpendicular-polarized mode when the coupling occurs

between the core mode and the tube mode along the bend direction. The difference

between the losses of the two polarization modes is up to a factor of 28 with bend radii

down to 10 cm. When coupling occurs between the core mode and the tube mode at

45 degree with respect to the bend direction, the bend losses in the parallel-polarized

mode and perpendicular-polarized mode are almost the same. A fiber with a larger

tube wall thickness, corresponding to a smaller inner tube diameter, can sustain a
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smaller bend radius due to the larger index difference between the core mode and

tube mode. The bend loss changes by a maximum factor of 12 as the bend direction

changes when the bend radius is 9.4 cm. The bend loss only changes by 7% as the

bend direction changes when the bend radius is 20.0 cm. Hence, the bend loss is

sensitive to the bend direction when coupling occurs between the core mode and tube

modes. Overall, a bend loss of 0.2 dB/m at a bend radius of 16 cm, corresponding

to 0.2 dB/turn, can be achieved in a chalcogenide negative curvature fiber at a wave-

length of 5 µm. We conclude that polarization effects should be considered when

designing fibers to withstand bend loss and polarization effect on bend loss.

Our study shows that the bend loss of the two polarization modes in negative cur-

vature fibers can differ significantly. This differential bend loss could be used to make

bending sensors [201,202], in which the bend in the transverse direction is quantified

by monitoring the losses in the two polarizations. Hence, negative curvature fibers

are a good candidate for use in highly sensitive optical bending sensor systems.
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CHAPTER SEVEN

Polarization-Filtering and Polarization-Maintaining Negative Curvature Fibers

This chapter published as [203]: C. Wei, C. Menyuk, and J. Hu,
“Polarization-filtering and polarization-maintaining low-loss negative curvature

fibers,” Opt. Express 26, 9528–9540 (2018).

In this chapter, we propose a polarization-filtering and polarization-maintaining

negative curvature fiber in which two nested resonant tubes are added to a standard

negative curvature fiber with one ring of tubes. The coupling between the glass modes

in the nested resonant tubes and the fundamental core modes is used to increase

the birefringence and differential loss for the fundamental core modes in the two

polarizations. We show computationally that the birefringence and the loss ratio

between the modes in the two polarizations can reach 10−5 and 850, respectively.

Meanwhile, the low-loss mode has a loss that is lower than 0.02 dB/m. The relatively

simple design of this polarization-maintaining negative curvature fiber will be useful

in hollow-core fiber devices that are sensitive to polarization effects, such as fiber

lasers, fiber interferometers, and fiber sensors.

7.1 Introduction

Polarization effects play an important role in many applications, such as opti-

cal communication networks, fiber lasers, fiber gyroscopes, and interferometric de-

vices [204–208]. In optical fibers, fabrication imperfections and environmental per-

turbations, such as bending and twisting will introduce a random birefringence and

lead to an unpredictable output [206, 209]. In fiber devices, unwanted birefringence

will lead to different behavior in the two polarization eigenmodes [206], and mode

competition between the two modes can lead to polarization instability [206]. To

mitigate this effect, one can use polarization-maintaining fibers, in which the unpre-
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dictable polarization evolution is eliminated. These fibers have high birefringence, so

that light propagates in only one polarization [208,210]. Polarization effects are also

used to make fast saturable absorbers in passively mode-locked fiber lasers [211–213].

When an intense optical pulse propagates in an optical fiber, the polarization state

in the high-intensity peak will be different from the low-intensity wings, allowing the

low-intensity wings to be attenuated by a polarization filter. Here, we show com-

putationally that fiber devices that both filter and maintain the polarization can

be implemented in negative curvature fibers, thereby enabling efficient and compact

all-fiber devices.

Several polarization-maintaining negative curvature fiber structures have already

been proposed. A straightforward approach by Vincetti and Setti [214] is to use a

negative curvature fiber whose cladding is composed of an elliptical arrangement of

cladding tubes. The birefringence in this case is always low when the wavelength

is close to the center of the transmission windows [214]. Ding et al. [161] showed

that high birefringence can be achieved in negative curvature fibers by using tubes

with slightly different thicknesses in two transverse orthogonal directions. Mousavi

et al. [215] proposed a structure that uses resonant and antiresonant tubes in two

orthogonal directions to induce high birefringence. In this design, doubly-nested

antiresonant tubes are required to confine the mode and achieve a low leakage loss.

In this chapter, we aim to design a relatively simple negative curvature fiber with

a high birefringence and a high differential loss between the fundamental core modes

in the two polarizations. We show two structures in the Fig. 7.1 to illustrate the main

idea. Figure 7.1(a) shows a negative curvature fiber with two larger tubes in the y-

direction, which are used to increase the birefringence and differential loss by coupling

the fundamental core mode in one polarization to the tube mode, as indicated by the

red-highlighted profile. Our simulation results show that the fundamental core modes

in the x - and y-polarizations have similar effective indices even with an asymmetric
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core profile, which is consistent with other published results [150, 214, 215]. The

tube modes in the x - and y-polarizations also have very similar effective indices.

Coupling between the tube modes and the core modes in the two polarizations occurs

within the same parameter range. Hence, this design leads to fibers with a small

birefringence and a small differential loss between the fundamental core modes in the

two polarizations.

Our goal is to find a fiber structure where the coupling between the cladding modes

and the fundamental core modes in the two polarizations occurs within different

parameter ranges. Figure 7.1(b) shows a negative curvature fiber structure with

two nested tubes in the y-direction using a wall thickness close to the resonance

condition. Negative curvature fibers with one nested tube in each major tube have

been fabricated [62, 85, 216]. With proper design, the effective indices and mode

profiles of the glass modes will be different for the x- and y-polarizations. The novelty

in our design is the use of the coupling between the glass modes in the nested resonant

tubes and the fundamental core mode to increase the birefringence and the differential

loss between modes in two polarizations. The physics and mechanism for the proposed

fiber design are different from those in previous works on polarization-maintaining

negative curvature fibers [161, 215]. As long as all the major tubes are antiresonant,

the loss for the other polarization is still low and comparable to the loss of standard

negative curvature fibers with one ring of antiresonant tubes.

7.2 Geometry

Three mode types exist in negative curvature fibers: core modes, tube modes,

and glass modes. Core modes reside primarily in central air-core of the fiber, while

tube modes reside primarily in the air inside the cladding tubes. These modes are

antiresonantly guided when the tube glass thickness, t, satisfies the antiresonance

condition t = (m− 0.5)λ/[2(n2
1−n2

0)1/2], where m equals any positive integer [43,70].
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Figure 7.1: Schematic illustration of two negative curvature fibers with asymmetric ge-
ometries. Red-highlighted regions indicate locations where the mode intensity is high. (a)
Coupling between the fundamental core mode and tube mode. (b) Coupling between the
fundamental core mode and glass mode.

The glass modes are guided by glass, although they extend into the air. Because

the guidance mechanism for glass and tube modes is different, the variation of their

effective indices as the glass thickness changes is different. A slight change in the

glass thickness leads to a large change in the effective index of the glass modes, while

only slightly affecting the tube modes.

The geometry of the proposed polarization-maintaining negative curvature fiber is

shown in Fig. 7.1(b). The two nested resonant tubes in the y-direction are represented

by blue rings. The tube diameter, dtube, the core diameter, Dcore, the wall thickness

of the major tube, t, and the minimum gap distance between the cladding tubes,

g, are related by the expression: Dcore = dtube + 2t + 2g for fibers with 6 major

tubes [58, 141, 142, 150]. We simulate silica glass with a refractive index of 1.444 at

a wavelength of 1550 nm for polarization-maintaining fibers [210,215,217]. The core

diameter, Dcore, is 50 µm, which is around 30 times larger than the transmission

wavelength [49, 50, 58]. A major tube diameter of 30 µm is used throughout this

chapter, unless otherwise indicated. The wall thickness of the major tubes, t, is

1.12 µm to satisfy the antiresonance condition, t = (m− 0.5)λ/[2(n2
1 − n2

0)1/2] where

n1 and n0 are the refractive indices of the glass and air, λ is the light wavelength, and
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m is the order of antiresonance [1,34]. We use the second antiresonance transmission

band for which m = 2 with a glass thickness of 1.12 µm, corresponding to typical glass

thicknesses that have been drawn in the past [82, 85]. A higher-order antiresonance

implies a thicker tube wall, especially for shorter wavelengths, which makes fabrication

easier. Geometries that use tube thicknesses corresponding to the first, second, or

third antiresonance have similar minimum losses in the transmission band [141,142].

7.3 Loss in the Two Polarization Modes

In standard negative curvature fibers with one ring of antiresonant tubes, the loss

due to the surface scattering is two orders of magnitude lower than the confinement

loss [43, 60] and is not taken into account in this work. We study the mode loss

in the two polarizations for the geometry that is shown in Fig. 7.1(b). Coupling

can be induced between the glass modes and the fundamental core modes in each

Figure 7.2: (a), (b) Effective index and (c), (d) loss of modes in the x- and y-polarizations
as a function of tnest. (a), (c) dnest/dtube = 0.7. (b), (d) dnest/dtube = 0.8.
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Figure 7.3: (a) Normalized mode intensity in the x-polarization at tnest = 1.513 µm and
(b) normalized mode intensity in the y-polarization at tnest = 1.519 µm with dnest/dtube =
0.8, corresponding to the blue and red circles in Figs. 7.2(b) and 7.2(d).

of the two polarizations by tuning the wall thickness of the nested tubes. This new

mechanism to induce high birefringence has not been used in previous designs of

polarization-maintaining fibers. Figure 7.2(a) shows the effective index of the funda-

mental core modes in both the x- and y-polarizations as a function of the thickness

of the nested tube, tnest. The ratio of the nested tube diameter to the major tube

diameter, dnest/dtube, is 0.7. There are several avoided crossings when the thickness

of the nested tube increases from 1.50 µm to 1.53 µm near the resonance thickness,

t = mλ/[2(n2
1 − n2

0)1/2], where the resonance order m = 2 is used. The correspond-

ing losses are shown in Fig. 7.2(c). There are several high-loss peaks in the x- and

y-polarizations, corresponding to the avoided crossings in Fig. 7.2(a). The avoided

crossings or high-loss peaks of the modes in the x- and y-polarizations occur at dif-

ferent nested tube thicknesses, tnest. The difference between the nested tube thick-

nesses of the x- and y-polarizations at the first high-loss peaks is denoted by ∆tnest

in Fig. 7.2(c). We show similar plots of the effective index and loss in Figs. 7.2(b)

and 7.2(d), where the ratio of the nested tube diameter to the major tube diameter,

dnest/dtube, is 0.8. The difference between the nested tube thicknesses, ∆tnest, in the

fiber using dnest/dtube = 0.8 is larger than that in the fiber using dnest/dtube = 0.7.
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Figure 7.4: Contour plot of ∆tnest as a function of dtube and dnest/dtube. The corresponding
gap, g, is also marked on the right side of the contour plot.

The mode fields in the coupling region are shown in Fig. 7.3, corresponding to

the high-loss peaks in the x- and y-polarizations, denoted by blue and red circles in

Fig. 7.2(d). The wavelength is 1550 nm. The color indicates the electric field intensity,

normalized to its maximum. The arrows indicate the direction of the transverse

electric field and the lengths of the arrows are proportional to the amplitude of the

transverse electric field. For the mode in the x-polarization shown in Fig. 7.3(a), the

core mode couples with the glass mode, which has a maximum at one point in both

nested tubes. For the mode in the y-polarization shown in Fig. 7.3(b), the core mode

couples with the glass mode, which has a maximum at two points in both nested

tubes.

7.4 Structure Optimization

Figures 7.2 and 7.3 show coupling between the glass modes and the fundamental

core modes. When the coupling is strong, there is a high differential loss between the

fundamental core modes in the x- and y-polarizations. Due to uncertainty in the fiber

drawing process, it is desirable to design a fiber with the largest possible separation,
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Figure 7.5: Loss of modes in the x- and y-polarizations and the thickness of the nested tube,
tnest, when the glass mode and the core mode in the y-polarization are resonantly coupled.
The diameter of the major tube, dtube, is 30 µm.

∆tnest, in order to increase the fabrication tolerance. Here, we study the impact on

the parameter ∆tnest from the major tube diameter, dtube, and the ratio of the nested

tube diameter to the major tube diameter, dnest/dtube. We show a contour plot of the

parameter ∆tnest in Fig. 7.4. The wavelength is 1550 nm. Each value of ∆tnest on

the contour plot is obtained from the leakage loss curves of the modes in the x- and

y-polarizations as a function of nested tube thickness, tnest, that is shown in Fig. 7.2.

Figure 7.4 shows that the parameter ∆tnest increases when the tube diameter, dtube,

decreases or the ratio of the nested tube diameter to major tube diameter, dnest/dtube,

increases. Hence, a fiber with a smaller major tube diameter and a larger nested tube

diameter yields a larger ∆tnest. A stronger interaction between nested and major

tubes leads to a larger separation ∆tnest because the mode intensity in the nested

tubes reaches its maximum at different locations for the two polarizations, as shown

in Figs. 7.3(a) and 7.3(b). We use a maximum dnest/dtube of 0.8 since it may be

difficult to fabricate a fiber with dnest/dtube > 0.8. A small gap between the nested

and major tubes may collapse in the fiber drawing process.
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Figure 7.5 shows the loss of the fundamental core modes in the x- and y-polarizations

as a function of dnest/dtube when the glass mode and the fundamental core mode are

resonantly coupled in the y-polarization. The corresponding thickness of the nested

tube, tnest, is also plotted using a green dotted curve. The diameter of the major

tube, dtube, is fixed at 30 µm. Setting dnest/dtube = 0.8 in order to maximize ∆tnest,

we find that tnest = 1.519 µm. This value corresponds to the red circles in Figs. 7.2(b)

and 7.2(d). When dnest/dtube is between 0.7 and 0.8, the loss of the x-polarization is

below 0.02 dB/m. The loss ratio of the y-polarization to the x-polarization is more

than 500 within the parameter range that we show in Fig. 7.5.

We also carried out additional simulations to compare the results of fibers using

six, eight, and ten cladding tubes. For all these fibers, we set the core diameter, tube

wall thickness, and wavelength equal to 50 µm, 1.12 µm, and 1.55 µm, respectively.

The tube diameters are 30 µm, 25 µm, and 15 µm in the fibers with six, eight, and ten

cladding tubes, respectively. Different thicknesses of the nested tube are selected to

give the maximum birefringence. Figure 7.6(b) shows the birefringence as a function

of the maximum distance, z, between the major antiresonant tube and the nested

resonant tube. The birefringence in these three fibers are on the same scale. The

birefringence increases when z decreases; when z is smaller, a stronger interaction

between nested and major tubes leads to a larger birefringence. Figure 7.6(c) shows

the loss in both the x - and y-polarizations. The loss of the x -polarization is between

10−2 dB/m and 10−1 dB/m, which is more than two orders of magnitude lower than

the loss of the y-polarization.

We also ran additional simulations for different structures to compare their per-

formance to the performance of our fiber design, shown in Fig. 7.1(b). Fibers with

different tube wall thickness corresponding to the first and the second antiresonance

bands have a similar loss ratio and birefringence. Fibers in which antiresonant tubes

are added in the four major tubes in the x-direction show a lower minimum loss in
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Figure 7.6: (a) Schematics illustration, (b) birefringence, and (c) loss of negative curvature
fibers with six, eight, and ten cladding tubes. Inset in (b) shows a schematic illustration
of the maximum distance, z, between the major antiresonant tube and the nested resonant
tube.

x-polarization and a similar birefringence. Fibers that are modified by removing the

nested resonant tubes in the y-direction and adding four nested resonant tubes in the

x-direction have a low loss ratio between the two polarization modes.

7.5 Comparison of Polarization-Maintaining Negative Curvature Fibers

In this section, we study the performance of the fiber as a function of wavelength.

The ratio of the nested tube diameter to the major tube diameter, dnest/dtube, is

0.8, and the thickness of the nested tube, tnest, is 1.519 µm, based on Fig. 7.2. Fig-

ures 7.7(a) and 7.7(b) show the effective index and the leakage loss of the modes in

the x- and y-polarizations as a function of wavelength. There is a high-loss peak in
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Figure 7.7: (a) Effective index, (b) loss, (c) birefringence, and loss ratio as a function of
wavelength.

the y-polarization at the wavelength of 1550 nm between the two high-loss peaks in

the x-polarization. The loss of the mode in the x-polarization is less than 0.02 dB/m

when the wavelength is 1550 nm. Figure 7.7(c) shows the birefringence and loss ratio

of the mode in the y-polarization to the mode in the x-polarization, which can reach

10−5 and 850, respectively, at a wavelength of 1550 nm. This fiber has a bandwidth

of 1.5 nm for a loss ratio higher than 100 and a bandwidth of 4.7 nm for a loss ratio

higher than 10, which can be used for polarization-filtering in a fiber laser [218,219].
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The narrow bandwidth will automatically select the specific wavelength in a fiber

laser loop.

In Table 7.1, we show a performance comparison between the results in this chapter

and other simulations of polarization-maintaining negative curvature fibers, includ-

ing loss, the loss ratio between the two polarization modes, the number of cladding

tubes, the maximum number of layers in the azimuthal direction, the core shape, and

birefringence. In some cases, half tubes are used in the geometry [161]. We write

the number of tubes in the format of p(1) + q(1/2), where p represents number of full

tubes and q represents number of half tubes. The maximum number of antiresonant

or resonant layers in any azimuthal direction is specified since a simple structure

with fewer layers is easier to fabricate. Currently, nested negative curvature fibers,

which have been fabricated, only have at most two glass layers in any azimuthal direc-

tion [62,85,216]. The fiber core shape is also compared because a circular core shape

is easier to draw due to surface tension in the fiber drawing process. The fiber design

that we propose in this chapter only has two glass layers in any azimuthal direction

and has a circular core shape. The proposed design has a relatively low leakage loss

and a high loss ratio between the two polarization modes. Although the birefringence

in our proposed structure is lower than in other fiber designs in Table 7.1, these other

designs require either three glass layers in any azimuthal direction or a non-circular

core shape. The feasibility of fabricating these more complex structures has not yet

been demonstrated [62,85,216].

A commonly used approach to obtain fast saturable gain in passively mode-locked

lasers is to combine nonlinear polarization rotation with a polarization filter [211–213].

In this approach, the nonlinear polarization rotation and the polarization filtering

using a polarizer are usually implemented separately [211–213]. Our fiber design

makes it possible to combine the nonlinear polarization rotation and polarization

filtering in one device by splicing a standard fiber with our proposed fiber design,
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Table 7.1. Performance comparison between simulation results from different fiber designs

Ref. [214] Ref. [161] Ref. [215] Our work

Loss 0.04 dB/m 0.34 dB/m 0.04 dB/m 0.02 dB/m

Loss ratio ∼2 ∼10 1× 103 850

# of tubes 8(1) + 0(1/2) 0(1) + 12(1/2) 12(1) + 0(1/2) 8(1) + 0(1/2)

Max. # of layers 1 3 3 2

Core shape Ellipse Circle Circle Circle

Birefringence < 7× 10−5 1× 10−4 1.5× 10−4 1.3× 10−5

and thus enable lower-loss and more efficient fiber laser designs. The fusion splice

between tapered negative curvature fibers and step-index fibers has been reported to

have a total insertion loss of less than 0.5 dB [101].

7.6 Conclusion

In this chapter, we propose a polarization-filtering and polarization-maintaining

negative curvature fiber that includes two nested resonant tubes. The coupling be-

tween the glass modes in the nested resonant tubes and the fundamental core modes

is used to increase the birefringence and the differential loss between the fundamental

core modes in the two polarizations, while one polarization mode still has low loss.

The low-loss mode has a leakage loss that is less than of 0.02 dB/m, and the loss

ratio between the fundamental core modes in the two polarizations can reach 850.

The physics and mechanism for the proposed fiber design are different from those in

previous works on polarization-maintaining negative curvature fibers. The proposed

design contains at most two glass layers, which has been demonstrated to be feasible

to fabricate. This relatively simple design of polarization-filtering and polarization-

maintaining low-loss negative curvature fibers will be useful in systems that require

a polarization filter that can be integrated with other optical fibers.
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CHAPTER EIGHT

Future Prospects and Summary

This chapter published as part of [1]: C. Wei, R. J. Weiblen, C. R. Menyuk, and J.
Hu, “Negative curvature fibers,” Adv. Opt. Photon. 9, 504–561 (2017).

8.1 Future Prospects

Due to their ability to transmit light with low loss over a broad bandwidth and

with low fiber nonlinearity, negative curvature fibers have many potential applica-

tions [220,221]. We expect extensive research to continue in future years in the areas

of data communications, power delivery, nonlinear optics, chemical sensing, bend

sensing, as well as mid-IR, ultraviolet (UV), and THz transmission.

In data communications, conventional step-index fibers provide large transmission

bandwidth and low transmission loss. However, light propagates about 30% slower in

a silica glass fiber than in the vacuum. Air guidance in hollow-core fiber can reduce

fiber latency significantly [204,222]. Additionally, the wavelength-division multiplex-

ing (WDM) bandwidth in a step-index fiber is limited by material absorption. High

transmission capacity of 1.48 Tbit/s and 24 Tbit/s has been demonstrated using

hollow-core photonic bandgap fibers [204,223]. In photonic bandgap fibers, the effec-

tive index of the core mode must be inside the frequency range of the bandgap so that

the bandwidth is smaller than the bandwidth of negative curvature fibers [43,60]. A

negative curvature fiber can significantly increase the data bandwidth of an optical

fiber interconnect if the fiber can achieve suitably low loss [52, 141]. A combination

of low loss and wide bandwidth in negative curvature fibers may play a key role in

high-capacity data transmission [60].

In negative curvature fibers, most of the power is located in air, which does not

contribute to the nonlinearity. Energy damage thresholds of 3.2 mJ and 5 mJ were
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measured using lasers at a wavelength of 1064 nm and a pulse duration of 9 ns [54,

123]. Transmission of 30 mJ pulses was also reported using lasers at a wavelength

of 1064 nm and a pulse duration of 30 ns [224]. Such a high damage threshold

will enable new applications requiring high power delivery, such as cutting, welding,

and engraving [54, 225]. Dispersion was also studied in negative curvature fibers for

high-energy femtosecond pulse delivery [100, 226, 227]. Low dispersion was obtained

in hypocycloid-shaped kagome fibers with different silica thicknesses [100]. A low

dispersion slope was also found in negative curvature fibers because of strong field

localization in the air core in a femtosecond pulse transmission experiment [226].

Negative curvature fibers with low dispersion and nonlinearity can also deliver the

light for multiphoton microscopy, where optical pulses with an ultrashort duration

and a broad wavelength range are required to efficiently excite a diverse range of

fluorophores [228].

The ability of negative curvature fibers to deliver high power makes it possible

to do nonlinear optics experiments in fiber cores that are filled with gases, vapors,

and plasmas, which is not possible using conventional fibers based on total internal

reflection [25, 229–234]. Gas-filled negative curvature fibers are particularly suited

for ultrafast nonlinear fiber optics because of their ability to guide high intensity

light due to their high glass damage threshold, as explained in Ref. [84]. Supercon-

tinuum generation in the UV and mid-IR regions has been studied using gas-filled

negative curvature fibers [235,236]. In addition, experiments can be carried out using

different gases in negative curvature fibers, leading to different gas-filled fiber laser

sources. Mid-IR gas-filled kagome fiber lasers have been made using C2H2, NCH,

and I2 [92, 94, 237, 238]. Stimulated Raman scattering has been demonstrated in a

1-meter-long hollow-core photonic crystal fiber filled with hydrogen gas [25]. Exper-

iments using negative curvature fibers filled with ethane and hydrogen gases have

demonstrated efficient 1.5 µm, 1.9 µm, and 4.4 µm emission from stimulated Ra-
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man scattering [103, 239–244]. Three-octave spectral comb, spanning wavelengths

from 325 nm to 2300 nm, has been generated and guided, using a hydrogen-filled

hollow-core photonic crystal fiber [30]. A hypocycloid-shaped kagome fiber filled

with hydrogen was also used to generate Raman comb, which spans from 370 nm

to 1150 nm covering the whole visible wavelength range [245]. Soliton-plasma inter-

actions have also been studied in a gas-filled kagome hollow-core PCF and negative

curvature fibers [233, 246]. High power transmission in negative curvature fibers can

also be used for pulse compression [226,247–250].

Liquid-filled and gas-filled hollow-core PCFs can provide strong light confinement,

an enhanced reaction rate, and a long interaction length for chemical sensing exper-

iments [27, 251–254]. Low-loss liquid-filled photonic bandgap fibers have an intrinsic

limitation due to a narrow transmission window, which makes Raman or fluorescence

spectroscopy experiments difficult [81]. The micron-scale hole size can make the liquid

filling process time-consuming, especially for large clusters or viscous liquids [81]. In

addition, enlarging the core size in photonic bandgap fibers for the same operational

wavelength requires removing additional elements from the core and adds complexity

to the fabrication procedure [43, 255]. In negative curvature fibers, core scaling can

happen with no additional fabrication complexity [43]. The larger tubes in nega-

tive curvature fibers make the liquid filling procedure easier [81, 251]. Gas sensing

of acetylene, hydrogen cyanide, methane, and ammonia have been demonstrated in

hollow-core bandgap fibers [253, 256–259]. By appropriately choosing the photonic

crystal fiber parameters, high-sensitivity gas detection should be possible. Since the

absorption region of most gases is at mid-IR wavelengths, the ability of negative cur-

vature fibers to transmit light in the mid-IR makes them attractive for gas-sensing

applications.

The bend loss of the two polarization modes in negative curvature fibers can differ

significantly, as shown in Chapter 6 [150]. This differential bend loss could be used to
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make bending sensors [201,202], in which the bend in the transverse direction is quan-

tified by monitoring the losses in the two polarizations. Hence, negative curvature

fibers can be used in highly sensitive optical bending sensor systems.

Negative curvature fibers are promising for applications in different wavelength

ranges, including the UV, visible, IR, and THz ranges. Infrared fibers have become

increasingly prominent in a variety of scientific disciplines and technological applica-

tions, such as chemical sensing, environmental monitoring, homeland security, and

medical diagnostics [75, 260, 261]. In standard silica fibers, light does not propagate

beyond 2 µm. Thus, nonsilica glasses must be used for infrared applications [75].

In negative curvature fibers, only a small amount of power overlaps with the glass

region. Hence, the material loss in the glass has only a limited impact on the prop-

agation loss, which is the reason that negative curvature fibers made of silica can

still have low loss in the mid-IR region at wavelengths of 3.4 µm and 4.0 µm [51,52].

Theoretical research shows that, at wavelengths shorter than 4.5 µm, silica negative

curvature fibers have a leakage loss that is around or below 0.1 dB/m and are prefer-

able to chalcogenide fibers [142]. At wavelengths longer than 4.5 µm, it is preferable

to use As2S3 chalcogenide or As2Se3 chalcogenide negative curvature fibers since their

leakage loss is one or more orders of magnitude lower than the loss of silica negative

curvature fibers [142]. The development of hollow-core chalcogenide fibers has been

hampered by fabrication difficulties [79]. Negative curvature fibers have a simpler

structure than photonic bandgap fibers, which makes it easier in principle to fabri-

cate them [55,77]. We expect to see more research on negative curvature fibers using

non-silica glasses.

The UV regime has turned out to be of essential importance for a vast number of

applications, such as Raman microscopy [262–264], photochemistry [252], and lithog-

raphy [265]. The small overlap with the glass region will make it possible to use

negative curvature fibers in UV applications [105,114].
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THz transmission has been studied in tube lattice fibers [83, 110, 111, 266–268],

kagome fibers [269], Bragg fibers [270], thin-wall pipe waveguides [132,133,271], pho-

tonic bandgap fibers [272], and antiresonant fibers [273, 274]. Guiding the electro-

magnetic radiation inside a hollow-core fiber is helpful in reducing the propagation

loss in this case. A THz spectroscopy and imaging system has been demonstrated

using a polymer hollow-core negative curvature fiber [275]. We expect that negative

curvature fibers will be used in more THz [276] and spectroscopy [277] applications.

Polarization-maintaining (PM) fiber is a specialty fiber with a strong built-in bire-

fringence. Such fiber is used in applications where preserving polarization state in

transmission is essential. Research shows that the birefringence is small in negative

curvature fibers whose cladding is composed by an elliptical arrangement of circular

dielectric tubes [214]. In particular, the birefringence is always low when the wave-

length is close to the center of the transmission windows [214]. Higher birefringence

and differential loss can be achieved in negative curvature fibers with more additional

nested tubes using different thicknesses in the core boundary [161,215,278].

Most of the theoretical study on hollow-core photonic crystal fibers uses ideal

structures, which provides a good reference for the experiment. In experiments, struc-

tural distortions have significant impact on fiber properties such as bandwidth and

leakage loss. The properties of air-core photonic bandgap fibers depend sensitively

on the structural parameters [279–281]. The main reason is that the confinement in

photonic bandgap fibers requires a periodic cladding. Any distortion of the struc-

ture in the cladding region will affect the periodic bandgap structure. In negative

curvature fibers, theoretical results show that tube diameter and glass thickness may

play a noticeable role on the fiber loss [60,62,282]. Variations in these perturbations

along the longitudinal axis of the fiber could significantly increase the loss over a wide

bandwidth [282]. More effort in the theoretical study of cladding imperfections will

lead to a better understanding of the requirements for fiber drawing.
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Figure 8.1: Number of journal publications in the references of this dissertation related to
hollow-core fibers that use a negative curvature inner core boundary.

8.2 Summary

Negative curvature fibers have drawn much attention in recent years. Figure 8.1

shows the number of journal articles in the references of this dissertation related to

hollow-core fibers that use a negative curvature inner core boundary. Steady growth

over the years indicates the growing interest in this field. Due to the fabrication

complexity, only a handful of groups are able to fabricate photonic bandgap fibers.

On the contrary, due to their relative simplicity, more groups can fabricate negative

curvature fibers consisting of one ring of tubes [283].

In this dissertation, we show simulation results for the mode properties and the

transmission loss in slab waveguides, annular core fibers, and negative curvature

fibers. The geometries with glass thicknesses corresponding to antiresonance have

low leakage loss. The leakage loss in negative curvature fibers is three orders of mag-

nitude lower than the leakage loss in annular core fibers due to the negative curvature

in the core boundary. The effect of negative curvature leads to a lower loss in nega-

tive curvature fibers [64,197,284–286] by inhibiting coupling between the fundamental
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core mode and the cladding modes [37, 57]. There are two elements that are needed

to obtain low loss. First, the overlap between the approximate modes must be small.

Antiresonance helps make that happen. Second, one must use a fiber structure, in

which the wavenumber of the approximate fundamental core mode is not matched to

any of wavenumbers of the approximate cladding modes. No matter how small the

overlap is, the approximate modes will always couple strongly when the wavenumbers

match. The combination of antiresonance in the glass at the core boundary and a

wavenumber mismatch with the cladding modes has led to remarkably low loss in

negative curvature fibers.

We have described recent advances in negative curvature fibers, including com-

parison of loss in silica and chalcogenide negative curvature fibers, impact of cladding

tubes in chalcogenide negative curvature fibers, higher-order mode suppression in

chalcogenide negative curvature fibers, bending-induced mode non-degeneracy and

coupling in chalcogenide negative curvature fibers, and polarization-filtering and

polarization-maintaining low-loss negative curvature fibers.

The advances in the negative curvature fibers enable a large range of applications,

including mid-IR fiber lasers, micromachining, and surgery. Negative curvature fibers

will be the best choice for a wide range of different applications because of their

combined advantages of low loss, broad bandwidth, and a low power ratio in the

glass.
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Gérôme, and F. Benabid, “7.7 dB/km losses in inhibited coupling hollow-
core photonic crystal fibers,” in Conference on Lasers and Electro-Optics,
OSA Technical Digest (online) (Optical Society of America, 2016), paper
JTh4C.8.

[57] B. Debord, A. Amsanpally, M. Chafer, A. Baz, M. Maurel, J. M. Blondy, E.
Hugonnot, F. Scol, L. Vincetti, F. Gérôme, and F. Benabid, “Ultralow trans-
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ninger, E. Mottay, F. Gérôme, and F. Benabid, “Multi-meter fiber-delivery
and pulse self-compression of milli-Joule femtosecond laser and fiber-aided
laser-micromachining,” Opt. Express 22, 10735–10746 (2014).

[122] P. Jaworski, F. Yu, R. M. Carter, J. C. Knight, J. D. Shephard, and D. P.
Hand, “High energy green nanosecond and picosecond pulse delivery through
a negative curvature fiber for precision micro-machining,” Opt. Express 23,
8498–8506 (2015).
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Zheltikov, F. Gérôme, G. G. Paulus, A. Baltuska, and F. Benabid, “A strong-
field driver in the single-cycle regime based on self-compression in a kagome
fibre,” Nat. Commun. 6, 6117 (2015).

[250] F. Guichard, A. Giree, Y. Zaouter, M. Hanna, G. Machinet, B.Debord, F.
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