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Abstract

Fiber tapers have attracted much attention and have been successfully employed in
various applications, ranging from resonators, filters, interferometers to sensors. This
thesis studies the properties of fiber tapers for the purpose of making tapered-based
devices and sensors in aerospace related application where small size and light weight
are critical.

This thesis includes theoretical derivation and experimental verifications of distributed
mode coupling in tapered single-mode fibers (SMF's) with high-resolution optical frequency-
domain reflectometry (OFDR) technique. The studies are realized with OFDR through
phase detection of a Mach-Zehnder interferometer (MZI), which measures local refractive
index change relative to the reference arm. The wavelength shifts converted by the phase
change give the group index differences between the fundamental mode and higher-order
modes of fiber tapers. The energy re-distribution is observed in Rayleigh backscatter
amplitude as a function of fiber length with a ~13um resolution over the entire fiber
taper, and group index difference between core and cladding modes is measured with a
spatial resolution of ~2cm by using autocorrelation data processing.

The thermal and mechanical properties of fiber tapers have also been characterized
with OFDR. The cross-correlation wavelength shift is related to the refractive index
change of the modes. It is shown that residual stress induced by the tapering process
results in the inhomogeneous thermal property, which can be significantly reduced by an
annealing treatment. A fiber taper with a waist diameter of ~6um has a force sensitiv-
ity of ~620.83nm/N, ~500 times higher than that of SMF. Furthermore, polarization-
preserving character of tapered polarization-maintaining fibers (PMFs) is evaluated by
OFDR-based distributed birefringence along tapered PMFs.

Three tapered-based micro-fiber devices have been used as effective mode selecting
components to build narrow-linewidth tunable Erbium-doped fiber ring lasers. The fab-
rication is easy and at a low cost. 1) a tapered fiber tip forms multimode interference

mechanism; 2) a two-taper MZI has been demonstrated by splitting/combining the fun-

111



damental mode and higher-order modes through fiber tapers and is tuned by bending
one taper waist; 3) a novel tunable fiber Fabry-Perot filter, consisting of a hollow-core

photonic bandgap fiber and a micro-fiber, is employed in the reflection mode.
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Chapter 1

Introduction

Over the past three decades, tapered fibers have attracted much attention and have been
successfully employed in many interesting applications, ranging from resonators, filters,
interferometers, lasers to sensors. This thesis focuses on developing a distributed mea-
surement of refractive index differences along a fiber taper and investigating its thermal
and mechanical properties using high-resolution optical frequency-domain reflectometry
(OFDR) technique. Secondly, three novel fiber taper-based devices, including a tapered
fiber tip, a two-taper Mach-Zehnder interferometer (MZI) and a Fabry-Perot interfer-
ometer (FPI) consisting of a micro-fiber and a hollow-core photonic bandgap fiber (HC-
PBF), have been separately employed as effective mode selecting components to build
narrow-linewidth tunable Erbium-doped fiber ring lasers (EDFRL).

This chapter introduces the background, motivation, and contribution of the research

work. Section 1.1 reviews the development of tapered fiber and its application. Section
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1.2 clarifies the motivation of our research. Section 1.3 focuses on the contributions that
we made to distributed mode coupling analysis along a fiber taper and on improvement

of tunable fiber lasers. Section 1.4 presents the thesis outline.

1.1 Background

In the 1980s, studies on tapered fibers mainly focused on fused single-mode fiber (SMF)
taper couplers [3, 4] and fiber polarizers based on tapered polarization-maintaining fiber
(PMF) ]5]. A reasonable parabolic model for a fiber taper shape was proposed in this
period [6, 7]. Two complementary delineation criteria, including taper angle criterion and
weak power transfer criterion, with both theoretical and experimental justification, were
presented in 1991 [I, |8]. Practical procedures for the fabrication of fiber tapers with
any reasonable shape were discussed in detail [9] and various fabrication technologies
have been reported, such as a Hy flame heating and stretching technique[9], a CO, laser
heating and stretching approach [10], and a chemical etching method[11].

During the late 1990s and early 2000s, an optical fiber taper was used as a coupler
for a high-QQ microsphere resonator. This is because tapered fibers not only expose
the evanescent field to the surroundings, but also have much stronger evanescent fields
[12]. By adjusting the taper diameter to match the propagation constant of the mode
in the taper with that of whispering-gallery modes (WGM) at the surface of a fused-
silica microsphere, one can couple more than 90% of the light into the sphere [13, [14].

Furthermore, a fiber taper, placed in contact with a microsphere, could be made to form
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a compact fiber laser with a side-mode suppression ratio (SMSR) of ~40dB [15].

A designed taper featuring a long and highly uniform waist region was also successfully
applied as a modal filter. This is because higher-order modes leaked from the taper by
absorption, higher index coating, mode coupling to higher-order modes, or a combination
of these principles [16]. By controlling the transition taper profile and reducing the
diameter to sub-wavelength level (~1um), a truly single-mode operation was achieved
over a broad spectral window (400-1700nm) [17].

Since 2000, taper-based devices have been widely used for strain, displacement, tem-
perature, humidity and refractive index sensing [18-24]. Tapering is a simple, efficient,
and low-cost method for mode conversion from the fundamental mode to higher-order
modes. For example, an SMF taper can easily exhibit linearly polarized (LP) modes
beating, LPy;—LPgs, in the waist region. One taper with a gold-coated end builds a fiber
Michelson interferometer and two concatenating tapers form a fiber MZI. By contrast, the
fabrication of fiber Bragg grating (FBG) requires expensive phase-masks. Taper-based
sensors allow for sensitivity similar to that of FBG or long period grating (LPG)-based
devices but are fabricated more easily and at a lower cost. The intended purpose of these
designs is to couple the light from the fundamental core mode to the cladding modes
and vice-versa. Since the core mode and the cladding modes have different propagation
constants, the optical path difference (OPD) between them leads to interferences in the
transmission spectra. Furthermore, the core mode and the cladding modes exhibit dif-

ferent responses to various external factors. Thus, the transmission spectra change when
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the OPD value is altered and the environmental changes are detected.

1.2 Motivation

Tapering is a useful technique, which allows higher-order modes to be excited in a fiber by
reducing its diameter to a few micrometers. When a standard SMF is tapered to pass the
core-to-cladding mode transition point [25], higher-order modes are generated within this
transition region. The mode coupling process along a tapered fiber occurs at the down-
taper and up-taper regions with large taper slopes, while beating, instead of coupling,
between the guided local modes occurs at the central quasi-adiabatic uniform waist region
[26]. Earlier theoretical work evaluated the mode power evolution along the tapered fiber
and gave the delineation criteria for mode coupling |8, 26,127|. Experimental observations
investigated the spectral response of the taper as a sinusoidal function, which signified
the presence of two dominant modes participating in the interference [28]. The presence
of more than two modes in the tapered fiber was understood to result from the power
oscillation by varying the external index [27]. The distributed power oscillation along the
tapered fiber was measured point-by-point by moving a thin film perturbation along the
tapered fiber [26]. Another common method, the cutback measurement, was performed
to find the exact transverse transmission spectra at different positions along the taper
[29]. However, this destructive technique did not count the mode coupling continuously.
In addition, during the tapering process, stress is introduced to the fiber taper and causes

an inhomogeneous refractive index distribution. This will degrade the optical quality of
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fiber taper for its applications. To the best of our knowledge, the thermal and mechanical
properties, particularly their variations at different locations along a tapered fiber, have
not been studied.

The application of fiber tapers as mode selecting components in an EDFRL configu-
ration attracts our attention. Tunable optical bandpass filters are crucial components in
tunable lasers, which are widely used in wavelength division multiplexed (WDM) commu-
nications, fiber sensors, high-resolution spectroscopy and optical coherent tomography.
Filter features include wide tuning range, high SMSR, narrow optical passband, small
size, and low cost. All-fiber-based filters include FBGs [30-32], in-line Fabry-Perot (FP)
filters [33], arrayed waveguide gratings (AWGs) [34] and filters based on special fibers,
such as multimode fibers (MMFs) [35], few-mode high-birefringence fibers (FM-HBFs)
[36], tapered fibers [28]. Optical filters made by FBG can be tuned by either thermal or
mechanical stress effects. The temperature sensitivity of FBG (~10pm/°C) limits the
measurement accuracy of the wavelength shift to a nanometer region. A FBG filter based
on piezoelectric stack actuators works over a tuning range of 45nm while its 3dB band-
width reaches 0.7nm [30]. In-line fiber FP filters with bandwidths of tens of Megahertz
to tens of Gigahertz range are commercially available, but they are rather expensive and
their tuning ranges are limited to less than 1 nm because the cavity lengths are changed
by the piezoelectric stretching elements. MMF filters have a larger tuning range of 60nm
with tuning steps of 2.5-3nm and an SMSR of 40dB [35]. A new type of tunable laser,

based on FM-HBF's, has also been reported recently. This new laser has a tuning range
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in excess of 40nm with a tuning step of about 2.2nm and an SMSR of 40dB [36]. AWGs
themselves are not tunable and they need to be combined with additional switching de-
vices to achieve tunability. A polymeric AWG multiplexer has a tuning range wider than
10nm with a temperature change of 55°C [34], while its 3dB bandwidth is 0.2nm. By
stretching an SMF taper, an EDFRL has a tuning range of over 20nm, a tuning step of
over 2nm, a linewidth of 0.05nm and an SMSR better than 45dB over the entire tuning
range [28]. Therefore, none of these optical filters have a tunable narrow bandwidth (pm

resolution) over a wide tuning range (a few nanometers or more).

1.3 Thesis contributions

In this thesis, we develop a technique for the distributed mode coupling measurement
along a fiber taper length and study the thermal and mechanical properties of a fiber taper
using a high spatial resolution OFDR system. Secondly, three effective mode selecting
components, including a tapered fiber tip, a two-taper MZI and an FPI including a
micro-fiber and a HC-PBF, have been separately employed to build narrow-linewidth
tunable fiber ring lasers.

First, the refractive index difference measurement between the fundamental mode and
higher-order modes of fiber tapers using OFDR technique are theoretically derived. To
the best of our knowledge, mode coupling along an SMF taper is observed continuously
for the first time. The energy re-distribution through Rayleigh backscatter amplitude

is detected with a ~13um resolution over the whole taper region. The refractive index
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differences between the fundamental mode and higher-order modes of gentle tapers and
abrupt tapers are measured with a spatial resolution of ~2cm through wavelength shifts
calculated by autocorrelation data processing. The experimental results match well with
theoretical values.

Secondly, thermal and mechanical properties of fiber tapers are also investigated by
using high-resolution, high-sensitivity OFDR technique. It is found that the spectral
shifts induced by a temperature or strain change in the fiber taper region are strongly
related to the refractive index change of the fundamental mode. It is shown that residual
stress induced by the taper process results in inhomogeneous thermal properties, which
are eliminated by an annealing treatment. The wavelength-force sensitivity is dramat-
ically enhanced by the reduced waist diameter of the taper. It was found that a taper
with a waist diameter of ~6um has a high force sensitivity, ~500 times higher than that
of a standard SMF.

A simple and cost-effective tunable ring laser is built based on the interference of the
spatial modes of a tapered SMF tip. Three optical amplifiers, including a semiconductor
amplifier (SOA), an L-band erbium-doped fiber amplifier (EDFA), and a C-band EDFA,
and two SMF tips with different slopes are separately employed by the fiber ring. In
order to improve the laser parameters, such as SMSR, linewidth, and tuning range, we
study the effects of the amplifier’s relaxation time and gain, and the steepness of fiber
tips. Furthermore, a chemical etching method is applied to enhance laser performance.

A stable C- and L-band tunable fiber ring laser is demonstrated by using a two-taper
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MZI filter. The laser wavelength is tuned by mechanically bending one of the two taper
waists. Amplified by an erbium-doped fiber (EDF) and an L-band EDFA, respectively,
the fiber ring laser has a full C- and L-band tuning range with an SMSR as high as 50dB.
The laser linewidth and minimum tuning step are related to the MZI’s cavity length. It
was also found that thermal annealing relieved the internal stresses within the tapers
and substantially enhanced laser performance.

A novel tunable fiber FP filter is assembled using a HC-PBF and a micro-fiber. The
interference cavity is the hollow core of a HC-PBF. One of the reflection mirrors is the
splicing point between a section of HC-PBF and a SMF. The other reflection mirror is the
gold-coated end of a chemical etched micro-fiber, which has a cladding diameter similar to
the core diameter of a HC-PBF. Hence this inserted mirror is adjusted with long distance
inside the hollow core of HC-PBF. This tunable FP filter is used as a mode selecting
component in the reflection mode to implement stable single longitudinal mode (SLM)
operation in a ring laser. With FP cavity length of 2.37+0.37mm, the SLM-EDFRL has

an SMSR of ~50dB and a linewidth less than 3kHz over 1557.3-1560.2nm.

1.4 Thesis outline

This thesis contains nine chapters and is organized as follows.
Chapter 1 reviews the development and applications of optical fiber tapers and out-
lines the motivations and contributions of this thesis. Chapter 2 presents the principle

of optical fiber tapers based on the calculation of effective refractive index and describes
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some related fabrication technologies. Chapter 3 focuses on theoretical study and ex-
perimental measurement of distributed mode coupling along the SMF taper with the
OFDR technique. Chapter 4 investigates thermal and mechanical properties of fiber
tapers by using a high-resolution, high-sensitivity OFDR scheme. A highly sensitive
distributed force sensor has been demonstrated based on the mechanical characteristics
of fiber tapers. Chapter 5 proposes a method to evaluate polarization-preserving charac-
ter of tapered polarization-maintaining fibers (PMFs) by using OFDR-based distributed
birefringence measurement along tapered PMFs.

In chapter 6, a simple and cost-effective tunable ring laser, which is tuned by the
spatial modes interference of a tapered SMF tip, is proposed. The principle is demon-
strated and laser performances are studied by using different optical amplifiers inside the
fiber ring. The effect of the fiber tip shape is also analyzed. Furthermore, the chemical
etching method is applied to improve the laser performance. Chapter 7 demonstrates
a stable C- and L-band tunable fiber ring laser by using a two-taper MZI as a filter.
The tunability mechanism is shown and fiber lasers with two different gain media are
separately proposed. Thermal annealing is introduced and substantially enhanced the
laser performance. Chapter 8 presents a novel tunable fiber FP filter by using a HC-PBF
and a micro-fiber. The principle and fabrication of the FP filter are shown in detail. A
simple and efficient mode selection mechanism is presented and stable SLM operation is
demonstrated in the experiments.

Chapter 9 concludes all the work we have done and discusses some future topics.



Chapter 2

Physics of fiber taper

This chapter covers several important concepts necessary for the understanding of optical
fiber tapers. Section 2.1 calculates the effective refractive indices of the core mode and
the cladding modes along the fiber taper. Several important values, including the core-
cladding transition value, and adiabaticity criterion based on the upper boundary of the

core taper angle, are discussed. Section 2.2 lists three common fabrication techniques.

2.1 Principle

2.1.1 Wave equations for fiber taper

A fiber taper consists of a core embedded in a finite cladding, which is surrounded by
air. At the beginning of a fiber taper, the fundamental mode, linearly polarized (LP)

mode, LPg; is the only propagation mode in the fiber and propagates as the core mode,

10
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which is defined to be the state when its effective refractive index n.sy lies between the
cladding index n. and the core index n.,. When the core diameter is reduced during
tapering, n.ss of the core mode decreases continually. The guided core mode exists in the
infinite-cladding geometry with an effective index ns¢, which satisfies ny < nerr < neo.
Here the thickness of the cladding can be assumed to be infinite and the cladding-air
interface is negligible. Each cladding mode with an effective index n.s¢, which satisfies
Nair < Neff < Nei, is guided by the core-finite cladding-air waveguide. ny;, is the refractive
index of surrounding air. When we analyze the cladding modes, we evaluate the field on
two boundary conditions, including the core-cladding and cladding-air interfaces, using
a three-layer step-index fiber model [37].

First, we calculate the refractive index of the core mode. The weak-guidance approx-
imation is applied due to a slight variation between the core and cladding indices. Thus
the propagation constants for the local LP modes are obtained accurately by solving a
set of scalar wave equations with continuity of the solution and its first derivative at the
core-cladding interface along the fiber taper. Here we assume the ratio of cladding to
core diameters S remains constant under tapering.

The electromagnetic fields, propagating in z-direction along the fiber, must satisfy
the scalar wave equation, which is expressed in cylindrical coordinates (r, ¢, z)

”# 10 1 0
{W+?§+r_28752+k2"2_52}¢:0’ (2.1)
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where 1) represents electric or magnetic field, the wavenumber k = 27” in terms of the

free-space wavelength A\, n is the refractive index profile, and 3 the propagation constant,
B = kneys.

For the core mode with n, < nerr < ne,, we consider the bounded solution with the
core-cladding interface and ignore the field in the air. The fiber parameter and modal

parameters are defined by

D=

uy =k (ng, — ngff) , (2.2a)

=

w=Fk(nl;; —ny) (2.2b)

We have the solution of Eq. (1)) as follows,

AJ, (ugr) e it 0 <r < p;

CK, (wr)e? if p<r < py.

where A and C are constants, p and p,, are core and cladding radii, respectively. J,, and
K, are the vth-order Bessel function of the first kind and the modified Bessel function

of the second kind, respectively. For the LPg,, modes and LP;,, modes, v = 0 and

v = 1, respectively. Continuity of electromagnetic field ¢ and its first derivative % at

the core boundary r = p relates the values of A and C and leads to a set of the eigenvalue
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equations. We obtain the following mode condition [3§]

JU+1 (ulp) Ku+1 (wp) (24)

T (wp) K, (wp)

The eigenvalues obtained from Eq. (2.4]) are labeled as 3, with v =0,1,2,...,m =
1,2,3, ..., where the subscript m indicates the mth root of Eq. (Z4]). The modes are
designated LP,,,.

For the cladding mode with ng;, < n.rr < ng, we consider the bounded solutions
with the core-cladding and cladding-air interfaces. A three-layer step-index fiber model
with dispersion relation is proposed |37] and a list of clearer, ready-to-program relations

is included [39]. With defined modal parameters,

w =k (n2, - n2,,)7, (2.5a)
uy =k (2 — n2,)? (2.5b)
wy =k (nl;; — niir)% : (2.5¢)

The solution of Eq. (2.1)) is as follows,

/

AJ, (ugr) etv? if0<r<p;
V= [BJ, (u1r) + CY,, (ugp)] € if p <71 < pg; (2.6)

DK, (wsr) e™® if > py.

\
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Figure 2.1: Effective refractive index of the LP,,, modes at wavelength A = 1550nm,
when a SMF-287M is tapered with a constant ratio of cladding to core diameter.

where A, B, C and D are constants, Y,, is the vth-order Bessel function of the second
kind. Continuity of electric field and magnetic field and their first derivative at these
two interfaces leads to a set of equations which relate the values of A-D and provide the
eigenvalue equation from the consistency condition. Effective refractive indices of the
LP,,, modes are plotted as a function of cladding diameter of fiber taper, as shown in

Fig. 2.1l Detailed derivation could be found in Appendix A.

2.1.2 The core-cladding transition

As discussed above, n.ss of the core mode decreases continually as the core diameter

is reduced during tapering. When n.¢; approaches the cladding index, the core mode
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LPy; is not guided any more and the cladding modes are generated at the state with
Nair < Nefr < Ne. The modes continue to propagate in the cladding. This is also called

the core mode “cutoff” [1, 29]. The core-cladding transition value Vipre/ciadding 15 given

21 d 2 0.26. 1
‘ - ) 2 ~J 1 -5 2
core/cladding = 375 6i\/ Teo ™ Tt VInS { InS & (27)

where d is cladding diameter of a fiber taper. For SMF-287M  core diameter is 8.2um

by [25]

and cladding diameter is 125um, and the ratio of cladding to core diameter is S=15.24
and we have Vi.oe/cladaing=0.82. Here, we assume the ratio S remains constant under
tapering. Theoretically, the fundamental core mode is split into several cladding modes

when the fiber is tapered down to a cladding diameter of 51.1um.

2.1.3 Adiabaticity criterion

A fiber taper is approximately adiabatic if the local taper angle Q(z) is small enough
everywhere to ensure that there is no power transfer between different modes as the
light propagates along the fiber taper length. As illustrated in Fig. 2.2] the local taper
length-scale z; is defined as the height of a right circular cone with base coincident with

the local core cross-section. The local core taper angle €)(z), the distance along the taper

z, the local core radius p(z) satisfy tanQ(z) = dfl(zz). Because in practice Q(z) < 1, we
have
d
0(z) ~ ) PL2) (2.8)
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Figure 2.2: Tapered fiber showing finite cladding and air as surrounding medium @]

The local coupling length between the fundamental and higher-order cladding mode

is taken to be the beat length z,(z), where

2

Bi(z) — Ba(2)’ 2

2(z) =

with the propagation constants 51(z) and f(z). If a fiber taper has z; > z, everywhere
along its length, the fundamental mode will propagate approximately adiabatically with
negligible coupling loss. Conversely, if z; < 2, , the coupling will be significant and
the fundamental mode will propagate nonadiabatically. Using the condition z; = z,, an

approximate delineation between adiabatic and nonadiabatic tapers is equivalent to

() p(z)(ﬁl(;zr— 52(2)) (2.10)
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The difference of effective indices between LPy; and LPg,, (m > 1) modes determines
the core taper adiabatic angle 2. The values of propagation constants for the LPy; and
LPg; modes in Fig. 2.1l determines the taper adiabatic core taper angle at A=1550nm
through Eq. (ZI0). This criterion is plotted as the red curve in Fig. in radians,
as a function of the normalized tapered core radius p(z)/p. The minimum of the curve
corresponds to the smallest separation of the effective indices for the LPgy; and LPgs
modes in Fig. 2.1l To the right of the minimum, the fundamental mode is guided more
by the core, whereas to the left, the same mode is increasingly guided by the finite
cladding. As shown in Fig. 2.3 the core taper angle profiles of “abrupt tapers” and
“Gentle tapers” are shown as the blue and green curves, respectively. When the core
taper angle is greater than the adiabatic criterion, it means that the LPy; mode will be
converted to LPg,,(m > 1) modes. If the core taper angle is smaller than the adiabatic
criterion over the whole taper, the taper is adiabatic. This simulation result is helpful to
design an optimal adiabatic taper shape.

These abrupt tapers are LPy;—LPy; modal interferometers. Typically a “coupling-
beating-coupling” structure is created [26]. The initial single-mode jacketed fiber sup-
ports only the LPg; mode followed by a jacket-off tapered region which generates cladding-
mode propagation. Principally the LPgy mode is excited in the non-adiabatic part of a
down-taper region, which then beats with the LPy; mode in a central adiabatic region.
The LPyp; mode may be coupled back to LPy; in the non-adiabatic part of an up-taper

region depending on the relative phase. Finally, at the taper output the fibre jacket
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Figure 2.3: The core taper angle profile as a function of the normalized tapered core
radius p(z)/p at wavelength A=1550nm. The red curve shows the adiabatic core taper
angle criterion and the blue and green curves represent the core taper angle profiles of
“abrupt tapers” and “Gentle tapers”, respectively.

strips the LPgy cladding mode so that the measured output power corresponds to the

LPy; mode.

2.1.4 Azimuthal symmetry

If fiber tapers are axisymmetric, the fundamental mode can couple only to modes with
the same azimuthal symmetry, i.e. to the higher-order LPy,, cladding modes. As we are
principally concerned with minimizing loss from the fundamental mode, it is intuitive that
coupling will be predominantly to the higher order mode with a propagation constant

closest to that of the fundamental mode, i.e. to the LPy mode.
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For nonaxisymmetric fibre tapers, or bent or kinked tapers, the fundamental mode
will couple, in general, to the higher-order modes with the nearest propagation constant

to the fundamental mode, i.e. to the LP;; mode.

2.2 Fabrication

2.2.1 Hydrogen flame heating and stretching technique

As illustrated in Fig. 2.4, the gentle tapers are fabricated by using a heating and stretch-
ing technique [9,40]. A section of SMF is stretched by using two linear translation stages
with submicron precision and its middle region is jacket-off. A small region of the jacket-
off fiber is heated by a hydrogen gas flame with millimeter dimension. The small flame is
scanned over a length of several centimeters along the fiber. After a pre-heating process,
the fiber is elongated while the scanning range of the flame is increasing. The pulling
speed of the translation stages, the scanning speed and the scanning range of the flame
are accurately controlled by a computer. The slow stretching technique leads to fiber ta-
pers with gentle slopes in the down- and up-taper regions and long uniform waist region.
Figure 2.5(a) presents representative camera picture of fiber taper in its waist range and
its cladding diameter curve along the whole fiber taper. The total length of fiber taper
can reach ~10cm with a ~5cm highly uniform waist region.

Compared with gentle fiber tapers, abrupt fiber tapers are fabricated with heating

and fast stretching technique [40, 41]. A constant hot-zone approach is used and the
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Figure 2.4: Experimental setup for Hy flame heating and stretching technique.

drawing speed is higher than that of gentle tapers. Hence, the tapers have steep slope
and are regarded as non-adiabatic tapers.

A tapered fiber tip is fabricated using the heating and fast stretching approach. The
difference is that the drawing speed is sharply changed until the fiber breaks at the waist
point. A fiber tip with a parabolic profile is formed due to the surface tension of the
fused silica. The tips with steep slopes due to the fast drawing are non-adiabatic. Figure
2.5(b) shows representative camera picture of fiber tip and its cladding diameter curve.
For tips with rather gentle slopes, the fundamental mode adapts the shapes according to

the change of the waveguide structures. In this case, the propagation process is adiabatic.
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Figure 2.5: (a) Microscope image of a fiber taper in its waist range and its cladding
diameter curve along the whole taper. (b) Microscope image of a fiber tip and its
cladding diameter curve.

2.2.2 Electrical arc method

An electrical arc method is employed to fabricate abrupt fiber tapers using a fusion
splicer, such as Ericsson FSU-995A. A built-in fiber tapering program is chosen and
three sets of discharge current and time are customized. Then a section of fiber is fixed
in the fiber clamps and the middle jacket-off segment without fiber coating is just under
a pair of discharge electrodes. When heat from the electric arc melts the fiber, motorized
clamps pull the fiber in opposite directions. The taper has a steep slope and a maximum
length of ~Imm. The length is limited by the speed and travel distance of the fiber
clamps. Similarly, an abrupt tapered tip can be fabricated with a fusion splicer. Figure

presents representative tapered fiber tip and fiber taper.
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Figure 2.6: (a) Microscope image of a representative tapered fiber tip. (b) Microscope
image of fiber taper and its corresponding cladding diameter curve.

2.2.3 Chemical etching method

Chemical etching method fabricates fiber tips with larger taper angle and shorter taper
length than those fabricated by the H, flame heating and stretching technique. The
chemical etching method has advantages over other methods in view of reproducibility,
reliability, surface smoothness, symmetry and large taper ang le of the tip. Various etching
methods including hydrofluoric (HF) acid static etchmg ! |, HF acid dynamic etching
M] and tube etching |4 ! Q to produce different configurations of fine optical fiber tips

have been proposed. In our experiment, a static chemical etching method under surface
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tension is presented in detail.

As illustrated in Fig. 27 a section of jacket-off fiber is vertically dipped into the
surface of 5% HF acid, which is contained in a Teflon tube. The free surface of HF
solution is covered by oil, which efficiently prevents evaporation of HF. Owing to the
difference in the surface tension between the etching acid and the fiber, a meniscus is
formed between the liquid-solid interface, as shown in Fig. 2Z77(b). The general balance
of capillary and hydrostatic forces and relation between meniscus rise h and radius of the

fiber can be described as [47]

] 5, (2.11)

1
2]
1+<l) 1
P9 r

where v is surface tension, p density of liquid, 6, contact angle, r the radius of fiber,

h = [Ql(l — cos@a)]
P9

g the acceleration due to gravity. Surface tension 7 depends on HF concentration and
temperature [48]. It is observed that the meniscus rises within 300um to 400um along
the silica fiber of diameter 125um depending on the degree of dilution of HF acid. As
shown in Fig. Z7(b)-(e), when the etching time increases, the diameter of fiber in the
HF acid gradually decreases and the height of the meniscus also decreases as a function
of the remaining tip diameter. Finally, a symmetrical taper is formed at the center of the
fiber. In our experiment, the total length of a tapered fiber tip is 0.6mm. The camera
picture of a tapered fiber tip and its cladding diameter curve are shown in Fig. 2.8 By

adjusting these parameters in Eq. (ZI1]), the length and surface curvature of fiber tips
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can be changed.
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Figure 2.7: (a) Chemical etching setup. (b)-(d) Principle of the tip formation using
chemical etching method. The conical shape is obtained by the regular decrease of the
meniscus height related to a decrease of the tip diameter. (e) Meniscus profiles for
different fiber radii.
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Figure 2.8: Microscope image of a representative tapered fiber tip and its corresponding
cladding diameter curve.



Chapter 3

Distributed mode coupling
measurement along tapered
single-mode fibers with optical

frequency-domain reflectometry

This chapter presents a novel method to measure distributed mode coupling along the
gentle and abrupt tapers by using an Optical Frequency-domain Reflectometry (OFDR)
scheme. Section 3.1 discusses the research motivation. Section 3.2 introduces the theoret-
ical background and operation fundamentals of OFDR technique. Section 3.3 derives the
relation between the group index difference and the wavelength shift by autocorrelation

data processing in OFDR measurement. In section 3.4, the wavelength shifts between

26
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the fundamental mode and higher-order modes of the gentle tapers and abrupt tapers
are clearly displayed on autocorrelation figures. The measured results are compared with

the theoretical group index differences.

3.1 Introduction

Tapering is an effective technique for mode conversion from the fundamental mode to
higher-order modes in a fiber. When a single-mode fiber (SMF) is tapered to pass the
core-to-cladding mode transition point, higher-order modes are generated within this
transition region [25]. Mode coupling process along a tapered fiber occurs at the down-
and up-taper regions with large taper slopes, while beating, instead of coupling, between
the excited local modes occurs at the central quasi-adiabatic uniform waist region. Earlier
theoretical works evaluated the mode power evolution along a tapered fiber and gave the
delineation criteria for mode coupling [8, 126, 27]. Experimental observations showed
the presence of more than two modes in a tapered fiber, which was seen as the power
oscillation by varying the external index [27]. The distributed power oscillation along the
tapered fiber was measured point-by-point by moving a thin film perturbation along the
tapered fiber [26]. Another common method, the cutback measurement, was performed
to find the exact transverse spectrum at different positions along the taper [29]. However,
this destructive technique did not count the mode coupling continuously.

Recently, OFDR has been used to measure the Rayleigh backscatter spectrum as a

function of fiber length, and the use of autocorrelation in the spectral domain has pro-
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vided an easily implemented method for characterizing fiber birefringence [49]. Here we
use OFDR to characterize single-mode and multimode regions of a tapered fiber and cal-
culate the group index difference between the fundamental mode and higher-order modes
of the taper by using autocorrelation data processing. The energy re-distribution along
the tapered fiber is measured through Rayleigh backscatter amplitude versus distance
with a ~13um resolution over the whole taper region. The wavelength shifts between
the fundamental mode and higher-order modes of the taper are theoretically derived in
OFDR scheme and clearly displayed on an autocorrelation figure. The average group
index differences between the fundamental mode and higher-order modes within a ~2cm
region along the gentle and abrupt tapers are measured in the experiments. We found
that, in the case of the gentle tapers, the coupling lengths are the same as their geo-
metric structures, and the measured group index differences and theoretical value match
well. While in the case of the abrupt tapers, the mode coupling processes exist in longer

segments than their geometric structures.

3.2 Principle

3.2.1 Rayleigh scattering

Light scattering occurs as a consequence of fluctuations in the optical properties of a ma-
terial medium. As long as the optical properties of the material system are unmodified by

the presence of the incident light beam, the scattering process is said to be spontaneous.
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Conversely, if the intensity of incident light is sufficiently large to modify the properties
of the medium, then the regime becomes stimulated. Four types of spontaneous light
scattering are Rayleigh, Brillouin, Raman and Rayleigh wing [50]. Rayleigh scattering
(or Rayleigh-center scattering) is the scattering of light from nonpropagating density
fluctuations, which in turn causes random microscopic variations in the refractive index.
Rayleigh scattering is known as a quasielastic scattering process, because the frequencies
of incident and scattered light are equal.

Rayleigh scattering in fiber arises from local microscopic fluctuations in density, which
is produced when optical fibers are manufactured. Rayleigh scattering occurs when
the size of the density fluctuation (fiber defect) is less than one-tenth of the operating
wavelength A [51]. The scattered intensity is proportional to the fourth power of the

wavelength (A\™*) and the intrinsic Rayleigh scattering loss of silica fibers is expressed as

C
g = F, (31)

where the constant C is in the range of 0.7-0.9 (dB/km)um?, depending on the con-
stituents of the fiber core [52].

There are two general ways to get energy losses in fiber: Rayleigh scattering and
material absorption. The total attenuation coefficient o (with units of dB/km) is given
by

a = a, + ag. (3.2)
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At the wavelength of A=1550nm, o;=0.12-0.16dB/km and «~0.2dB/km, indicating that
fiber loss is dominated by Rayleigh scattering near 1550nm [52].
Owing to these fiber losses, the optical power decreases exponentially as a function

of the propagating distance z,

P(z) = Pyel =%, (3.3)

where Py is the power launched at the input end of a fiber, P(z) is the transmitted power
at distance z and « with units of km™!. It is customary to express « in units of dB/km

by using the relation

10 P(z)

a(dB/km) = — logy( P ) & 4.343a. (3.4)

Rayleigh scattering radiates in all directions and the power of backscattered light

dPps(z) is expressed as a function of the propagating distance z [53],

dPys(2) = Syars Poe 2 dz, (3.5)

where the backscattering capture coefficient S, describes the fraction of the total Rayleigh-
scattered power that gets captured in the fiber and propagates in the backwards direction

and is given by [54]

1 ,NA
—(

m - Neo

Sy = )2, (3.6)

where NA=,/n2, — nfl is the numerical aperture, n., and n. are the refractive indices of
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the core and cladding, respectively. Coefficient m depends on the refractive index profile
and has a typical value of 4.55 for SMFs [55].

Light travels inside the optical fiber at the velocity v, = nig, where c is the light speed
in vacuum and n, is the group index for the fiber. Using the relation 2z = v,¢, Eq. (83)
is rewritten into the form

Syevs P,
dPyy(t) = %e—wdt. (3.7)

3.2.2 Fundamentals of OFDR operation

OFDR is one of the most distinguished techniques for distributed sensing [56]. The
principle of operation is to measure the characteristics of various spatially-distributed
Rayleigh backscattering. Based on swept-wavelength homodyne interferometry [57-59],
an OFDR operates by splitting a light from a tunable laser source (TLS) and sending
through sensing and reference arms of an interferometer and recombined at an optical
detector. The interference fringes, generated as the laser frequency is tuned, are related
to the optical amplitude and phase response of the reflected light. The reflected light
is produced by two mechanisms: Fresnel reflection that occurs as light passes into a
medium having a different index of refraction, and Rayleigh scattering which results from
nonpropagating density fluctuations and in turn causes random microscopic variations
in the refractive index.

In an OFDR system, we adopt the polarization diversity detection technique and a
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trigger interferometer configuration. First, a general problem with coherent measure-
ments is the polarization dependence. The state of polarization (SOP) of the reflected
light with respect to the reference light influences the intensity of the measured signal.
If the SOP of the reference and the test signals are orthogonal at the detector, the in-
terference will be completely cancelled [60]. In order to avoid this dependence, the use
of a polarization diversity receiver was proposed [61]. In this method, the sum of the
reference and test signal is split into two orthogonal polarization states, detected by two
photodetectors (PDs). The intensities of both detected light signals are summed and
result in a measured signal that is independent of the polarization. Secondly, another
general problem is nonlinearity in the optical frequency modulation. When explaining
operational principles of OFDR, we assumed that the optical frequency sweep is perfectly
linear in time. However, the available lasers exhibit in practice fluctuations in their op-
tical frequency tuning rate. Due to these nonlinear tuning characteristics, sampling of
the interference signal with a constant spacing in time gives rise to a non-uniform sam-
pling in optical frequency which, in turn, degrades the spatial resolution of the OFDR
measurement. It is well known that this problem can be avoided by sampling the inter-
ference signal at equidistant instantaneous optical frequency points rather than equally
spaced time intervals [58]. The most common approach is known as frequency sampling.
The time varying optical frequency is simultaneously monitored by means of an auxil-
iary Mach-Zehnder interferometer (MZI). The zero crossing points of the signal at the

detector output of the auxiliary interferometer are used to generate trigger pulses which
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are then used as an external sampling clock on the test interferometer [56, 59, 62, |63].
The achievable spatial resolution and measurement range of OFDR are related to

the coherence length of the tunable laser, the laser frequency sweep range as well as the

sweep speed. The spatial resolution of the measurement, Az, is directly determined by

the spectral bandwidth of the scan range according to [56]

R
Az = Tn AN (3.8)

with scanning wavelength range AA=|\; — X\s|, A1, lambday are the starting and the
stopping wavelengths, and the group index of the fiber n,=1.48. This resolution can
be corrupted by environmental noise and insufficiently linear laser tuning. The max-
imum length of the FUT, L,,.., is determined by the differential delay in the trigger

interferometer using the Nyquist sampling criteria by [56]

CT,
Lnaz = —2, (3.9)
4ng

where c is the speed of light in a vacuum, 7, is the group delay introduced by the
trigger interferometer and the factor of four is due to the sampling theorem and the
double-pass nature of the measurement interferometer. Since the currently available
tunable lasers depart from perfect coherence and produce phase noise that prevents a
wide frequency sweep range, OFDR is predominantly operated over intermediate length

(tens to hundreds of meters) with sub-centimeter resolution [61].



Distributed mode coupling measurement with OFDR 34

PCo SMF  Taper
Ci Cz 1 2
TLS  —— ::) ....... —_—
\ FUT
3
PGi PBS PDr
2 o | P
b | —
PDe2
S_| paQ
C4 Cs —/ Trigger
= < ; > = —
OPD=64m PDs

Figure 3.1: Schematic setup of OFDR system. TLS: tunable light source; Cy: 99 : 1
coupler; Cy, C3, Cy, C5: 50 : 50 couplers; PC: polarization controller; PBS: polarization
beam splitter; PD: photodetector; OPD: optical path difference; DAQ: data acquisition;
FUT: fiber under test.

A schematic setup of OFDR system is shown in Fig. B.Il Rayleigh backscatter signal
of the fiber taper is monitored and its complex Fourier transform is carried out to obtain
OTDR-like curve along the taper length. A polarization-independent signal is obtained
by calculating the vector sum of the p- and s-components of the detected signal. The
amplitude of the OTDR-like curve as a function of distance indicates the energy re-
distribution over the whole taper region. Then the wavelength shift can be calculated by
applying an appropriate window within the OTDR-like curve of the taper, calculating

its spectrum response through inverse Fourier transform data processing and doing the

autocorrelation calculation.
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3.2.3 Dispersion

Chromatic dispersion occurs because the refractive index of silica changes with the optical
frequency w. The origin is related to the characteristic resonance frequencies at which
the material absorbs the electromagnetic radiation. Far from the medium resonances,

the refractive index n(w) is well approximated by the Sellmeirer equation [64]

_sz —w2’ (3.10)

where w; is the resonance frequency and B; is the strength of jth resonance. The sum
in Eq. (BI0) extends over all material resonances that contribute to the frequency
range of interest. In the case of optical fibers, the parameters B; and w; are obtained
experimentally by fitting the measured dispersion curves [65] to Eq. (B10) with M=3
and depend on the core constituents [66]. For bulk-fused silica, these parameters are
given in [67].

Fiber dispersion plays a critical role in propagation of short optical pulses because

different spectral components associated with the pulse travel at different speeds given

by n(i)). Mathematically, the effects of fiber dispersion are accounted for by expanding
the mode-propagation constant 5 in a Taylor series about the frequency wy at which the

pulse spectrum is centered:

plw) = n(w)% = Bo + f1(w —wp) + %62(0) —wo) + ..., (3.11)
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where

d"p

B = (o) g (M =0,1,2,.). (3.12)
vy is the group velocity, defined as
1

Vg = 7 = = = %, (3.13)

where n, is the group index. Figure shows how refractive index n and the group index
ng changes with wavelength A for fused silica. As seen there, n has a value of about 1.46
in the visible region, and this value decreases by 1% in the wavelength region near 1.5um.
The dispersive behavior of actual glass fibers deviates from that shown in the figure for
the following two reasons. First, the fiber core may have small amounts of dopants such as
GeOy and P,05. Eq. (B3.10) in that case should be used with parameters appropriate to
the amount of doping levels [66]. Second, because of dielectric waveguiding, the effective
mode index is slightly lower than the material index n(w) of the core, reduction itself
being w dependent [64, 66, 68]. This results in a waveguide contribution that must be
added to the material contribution to obtain the total dispersion.

Even an SMF is not truly single mode because it can support two degenerate modes
that are polarized in two orthogonal directions. Under ideal conditions (perfect cylin-
drical symmetry and a stress-free fiber), a mode excited with its polarization in the x

direction would not couple to the mode with the orthogonal y-polarization state. In real
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Figure 3.2: Variation of refractive index n and group index n, with wavelength for fused
silica.

fibers, small departures from cylindrical symmetry, occurring because of random varia-
tions in the core shape along the fiber length, result in a mixing of the two polarization
states by breaking the mode degeneracy. The stress-induced anisotropy can also break
this degeneracy. Mathematically, the mode propagation constant § becomes slightly dif-
ferent for the modes polarized in the x and y directions. This property is referred to as
modal birefringence. The strength of modal birefringence is defined by a dimensionless

parameter [69]

B, = 18 = Bl _ |70 — 1y, (3.14)
ko

where n, and n, are the modal refractive indices for the two orthogonally polarized states.

For a given value of B,,, the two modes exchange their powers in a periodic fashion as
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they propagate inside the fiber with the period [69]

27 A
p= = — 3.15
b |ﬁx _ﬁy‘ Bm ( )

where Lp is the beat length. The axis along which the mode index is smaller is called
the fast axis because the group velocity is larger for light propagating in that direction.
For the same reason, the axis with the larger mode index is called the slow axis. In
standard optical fibers, B, is not constant along the fiber but changes randomly because
of fluctuations in the core shape and anisotropic stress. As a result, light launched into

the fiber with a fixed state of polarization changes its polarization in a random fashion.

3.3 Principle of mode coupling measurement in fiber

tapers with OFDR

3.3.1 Group index difference measurement with OFDR

As shown in Fig. Bl the tunable laser has an angular frequency of w (t) and a phase of
@ (t). The input port of the coupler Cy is regarded as the original point of z = 0. Its
electric field is expressed as

E._o(t) = Ey(t) e, (3.16)
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The electric field at port b of the coupler Cs is expressed as
By (1) = 22 B, (t . —) eie(t=)-om, (3.17)

where 2z, is the length from output port of C, to the input port b of C3. V = n—cg is
the group velocity inside the fiber, ny is the group index and c is the speed of light in
vacuum. « is the decay coefficient. A, represents a complex number describing the phase
shift as the light goes through the arm of the upper MZI.

The electric field arriving at position 2’ along the fiber under test (FUT) is written

as

E. (t) = Az Ey <t - Z—) (o (=)o (3.18)

Rayleigh backscatter going back via the circulator to port a of the coupler Cs is a sum

of all points along the FUT, which is given by

Aa — f— / 27 — a ip(t—2sza
Ea(t):ﬁZ[e o2 =z) (1) (t— © Vz)e*”(t v )]. (3.19)

where 7 (Z) is Rayleigh reflection coefficient and A, describes the phase shift as the light
goes through these components. z, is the location of port a with respect to the tunable

laser location considering all the lead fiber in the system.
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The electric field at output port ¢ of the coupler Cs is shown as

E. (t) :% Z |i€—o¢(2z’_za)r (Z/) E(] (t . 2z ‘;Za) eiw(t_%l—vza)]

Z/

-Ab Zb igo(t— Z—"/’ ) —azp
+ i Ey (t T/> e . (3.20)

The signal passes through the PBS and is split into p- and s- components of the PBS

as follows,

AT i®p , 9, _ i Cam

+ Ay, (t - %) ew(t—zv)—a%}, (3.21)

Teei®s , 22— 2.\ ioft_2=za
Bs (t) =8 {Aaz {e‘a@z g () By (t— - )e@(t =7 )}

+ 1Ay Ey (t — %) 6w<t_z_‘l})_azb}, (322)
where 7p (') and rg (2') are Rayleigh reflection coefficient at p- and s-axes of the PBS,
respectively. ®p and ®g describe the phase shift as the light goes through the p- and
s-axes of the PBS, respectively. Tp and T are the split portion on the PBS axes.

Assuming no cross-talk condition, we force the condition z, = 2z, = ¢. Then the AC
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current at p-detector is expressed as

T2AA , 22 — ¢ (
IAC' P Z{—Qaz-ﬁ-é (Z)E()(t— V )Eo(t_T/)

v 6i[so(t—zz—‘fl)—%0(t—%) %] } + c.c.. (3.23)

We have the frequency of tunable laser w (t) = Qt 4+ wy, where (2 is a constant sweep
rate of tunable laser and wy is the initial angular frequency. Then the phase ¢ (t) is

written as

t
1
e (t) = / w(t)dt = §Qt2 + wot + o, (3.24)
0

where (g is the initial phase. We have

14 2z + 4 22 2z 2+ 4
(D) e () a2 (et o

Then Eq. (3:23) is reduced to

T2AA —2a(z 22+ 0\ ., 14
Lic (t Z{ 2Oy (Z/)E0<t_ % )Eo<t—T/)

xe (25745 (w005 ) 5] } + c.c.. (3.26)

We assume that the electric field amplitude is stable, leading to Ej ( 2z, ”) Ey (t)
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and E; (t — L) ~ E; (t). The measured p-detector signal is

Tie () =3 { [rp ()] [mp ()] e+

Zl

—ifw2zl ey 22 (o—2ltt AR
X e i[w3r 3 (0= 5t ) +0p ()40, (= HZ]} + c.c.

=2) { [rp ()] lmp (t)] =220

/

X COS {92_zt+ 22 (wo—QZ +£) +6p (t) + 0, (2) + E]}

V V vV 2
2 /
- Z mp (t,2') cos {Q—;t +0p(t) + ¢p (z’)] : (3.27)
where
rp () = |rp ()] P, (3.28)

, TEA A
mp (t) = |mp (1)) 770 = =2 By 0, (3.29)
mp (t,2) = 2|rp (2)| |mp (t)| e 22E+9, (3.30)
N 27 240 N T
()OP(Z):7<M0—Q v )+HTP(Z)+§ (331)

By using the slowly-varying-amplitude approximation, we have mp (t, 2') =~ mp (z'), and
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Eq.([3.27) is reduced to
2 !/
I, (t Z mp (Z') cos [ —Vt + op (z')] . (3.32)

By doing the complex Fourier transform, we obtain

2 . , 2 ) , 25
ot = 555 S () |67 (= ) + o5 o+ F )|

2m — 2z
=52 mr () eterEs (w — —VQ) (3.33)

Z/

Since w > 0, we can ignore the second term of Eq. (3.33). For simplicity, we assume

2 /
% (w Z kp ( (w - —;Q) : (3.34)

where kp (/) = @m p (2') eP(*) and is related to local Rayleigh backscatter strength.
The derivations of the measured s-detector signal and its complex Fourier transform
are similar to the above.

A polarization-independent signal is obtained by calculating the vector sum of the p-

and s-components and could be given by

Zm cos[ Q—V/t+<p(z’)], (3.35)
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and

Iw)=> r(<)6 (w - 2—12/9) (3.36)

The definitions of m (z') and & (2’) are similar to that of mp (2') and kp (2’), respectively.
In the previous derivation, we assume that there is only one mode with group index
ng and its corresponding group velocity V inside the fiber. We obtain a final time signal

I (t) and its complex Fourier transform I (w).

3.3.2 Principle of mode coupling measurement in fiber tapers

with OFDR

The fundamental mode of axisymmetric tapers is only coupled to modes with the same
azimuthal symmetry, i.e. to the higher-order linearly polarized (LP) modes, LP,, modes.
In the case of non-axisymmetric tapers, the energy of the fundamental mode will be
predominantly coupled to LP,,, modes, which have the nearest propagation constant to
the fundamental mode, i.e. to the LP;; and LPy; modes. These modes propagate along
the tapered fiber with different effective refractive indices. In the material, e.g. in the
fiber, the wavelength of a mode is related to both its frequency and refractive index,

which is shown as

AN , (3.37)

n;v;
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where \;, v;, and n; are the wavelength, frequency, and refractive index for the ith mode,
respectively, inside the fiber. c is the velocity of light in vacuum. The relation between
the wavelength shift and the refractive index difference at the position z of difference

modes is obtained by

1 1 Ai
Adij=n— Nl == -] =52 - 2|~ S An; ~ ZAny, (3.38)
n; U; N, U; Ui | Ty n; Ui 1y n;
where v; = v, n; = nj, An;; = |n; — nj|. From Eq. (3:38), we have

Because a swept-wavelength OFDR scheme is used, the dispersion of the guided mode

should be taken into account. An;; should be replaced with the differential modal group

index Amy; [70], and Eq. (3.39) is revised as

with
0A N
oN

Amij = \ngi - ngj\ A’ﬂij — A (341)

where ng, is the group index for the ith mode. Therefore, the group index difference
between the fundamental mode and the higher-order mode of a segment of a tapered

fiber is obtained by measuring the wavelength shift, which can be realized by utilizing
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an OFDR scheme.

As mentioned above, the modes propagate and reflect in the tapered fiber with differ-
ent group velocities due to different group indices. Then different group velocities result
in different distance signals in the OTDR-like curves along the taper length. In the case
of tapers, we assume that there are two modes with group indices ny; and ng, respec-
tively. Their corresponding group velocities are V; and Vs, respectively. Eq. (3.27) will

include three components,

Iw) =% {oq () ()6 <w _ zv_le) +as(¢) k()5 (w - %Q)

Zl

tan(Z)k(2)6 [u) — 20 (% + %)] } (3.42)

where «; (2') is the proportion coefficient of ith mode and «;; (2’) is the proportion
coefficient of mode coupling between ith mode and jth mode. These three proportion
coefficients satisfy ay (') + o (2/) + a12 (2') = 1, V2'. K (2') is directly related to local
Rayleigh backscatter strength.

Since § (w — b2') = ﬁc? (2 —2), we have

TS AR () k()6 [Z - m} } (3.43)

Then it is carried out to obtain OTDR-like curve along the taper length, which is
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expressed as

oWV W _V
=554 (2)k(2) + 50 %2 (z V1> K (z V1)

Vl V2 _ 2 VQ _ 2 V2
NS L . , 3.44
Quq+nﬂuemq+%0“<ﬂq+%) (344)

Vi

where z = 50

An appropriate window with a width of Az is applied at 2’ the position along the
OTDR-like curve and its spectrum response is obtained through inverse Fourier transform

data processing, as follows,

Z+Az
In, (w,2) = ‘\/ 27r/ e“*S(2) dz

Z/+Az
_ wz Vl V2 V2 V2
_‘\/277'/2; e [2Qa1 (z)/{(z)+2Qa2 (zvl)KJ(zvl)

+ ViV, a (z 2V, )n(z 2Vs )]dz
Q(Vi+ Vo) 2\ Vi+ 1y Vi + Vy

. (3.45)

Let K, (w, 2, Az) = \/27rfz,zl+Azei“’zaj (z) K (2) dz and the second term in Eq. (3.45) is
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expressed as

Vi VA iw Ly 9
=—2r e %ay (y)k (y)dy |let y =z—
2 %Z, V1
Vi Vi Vo Vs
=—K. —, 2=, Az—). 3.46
V2 2<WV2>Z Vla ZVl) ( )

And the third term in Eq. (3.45]) is given by

d+az 2V, 2V,
2 wz
””/ ¢ (Lq+w)“(ﬂ4+u)

z—l—Az ) V V. 2
itV o / P R )k () dy <1ety=z £ )

2V, 2Vy Vi+ Vs
V1+V2
Vi+ Vs Vi+ Vs , 2V, 2V,
=K . 3.47
2V 12(“’ 2V, Vit Vi Zv1+v2) (3.47)
We have
Vs V
In, (w,2') = K1 (w, 7', Az) + Ky | w+ Awra, 2/ —, Az 2
A2
AWlQ / 2V2 2V2
K 3.48
+1%”+2’Zm+%’zm+%) (348)
where Awiy = wATVf with AVyy = |V — V3] . The window width Az is comparable

to the beat length of the fiber, so the above integral essentially captures the feature of
mode coupling. Most importantly, the frequency dependence of functions in Eq. (3:48])

are correlated mainly because these functions K (w, 2/, Az) are originated from the same
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function « (2’) with only difference in scaling factors. Therefore, one can measure the
group index difference in the autocorrelation functional plot of Ia, (w,2"). The autocor-
relation calculation of Ia, (w, 2’) will reveal a central peak at w = @ and side peaks at
w=w+ % and w = W+ Awis. In other words, the distances between these side peaks

and the central peak give the amounts of frequency shifts of % and Ay .

Since
AV12 ‘Vl — Vg‘
A p— pu—
W12 W V2 W V2
g2 g1 Ng1
we have
A
Amlg = 12 Ng1- (350)
w
Since A = %, AN = %Aw = %)\, we have
AN
Amlg = 12 Ng1- (351)

A

Therefore, the group index difference between the modes of the tapers is obtained by
measuring the frequency shifts or wavelength shifts through autocorrelation calculation
of the spectrum.

In the case of three modes in the tapers, we have group indices of ng, ny and ny3 and
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corresponding group velocities of Vi, V5 and Vi. Eq. (3.36) will include six components

as follows,

+agp (2) Kk (2)0 |w—2'Q <% +%)

+ a3 (2) k(20 |w—2'Q <i +i)
i Vi)

+ a3 (2) K (2)0 |w—2'Q (i + i) } (3.52)
Vo V3 /]

Its OTDR-like curve along the taper length is given by

AT (2 2V, )H(g 2v2)
Q(Vi+ Vo) 2\ (Vi+ V) Vi + Vs

N Vi Vs a13(2 2V3 )m(z 2V )
Q(Vi+ Vs) (Vi+ Vs) Vi+ Vs
n Vo Vs a23[2 2V5 Vs }m[z 2V5 Vs }
Q(Va+ V3) Vi(Va+ Vi) Vi(Va+ Vi)

(3.53)

Then an appropriate window is applied to the OTDR-like curve and its spectrum response



Distributed mode coupling measurement with OFDR 51

is expressed as

Z/+Az
In, (w,2') = \/27?/ e“* S (z) dz
V , Vo V
25 K1 ((A) Z AZ)"‘KQ (w+Aw12, V A Vj)

, Ve V.
+K3 <M+AW13, V3 AZVT)

Awlg / 2V2 2V2
K A
+ 12(‘” SR A VA R TN 72
AW13 ’ 2V3 2V3
K
+ 13(‘” SR A VA R TANE 72
AWQ"‘AMB ’ 2V2V3 2V2V3 )
T K 1 : , . (3.54
23(‘” 2 TV (Vo V) TV (Vo + V) (3:54)

where Aw;; = WA?‘;” with AV;; = |V, — V;|. Similarly, the frequency dependence of
functions in Eq. (3.54]) are correlated mainly because these functions K (w, 2/, Az) are
originated from the same function « (2’) with only difference in scaling factors. Therefore,
one can measure the group index difference in the autocorrelation functional plot of
Ia. (w, 7). The distances between these side peaks and the central peak give the amounts
of frequency shifts of %,%, AW1a, %, Awi3 and their differences among these

modes. Since

Aw,j . A)\”

Amm o Ngi = —>\ Nyi,

(3.55)

the group index differences among these modes of the tapers are obtained by measuring

the frequency shifts or wavelength shifts.
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3.4 Experimental setup and results

The experimental setup to measure Rayleigh backscatter as a function of fiber length is
shown in Fig. Bl It consists of a TLS (Agilent 81980A) with a sweep rate of 40nm/s,
two polarization controllers (PC; and PC,), a measurement interferometer, an auxiliary
interferometer with 64m differential delay, and a polarization beam diversity receiver.
According to Eq. (B.8]), a wide sweep range of tunable laser (1510-1570nm) produces
high spatial resolution of 13um. PC; is required in polarization diversity measurement to
adjust the polarization of the local path to have the same power for p- and s-components,
respectively. PC, is used to adjust the polarization of the input light to the FUT for
optimization of the measurement. Since the polarization state of the scattered signal is
arbitrary, we adopt the polarization diversity detection technique, including a polariza-
tion beam splitter (PBS), two PDs and a high-speed data acquisition card (DAQ). The
auxiliary MZI provides interference fringes, which are used to trigger data acquisition
and help to mitigate the tuning errors of the laser. The measured p- and s-components
of interference fringes are digitized as a function of laser frequency and stored in memory,
as shown in Fig. B.3(a). FigureB.3|(b) shows complex Fourier transform of p-component
interference signal. The OTDR-like curves along the fiber length, including p- and s-
components and their vector sum, are presented in Fig. B.3[c). When a section of
complex Fourier transform data is selected, as shown in Fig. B3(d), its inverse Fourier
transform result and autocorrelation calculation are displayed in Figs. B.3|(e) and (f),

respectively.
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Figure 3.3: (a) AC interference signals measured at the detectors, which are digitized
in the frequency domain. (b) Complex Fourier transform of p-component interference
signal. (¢) The OTDR-like curves, including p- and s-components and their vector sum.
(d) A section of complex Fourier transform shown in (b) is selected. (e) Inverse Fourier
transform result. (f) Autocorrelation calculation.

As shown in Fig. [B4{(a), the original data of the OTDR-like curve is presented,
which is associated with a spatial resolution of 13um. In order to show the profile of
the taper, a low-pass filter (LPF) is added, as shown in Figs. B(b) and (c). It seems
that the spatial resolution, which is shown as the 3dB bandwidth of the reflection at the
fiber end, becomes worse by using an LPF with a lower frequency. Figure B4(d) shows
the result of taking average over every 1000 points and its effective spatial resolution
is ~lcm. However, comparing Figs. B.4|(a)-(d), the OTDR-like curves over the taper
range have similar shape. In order to show the profile of the taper, all OTDR-like curves

in this chapter have been smoothed using a LPF of f=0.003Hz with an effective spatial
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resolution of ~1.7mm. Autocorrelation calculations are based on the original data.
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Figure 3.4: (a) The original data of the OTDR-like curve. (b), (¢) The OTDR-like curves
with a LPF of f/=0.03Hz and f=0.003Hz, respectively. (d) The OTDR-like curve of taking
average over every 1000 points.
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Figure 3.5: Autocorrelation of the spectrum of a 1.3m segment of SMF.

Within a section of SMF (Corning, SMF-28"%) a ~1.3m width of autocorrelation
window is applied to obtain high spectral resolution and to measure this low residual
stress-induced birefringence, which results from the fiber fabrication process. The window
width should be comparable to the beat length of the FUT. The autocorrelation of the
spectrum is shown in Fig. By using Eq. ([3.40), the wavelength shift of AA=0.001nm
leads to the average group index difference Am=9.47x10~" for the segment of SMF.
This value is consistent with the group birefringence measured by Brillouin optical time-

domain analysis (BOTDA) [71]. Here n,=1.4681 and A=1550nm.
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3.4.1 Gently tapered SMF

The gentle tapers are fabricated by using heating and stretching technique [9]. With help
of a high magnification microscope, the geometric structure of tapered fiber is described
point by point. The diameter of the tapered SMF is shown in Fig. B.6l(a). The waist
diameter of the taper is ~12.2um and the lengths of the down-taper, uniform waist and
up-taper sections are 3.lcm, 4.75c¢cm, and 2.4cm, respectively. Figure B.6l(a) also shows
the reflected spectrum of Rayleigh backscatter as a function of distance along the tapered
SMEF. In order to show the profile of the taper, the OTDR-like curve has been smoothed
using a LPF with an effective spatial resolution of 1.7mm. Comparing the two curves in
Fig. B.6la), the geometric waveguide structure cannot show the actual energy coupling
between the fundamental mode and high order modes. Rayleigh backscatter in optical
fiber is caused by a change in the refractive index along the fiber length. Therefore, the
amplitude fluctuation of Rayleigh backscatter as a function of fiber distance provides
more accurate information than the geometric image of the taper. When the amplitude
of the reflected backscatter decreases, it indicates the energy re-distribution, in other
words, the generation of higher-order modes. In the down-taper region, the energy is
transferred from the fundamental mode to higher-order modes, which are leaky modes
due to the small optical area. The lowest mode with reduced energy makes a dominating
contribution to Rayleigh backscatter. Thus, the corresponding amplitude of backscatter
signal is reduced. The first dip in the reflected amplitude of Rayleigh backscatter indi-

cates the minimum scatter level, which is 6dB lower than that of SMF. The amplitude
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increasing in the next region means that more energy is coupled back from higher-order
modes to the fundamental mode. In the uniform waist region, the number of modes
guided in the fiber is constant. The spectral fluctuations result from the energy coupling
among these several modes. The scatter level of the uniform segment of taper is 2dB

higher than that of SMF due to the reduced cross-sectional area of the taper.
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Figure 3.6: (a) Backscatter amplitude versus distance along the gently tapered SMF
(the black curve) and the cladding diameter of the gently tapered SMF (the red curve).
Length of taper: L=10.25cm; Uniform segment of taper: d=12.2um, [=4.75cm. (b) The
autocorrelation calculation of the spectrum of the down-taper range (the blue window
in (a)). (c) The autocorrelation calculation of the spectrum of the uniform waist range
(the green window in (a)). (d) The autocorrelation calculation of the spectrum of the
up-taper range (the purple window in (a)). The widths of the windows are ~2.08cm.
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At the edge of the uniform waist region, the backscatter signal starts to decrease.
This is because the energy is transferred from the core mode to higher-order modes,
which is not guided in the core. In the up-taper region, the scatter level reaches its
second minimum value, which is 6dB lower than that of SMF. In the following region,
the amplitude of Rayleigh backscatter starts to increase, because the energy is coupled
back from higher-order modes to the fundamental mode as the diameter of tapered fiber
increases. The analysis on Rayleigh backscatter shows the actual energy coupling pro-
cess between the fundamental mode and higher-order modes in the tapered fiber. The
length of mode coupling is in accordance with the geometric structure of the gently ta-
pered fiber. However, more detailed energy re-distribution is observed through Rayleigh
backscatter. Furthermore, the autocorrelations of the spectra of tapered fiber are shown
in Figs. B.0(b)—(d). A window with an appropriate width is applied to extract the re-
sponse of the taper. It is important to note that the window width only affects the ratio
of the amplitude of the side peaks to that of the central peak. A wider window incorpo-
rates more data points, and gives better spectral resolution and worse spatial resolution.
There is a tradeoff between spectral resolution and spatial resolution due to finite rates
of the TLS and the DAQ. In this case, we choose a width of 2.08cm, including 1600 data
points in the time domain. The ratio of the amplitude of the first side peak to that of
the central peak is over 0.3 and the amplitude ratio for the second side peak is ~0.2.
These peaks indicate the generation of one higher-order mode. The distances of the first

and second side peaks from the central peak are equal to the wavelength shifts of %
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and A)qy , respectively. The measured results are 0.0456nm and 0.088nm, respectively.
Therefore, the wavelength shift between the fundamental mode and higher-order mode
is AX12=0.0896nm. and the group index difference is Am;5=8.49x107°. Here n=1.4681
and A = 1550nm. The same wavelength shifts in Figs. B.0l(b) and (d) indicate the sym-
metrical generation of same higher-order modes in the down-taper and up-taper regions.
Less side peaks in Fig. [3.6](c) means that negligible coupling between excited local modes
take place at the central quasi-adiabatic uniform waist region. The experimental result
agrees with the theoretical model [27].

The measured group index difference, which is an average parameter in the segment
of the tapered fiber, results from two factors. The first factor is the geometric structure
change of the taper. As the cladding diameter of fiber is tapered down, the effective
refractive index of the fundamental mode decreases. The theoretical calculation of 7.y
as a function of the cladding diameter of taper is shown in Fig. 2.1l It indicates that the
group index difference results in part from the geometric structure. The second factor is
the generation of higher-order modes. As the diameter of taper is reduced to the “cut-
oft” transition [25], the energy is coupled from the fundamental mode to higher-order
modes. The group index difference results from different modes at a given location of the
taper. Using theoretical values of effective refractive indices for LPy; and LPgy; modes,
we calculate the average group index difference in the same window as the blue one in
Fig. B.0(a). When the diameter of the tapered fiber is reduced from 122pm to 40um,

theoretical average group index difference between LPy; and LPgy modes is Amy pg1_g2=-
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8.12x107°. Therefore, the experimental result of Am;,=8.49x1075 is reasonable. The
first and second side peaks in Fig. B.6[(b) indicate the generation of LPy; mode in the
gentle taper, which is regarded as an axisymmetric taper. In order to calculate the
group index difference between modes, the impact of geometric structure change should
be reduced by decreasing the window width for autocorrelation calculation. In order to

obtain enough data points in the reduced window, we need to increase the sweep rate of

TLS.

3.4.2 Abruptly tapered SMF

The abrupt tapers are fabricated by using an Ericsson fusion splicer (FSU-995FA) with
a customized tapering program. Microscope images of tapers are shown in Fig. B.7
The waist diameters of the tapers are 76pum, 66pm, 49um and 35um, respectively. The
lengths of the tapers are 0.85mm, 0.85mm, Imm and 1.23mm, respectively. In Fig.
B.7, the peaks around the distance of 0.3m mean the reflection of the knots near the
end of fiber. In the case of weak tapers, such as taper (a), the scatter level drops by
~1dB. When the waist diameter is reduced to 66um, the scatter level drops by ~2dB.
In the case of abrupt tapers with the waist diameters of 49um and 35um, the scatter
levels drop by ~8dB and ~12dB, respectively. The fluctuation of Rayleigh backscatter
indicates the energy re-distribution among modes in tapered fibers. In other words, it
indicates the generation of higher-order modes. As shown in Fig. B.7(c), the energy of

fundamental core mode is split into higher-order modes when the fiber is tapered down
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Figure 3.7: Microscope images of the abruptly tapered SMFs (left) and backscatter
amplitude versus distance of the tapers (right). (a) d=76um, L=0.85mm; (b) d=664m,
L=0.85mm; (¢) d=49um, L=1mm; (d) d=35um, L=1.23mm. The length of inset scale
bar is 50um.
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to a cladding diameter of 49um. The experimental results accord with the theoretical
calculation in Chapter 2, which shows that the “cut-off” transition value of the cladding
diameter of the taper is 51.1pum. Furthermore, the fluctuation of the reflected amplitude
of Rayleigh backscatter exists in a length of several centimeters, which is much longer
than the geometric lengths of tapers (c) and (d).

Figure B.8(a) shows the reflected spectrum of Rayleigh backscatter along a length of

the taper (d) and its diameter. In order to show the profile of the taper, Fig. B.8(a) has
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Figure 3.8: (a) Backscatter amplitude versus distance along the abrupt taper (the black
curve), as shown in Fig. B.7(d), and its cladding diameter (the red curve). (b)—(d) Au-
tocorrelation calculations of the spectra of three segments of tapered fiber, respectively.
The widths of the windows are ~2.08cm.

been smoothed using a low-pass filter with an effective spatial resolution of ~1.7mm. An
autocorrelation of the spectrum of the first segment is shown in Fig. B.8(b). The ratio of
the amplitude of the first side peak to that of the central peak reaches ~0.8. Even the
fourth side peak has a ratio of ~0.5 to that of the central peak. The distances of four
side peaks from the central peak are 0.0417nm, 0.0829nm, 0.124nm and 0.165nm, respec-

tively. As discussed in section 3.3.2, in the case of three modes, the side peaks of the

autocorrelation will appear at %, A/2\13 , A)Nia | %, A3 and their differences.
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We will obtain the measured wavelength shifts of AX;5=0.083nm and AX;3=0.165nm
and the group index differences of Amj,=7.86x107° and Am;3=1.56x10"%. Theoret-
ical average group index differences are calculated when the diameter of the tapered
fiber is reduced from 125pm to 35um. We obtain theoretical values of Amypg_11=-
7.84x107° and Amypor_g2=-1.61x10"%. Therefore, the corresponding wavelength shifts
are AA15=0.083nm and AX;3=0.171nm, respectively. Then theoretical wavelength shifts
are 0.0415nm, 0.083nm, 0.085nm, 0.127nm and 0.17Inm. The second and third terms,
% and A\ cannot be distinguished and they are shown as the second side peaks.
Comparing the theoretical values, these peaks in Fig. B.7 (b) indicate the generation
of LP;; and LPy; modes in the abrupt taper, which is regarded as a non-axisymmetric
taper. However, theoretical average group index difference within the ~2.08cm segment
of fiber must be calculated based on a model combining a segment of SMF (0-1.96cm)
and the abrupt taper with a length of ~1.23mm and a waist diameter of 35um, because
the mode coupling length is unknown. The geometric length of the taper is regarded as
minimum coupling length (~1.23mm) and the window width is regarded as maximum
coupling length (~2.08cm). As shown in Table B.I] the experimental results are closed
to the upper limit of these theoretical values. This is because the higher-order modes
exist in a longer physical length along the tapered fiber than its geometric length. The
actual coupling process is observed through Rayleigh backscatter. The autocorrelation
is performed to the next ~2.08cm section of fiber. Figure B.7(c) shows same wavelength

shifts with different energy ratio. It indicates the energy re-distribution among these
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modes in taper. The mode number reduces in the third ~2.08cm segment of fiber, which
shows fewer side peaks in Fig. B7(d). Here AX;5=0.29nm and hence Amy,=2.75x107%.
It indicates that there is still one mode in the third window in Fig. B.7(a), even it is
several centimeters away from the taper. It is found that the physical length of mode
coupling of tapered fiber is different from its geometric image. By using OFDR scheme
and Eq. (3.40), the observation of mode coupling and the accurate measurement of group

index differences in tapers are achieved with a ~2cm resolution.

Table 3.1: Measured and theoretical group index difference of LPy; and LP,,, for the
abrupt taper with d=35um, L=1.23mm.

AX (nm) Am Theoretical values Am

AX15=0.083 Amp=7.86x10"° Amyp, ,,=-4.73x1076 -7.84x1075
AX3=0.165 Amy3=1.56x10"* Amypp, ,=-9.64x1076 -1.61x10~*

3.5 Conclusion

We propose a rapid and nondestructive approach to reveal the excited modes of fiber
tapers. Distributed mode coupling processes along gentle and abrupt tapers are exper-
imentally measured with OFDR technology. The detailed energy re-distribution among
modes is measured continuously through Rayleigh backscatter as a function of distance
with a 13um resolution along the length of the tapers. In addition, a plot of the autocor-
relation calculation shows the generation of higher-order modes. The wavelength shifts

between the fundamental mode and higher-order modes of the taper are theoretically
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derived and experimentally verified. The accurate measurement of group index differ-
ences between the fundamental mode and high order modes in tapered fibers with ~2cm
resolution is achieved through the autocorrelation calculation in the spectral domain. We
find that the mode coupling in gentle tapers exists in the same lengths as their geometric
lengths, while the mode coupling in abrupt tapers exists in longer segments than their
geometric lengths. One could improve the measurement resolution by using a tunable
laser with higher tuning rate. In this way, one could obtain a precise measurement of

group index difference at a given location along the tapered fiber.



Chapter 4

Thermal and mechanical properties
of tapered fiber measured with

OFDR and its application for

high-sensitivity force measurement

This chapter studies the thermal and mechanical properties of fiber tapers by using an
Optical Frequency-domain Reflectometry (OFDR) scheme, and a highly sensitive force
sensor is proposed based on the fiber taper. Section 4.1 shows the background of the
research. Section 4.2 describes the fabrication of a gentle fiber taper and the principle
of OFDR measurement based on our previous work [72]. Section 4.3.1 and section 4.3.2

present the experimental results on thermal and mechanical properties of the taper and

66
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its variation along the taper length, respectively.

4.1 Introduction

During the tapering process, stress is introduced to a fiber taper and causes the inhomo-
geneous refractive index distribution. This will degrade the optical quality of the fiber
taper for its applications. To the best of our knowledge, the thermal and mechanical
properties, particularly their variations at different locations along the tapered fiber,
have not been studied. Fiber tapers with small diameters become interesting also for
force measurement. When a section of fiber taper is stretched by an axial force F, the
strain applied on the taper scales inversely with the cross-sectional area or the square

of the diameter of the taper as long as Young’s modulus is considered independent of

F

+1> Where ¢ is the applied strain in

the diameter [73]. This dependence is because ¢ =
the fiber, F'is the axial force, £ is Young’s modulus of the fiber material and A is the
cross-sectional area of the fiber. Therefore, at the same force level, the fiber taper with
reduced waist diameter has several hundred times more strain than that of single-mode
fiber (SMF). A high force measurement has been achieved using fiber Bragg gratings
(FBGs) inscribed in the waist of a tapered fiber [73]. However, for tapers with a diam-
eter below ~16um, the variation of the effective refractive index with diameter should
be taken into account |73], so that it becomes hard to fabricate FBG in tapered SMF's

with smaller waist diameters. As reported in this chapter, a high-sensitivity force sensor

can be achieved by measuring the group index change, thus the force applied to the fiber
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taper. Here we realize the force sensor by measuring Rayleigh backscattering spectral
change by using high-sensitivity, high-resolution OFDR technique.

Rayleigh backscatter in optical fiber is caused by random fluctuations in the refractive
index profile along the fiber length, and it varies randomly along the fiber length due to
inhomogeneity of the fiber. Changes in the refractive index profile caused by an external
stimulus, such as temperature or strain, will induce spectral shift being measured by
OFDR. Recent publications have demonstrated that SMFs and polarization-maintaining
fibers (PMFs) can be used as Rayleigh scattering-based temperature or strain sensor by
using high-resolution, high-sensitivity OFDR, and the use of PMFs makes it possible
to discriminate the temperature and strain through data processing schemes including
complex fast Fourier transfer (FFT), autocorrelation and cross-correlation, etc. [59,162].
In the case of PMF's, the group birefringence of the fiber, which is group index difference
between the fast and slow modes, can be deduced from spectral shifts through auto-
correlation calculation, while the group index change of the fast (or slow) mode can be
deduced from using cross-correlation calculation. These two parameters are temperature
and strain dependent, which makes it possible to assess these parameters simultaneously.
In the case of fiber tapers, the autocorrelation wavelength shift indicates the group in-
dex difference between the fundamental mode and higher-order modes through mode
coupling process; in the uniform region of taper with a small waist diameter, the cross-
correlation wavelength shift indicates the group index change of the fundamental mode

as the fundamental mode becomes the dominating one [72].
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In this chapter, we represent our study on the thermal and mechanical properties of
fiber tapers by using an OFDR scheme, and a highly sensitive force sensor is proposed
based on the fiber taper. In temperature and force measurements, the temperature or
force sensitivity is defined as the ratio of wavelength shift, and the change of tempera-
ture or force. The wavelength shift is calculated through cross-correlation of Rayleigh
scatter spectra from a selected section of fiber before and after the temperature or force
is applied to the fiber. As described in section 4.3.1, the non-annealed taper has its
inhomogeneous thermal property and the annealed taper has homogeneous temperature
coefficient, similar to that of SMF (~0.01nm/°C). In section 4.3.2, the mechanical prop-
erty of the taper and its variation along the taper length are studied and measured with
a spatial resolution of 3.85mm. It is demonstrated that the force sensitivity is improved
by decreasing the waist diameter of the uniform segment along the taper, e.g., when
the waist diameter is reduced to ~6um, a force sensitivity of 620.83nm/N with a force
resolution of 6.35uN is achieved, which is about 500 times higher than that of the SMF.
It is noted that fiber taper can be used as a temperature-independent force sensor due

to huge difference between its force and temperature sensitivities.

4.2 Principle

The heating and stretching technique [9] is introduced to fabricate the gentle tapers. A
section of SMF is fixed on two linear translation stages with submicron precision and

the middle jacket-off fiber is hanging. A small region of the fiber is heated by a scanning
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hydrogen flame. After a pre-heating process, the fiber is stretched slowly while the
scanning range of the flame is increasing. The pulling speed of the translation stages,
the scanning speed and the scanning range of the flame are accurately controlled by a
computer. The slow stretching technique leads to the taper with gentle slopes in the
down-taper and up-taper regions and a uniform region with reduced diameter waist.

In OFDR, the interference Rayleigh backscatter signal of the fiber taper is monitored
and the complex Fourier transform is carried out to obtain OTDR-like curves along the
taper length. A polarization-independent signal is obtained by calculating the vector sum
of the p- and s-components of the detected signal. During the uniform range of the gentle
taper, linearly polarized (LP) mode, LPy; mode is a dominating mode, which contains
most of energy, with group index n, and its corresponding group velocity V, = n—cg inside
the fiber, where c is the speed of light in vacuum. The OTDR-like signal along the

uniform taper length is expressed as [72]

S(z) = =—=k(2), (4.1)

where z = wz—‘g/lg and (Q is a constant sweep rate of tunable laser,  (Z) is directly related

to local Rayleigh backscatter strength. An appropriate window with a width of Az

is applied at the position 2z’ along the OTDR-like curve and the spectrum response is
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obtained through inverse Fourier transform data processing, as follows:

Z'+Az
In, (w,2') = ‘\/27?/ e“* 8 (z) dz

:% |K (w, 2, Az)], (4.2)

where K (w,2',Az) = /27 fz,zurAzeiwzm (z)dz. A reference measurement is taken in
the initial state. Then a sensing measurement of the same taper is taken after the
temperature or force is changed. Therefore, one can measure the spectral shift in the
cross-correlation functional plot of Ia, (w, 2'), which gives the amount of changed group
index of LPy; mode. Because the group index is determined by the change of temperature
or force, the thermal and mechanical properties of the taper can be investigated by
measuring the wavelength shift through cross-correlation calculation of the spectra. Here,
the sensitivity is defined as the ratio of wavelength shift of cross-correlation calculation

Adce.

and the change of temperature or force, which is given by (r = =35> and (p =

AAC.C4
AF

respectively.
When a section of fiber is stretched, it is subjected to a deformation proportional to
the amplitude of the force within elastic range of the fiber. Within this elastic range, the

mechanical deformation is reversible. Here, the applied force F'is expressed as

P ART (4.3)
xr
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Figure 4.1: Sketch image of the gentle taper. Zraperv, Tsamr, and Traperr(z) are the
initial length of jacket-off SMF', the uniform segment in taper, and a sub-segment in the
up- and down-segment in taper, respectively.

where for fiber without coating, F = 7.18 x 10'°N/m? |74], z is the initial length of the
fiber, Ax is the length change of relative deformation imposed by the force F. As shown

in Fig. [L.1l we have

Ar = A:L’Ta]uerU + A:L’SMF + Z AxTaperL(Z)a (44)

T = TTaperU + Tsmr + Z ITaperL(Z)a (45)

z

where Azgyrp, ATrapery, and AZrgper(2) are the length change of SMF, the uniform
segment in taper, and a sub-segment in the up- and down-segment in taper, respectively.
TSMF, TTaperts A0d Traperr(2) are the initial length of jacket-off SMF, the uniform seg-
ment in taper, and a sub-segment in the up- and down-segments in taper, respectively.

Ax and x are the total length change and initial length of the whole fiber, respectively.
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The length changes of each segment satisfy the following relations

Arsyr  Frsur EAtapev  Tsur (df‘aperU)2 (4.6)
Arrapery BAsyr Frrapery  TTaperv \ dsmyr ) .
Azraperr(2)  Frraperr(2) EATapery  TTaperr(2) ( AT apertr )2 (4.7)
ATraper  EATapern(2) F¥Tapert  TTaperty \ Qrapern(2) ) '

where dsarr, dropervs and droperr(2) are the diameter of SMF, the uniform segment in
taper, and a sub-segment in the up- and down-segments in taper, respectively. Young’s

modulus is assumed to be constant when the fiber is tapered. Therefore, we have

Ax
AxTaperU = 77 (48)

where v is a normalization factor and given by

9 2
y = 14 TSMF (dl“aperU) + Z xTaPeTL(Z> ( d/l"aperU )) . (49)

LTaperU dS MF LTaperU d’I'aperL (Z

Inserting Eq. (4.8)) into (£.3), the force is calculated by

2
AxTaperU o ﬂ-EdTaperUAI

F= EATaperU 4
LTaperU YL TaperU

(4.10)

Thus, the force is calculated through the parameters of taper and the stretched length.

Since the strain applied on the fiber is given by ¢ = E—ﬂ, the strain applied on the uniform

segment of taper is higher than that of the SMF. In theory, the ratio of the strains is
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given by

ETaperU - ASMF o ( dSMF )2 (4 11)

d/T‘aperU

ESMF ATaperU

The applied strain scales inversely with the cross-sectional area or the square of the
diameter of the fiber. As the applied strain increases, the change of group index increases
and then measured wavelength shift in cross-correlation is getting larger. Therefore, the
uniform range of taper with smaller waist diameter has a higher force sensitivity (. Here
we assume the diameter of the fiber is constant, which is independent on the applied force.

This assumption is reasonable when the applied force is limited.

4.3 Experimental setup and results

The schematic diagram to measure Rayleigh backscatter as a function of fiber length
is shown in Fig. 2l It consists of a tunable laser TLS with a sweep rate of 40nm/s,
two polarization controllers (PC; and PC,), a measurement interferometer, an auxiliary
interferometer with 64m differential delay, and a polarization beam diversity receiver. A
wide sweep range of tunable laser source (1510-1570nm) produces high spatial resolu-
tion of 13um. The auxiliary Mach-Zehnder interferometer (MZI) provides interference
fringes, which are used to trigger data acquisition and help to mitigate the tuning errors
of the laser. The polarization beam diversity receiver includes a polarization beam split-

ter (PBS), two photo-detectors (PD; and PDs) and a high-speed data acquisition card
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(DAQ). The interference fringes are digitized as a function of laser frequency and stored

in memory. By scanning the segment window, all fiber length is mapped.

OPD=64m

............. Oven
PC2 SMF Taper
Ci Ce 1 2 000 (ZZ ) .
TLS .\ | — @ —— L.1.;.(;.
) =19.0cm
3 .
: Translation stages
PG PBS PDx
PD2 LI_I S DAQ
Trigger

Figure 4.2: Schematic setup of OFDR system. TLS: tunable light source; Cy: 99 : 1
coupler; Cq, C3, Cy4, Cs: 50 : 50 couplers; PC: polarization controller; PBS: polarization
beam splitter; PD: photodetector; OPD: optical path difference; DAQ: data acquisition.

With the help of a high-magnification microscope, the cladding diameter of taper A is

measured point by point, as shown in Fig. E3(a). Figure d3|(a) also shows the reflected

spectrum of Rayleigh backscatter as a function of distance along the tapered SMF. The

spectrum has been smoothed using a low-pass filter with an effective spatial resolution

of ~1.7mm. The amplitude fluctuation of Rayleigh backscatter as a function of fiber

distance shows the energy re-distribution among different modes continuously along the

taper length [72].



Thermal and mechanical properties of taper measured with OFDR 76

4.3.1 Thermal properties

To investigate the thermal properties of a taper, taper A was put into an oven. A
reference measurement was taken when the taper was at the initial temperature of 25°C'.
As shown in Fig. [L3](a), we choose a window at position 4.37m with a width of ~3.85mm,
including 300 data points, along the OTDR-like curve. The spectrum response is obtained
through inverse Fourier transform data processing. Then a sensing measurement of
the same taper was taken after the temperature was changed. The cross-correlation of
these two spectra reveals a central peak shift due to changed effective group index n,,
which represents the changed temperature. Figure L3[(b) shows the left-shifted central
peak in cross-correlation of the spectra of the non-annealed taper A, which indicates the

temperature-induced refractive index change when the temperature is increased from

25°C to 38°C.
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Figure 4.3: (a) Backscatter signal versus distance along the taper (left axis) and the
cladding diameter of the taper (right axis). (b) Cross-correlation calculation of the
spectra of the segment in the uniform taper range of non-annealed taper A (the blue
window in (a)) with increasing temperature from 25°C to 38°C.
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Figure [4.4] compares the thermal property of the non-annealed taper, annealed taper
and SMF. From Fig. E4 (a), we observe that the non-annealed taper has the inho-
mogeneous thermal property. When the temperature increases, the wavelength shift of
cross-correlation calculation is negative and decreases to ~-0.9nm at the temperature
of ~40°C and then increases as the temperature increases. When the temperature de-
creases from 110°C to 30°C, the wavelength shift is a linear function of the temperature,
with a negative slope. Then the taper is put in a closed oven at a constant temperature
T=120°C. After 24 hours, the taper is slowly cooled to room temperature. Figure dL.4[(b)
indicates that the annealed taper has the same linear temperature dependence when the
temperature increases or decreases. Comparing Figs. L4(b) and (c), the temperature
sensitivity of the annealed taper is similar to that of SMF. After annealing, the inhomo-
geneous thermal property has been reduced significantly. Apparently, the residual stress

from the taper process has been released by annealing treatment.
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Figure 4.4: Wavelength shift vs. temperature for (a) non-annealed taper, (b) annealed
taper, and (¢) SMF, respectively. The left and right axes show the temperature increasing
case and the temperature decreasing case, respectively. The samples are the experimental
data and the linear curves are the fitting results.
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Now we discuss the system resolution, including the spectral resolution and the spa-
tial resolution. A larger window in OTDR-like curve includes more data points and gives
better spectral resolution, but lower spatial resolution. There is a trade-off between spec-
tral resolution and spatial resolution due to tuning range of the TLS and the sampling
rate of DAQ. The OFDR measurement is performed 100 times at the room temperature
and the standard deviation of cross-correlation calculation versus spatial resolution of
OFDR system is plotted as a function of spatial resolution of OFDR system, as shown in
Fig. 45(a). The standard deviation of the wavelength shift of cross-correlation measure-
ment is as high as ~17pm when the spatial resolution is ~1mm. The standard deviation
of wavelength shift is decreased to ~3.94pm as the spatial resolution is ~3.85mm. There
is a trade-off between spatial resolution and standard deviation of the OFDR system. As
an example, Fig. [LH(b) displays the standard deviation of cross-correlation calculation
of ~3.94pm when the spatial resolution is set at ~3.85mm, including 300 data points.
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Figure 4.5: (a) The standard deviation of wavelength shift of cross-correlation calculation
as a function of the spatial resolution. (b) The wavelength shifts of cross-correlation
calculation over 100 measurements at the room temperature, when the spatial resolution
is ~3.85mm.
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4.3.2 Mechanical properties

A section of the jacket-off fiber with a length of ~19cm was stretched by using two
translation stages at room temperature. A reference measurement was taken when the
taper was in the initial state. Then the force measurement was taken when the fiber was
stretched with a step of Az. A ~3.85mm window with 300 data points is applied along
the OTDR-like curve and the spectrum response is obtained through inverse Fourier
transform data processing. As discussed in previous subsection, the residual stress leads
to inhomogeneous change of the refractive index. Tapers A, B and C are fabricated with
different parameters and then all of these tapers are annealed. Taper A has a length
of £4=10.4cm and a uniform segment with diameter of drgperv,=12.2pm and length of
TTaperv,=4.9cm. The parameters for taper B and C are xp=12.6cm, dpgperv,="7.8pm,
TTapervp=4.Tem, xo=13.7cm, draperv.=6pum and Trgperv.=5.5cm. Using Eq. (£9), we
have 74=1.176, y5=1.205, and 7¢=1.127. Using Eq. (@II), in theory, the uniform
ranges of taper A, B and C should have ~105, ~257 and ~434 times more strain than
that of SMF.

A section of fiber (~19cm) was stretched by a step of 1um. Using Eq. (410), the
corresponding force step is 1.456x10~*N. The measurement is performed with zero force
applied to the fiber to produce a reference and again after a force has been induced. A
~3.85mm window is applied at the location of 4.38m along taper A and as shown in Fig.
[d.0l(a), the increasing force results in a right-shifted main peak in the cross-correlation

plot. Figure [.6(b) shows the wavelength shift of cross-correlation calculation along the
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whole taper length. In the taper region, compared with the zero force applied state,
cross-correlation of the spectra reveals that the wavelength shift increases as the force
applied on the taper increases. From Fig. [.6](c), we observe that the taper with a smaller
diameter has a higher force sensitivity. The force sensitivities of tapers A, B, and C are
(a =132.31nm/N, (p=424.74nm/N and (-=620.83nm/N, respectively. The resolution
of the force measurement is related to the wavelength resolution of cross-correlation
calculation in OFDR scheme. As mentioned in section 4.3.1, the standard deviation is
optimized to ~3.94pm as the spatial resolution is ~3.85mm. Thus, the corresponding
force resolutions are 29.78uN, 9.28u N and 6.35uN for tapers A, B and C, respectively.
Figure [1.0l(d) displays the force sensitivity along the uniform segments of these tapers.
The force sensitivities fluctuate slightly along the whole uniform segment.

Now we increase the force level. Taper A was stretched with a step of 125um, which
corresponds to a step force of 0.0182N. Compared with a reference measurement, the
sensing measurement is taken with an additional force of 0.0182N. Cross-correlation of
the spectra reveals the wavelength shift between two conditions. Each wavelength shift
data is calculated within a selected ~3.85mm window along the OTDR-like curve. Figure
A T(a) indicates that, in the first 12 states, the wavelength shift obeys a linear relationship
with the applied force. When the force is larger than ~0.2N, which is the elastic limit
of the taper, the wavelength shift is not a linear function of the force. In the first 15
states, the wavelength shift of cross-correlation in the uniform range of taper shows the

group index change of LPy; mode. The wavelength shift between states 15 and 16 shows
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Figure 4.6: (a) Cross-correlation calculation of the spectra of the segment in the uniform
taper range between the zero force applied state and three increasing force applied states.
(b) Wavelength shifts of cross-correlation calculation along the taper length as the force
increases (left axis), and the cladding diameter of taper A (right axis). (c) Wavelength
shifts as a function of force in the case of tapers A, B and C. The samples are the
experimental data and the curves are the linear fitting results. (d) The force sensitivities
along the uniform segments of these tapers.

negative values. It means that the taper starts to be deformed in transverse direction
in state 16, with a 0.2912N-force applied. The energy in original dominating mode LPq;
is redistributed to higher-order modes; hence correlation between different modes gives
negative values, while correlation results of the same mode show positive correlation. It

is because higher-order modes have lower group indices [72]. Then the cross-correlation
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wavelength shifts in states 16-19 become positive again because they show the group
index change of the same higher-order mode, which has most energy in these states. The
energy coupling between higher-order modes happens again in states 19 and 20, with
negative cross-correlation wavelength shifts. The wavelength shift-force sensitivities for
different modes are different. Linear fitting in separated ranges find that LPy; mode has
a force sensitivity of 124.27nm/N, higher-order modes have sensitivities of 48.39nm/N
and 18.15nm/N, respectively. In order to avoid the deformation of fiber and regard its
diameter as a constant, the fiber taper should be used as an accurate force sensor in the
range of milli or micro newtons. Here we only test the tapers with reversible mechanical
perturbations, and consider the force sensitivity of LPg; mode. Reference [63] showed
the experimental result of % = 0.7314Ae, which results in a wavelength shift-strain
sensitivity of (. = % = 0.73141\=1.13pm/ue, here A =1540nm. We transform it to

the wavelength shift-force sensitivity by using

Adce  Alec Ae ¢ AGe

F=TAF T A: AF BA rBd,,

(4.12)

and the force sensitivity of SMF is 1.25nm/N. In our experiment, as shown in Fig.
L7(b), SMF has a force sensitivity of 1.29nm/N, which is similar to the reference value.
Compared with SMF, the taper is ~96 times more sensitive, which is equivalent to
124.27nm/N. The optimization ratio is comparable to the theoretical strain ratio between

taper A and SMF (~105). Figure 7(b) displays distributed force sensitivity along the
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whole taper fiber. There is small force sensitivity fluctuation along the uniform segment
of taper A. Fluctuation of flame temperature during the tapering process results in
inhomogeneities of geometric structure and mechanical strength of the taper. Hence,
the inhomogeneity of geometric structure causes the inhomogeneous refractive index

distribution in the taper.
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Figure 4.7: (a) Wavelength shifts as a function of force for the uniform segment of taper
A (left axis) and SMF (right axis). The samples are the experimental data and the curves
are the linear fitting results. (b) The force sensitivities along the fiber (left axis) and the
cladding diameter of the gently taper A (right axis).

Taper B was tested with a stretched step of 125um. The total length of the stretched
fiber is ~19cm. The cross-correlation of the spectra reveals the wavelength shift between
two states with an additional force of 7.574x1073N applied. Figures 8(a) shows that
the wavelength shift obeys a linear relationship with the applied force. There is no new
spatial mode generation. Figure L8(b) displays force sensitivity along the fiber. The
uniform range of taper B obtains a force sensitivity of 339.89nm /N, which is ~279 times
higher than that of SMF, over a force range of 0-0.07N. The optimization ratio is close

to the theoretical strain ratio between taper B and SMF (~257).
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Figure 4.8: (a) Wavelength shift as a function of force for SMF (left axis) and uniform
segment of taper B (right axis). The samples are the experimental data and the curves
are the linear fitting results. (b) The force sensitivity along the fiber (left axis) and the
cladding diameter of taper B (right axis).

4.4 Conclusion

In conclusion, we present the thermal and mechanical properties of tapered SMFs by
using high-resolution, high-sensitivity OFDR technique. The cross-correlation spectral
shifts induced by thermal or force in the uniform region of fiber taper indicate the group
index change of the dominating fundamental mode. The annealed fiber taper will relieve
its internal stress due to the tapering process and obtains similar homogeneous tem-
perature coefficient to that of SMF. Therefore, annealing is regarded as an important
treatment. It was also demonstrated experimentally that a fiber taper with a reduced
waist diameter obtains high wavelength-force sensitivity. One can use a fiber taper with

a designed waist diameter as a micro-force sensor.



Chapter 5

Distributed birefringence of tapered

polarization-maintaining fibers with

OFDR

This chapter presents polarization preserving character of tapered polarization-maintaining
fibers (PMFs), which is evaluated by OFDR-based distributed birefringence along ta-
pered PMFs. Section 5.1 introduces the research background and section 5.2 presents

the experimental results.

5.1 Introduction

Tapering is a useful technique to enhance evanescent field, as well as to increase the

power density at beam waist for research on nonlinear effect. Polarization-maintaining

85
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fibers (PMFs) have unique polarization-preserving character and tapered PMFs may
find use in many micro-/nanophotonics applications and devices, such as high-quality
microresonators, high-performance optical sensors, and microlasers and so on. When
tapering a PMF, one should observe how the polarization state of linearly-polarized light
waves launched into the PMF is maintained during propagating along the fast and slow
axes of the taper region. In the case of stress-induced high-birefringence PMF, such as
Panda fibers, it is important to maintain both the internal stress and the refractive index
profiles as required to preserve polarization during tapering process. This is because the
tapering process could release stress in fast and slow axes leading to coupling between
both axes, which makes tapered PMF's lose the polarization-maintaining property. In
addition, if core taper angle is over the adiabaticity criterion [1], the taper becomes
non-adiabatic and generates higher-order modes besides the fundamental mode. These
features can be accurately monitored by distributed mode coupling measurement along
the taper region. Polarization extinction ratio (PER) is defined as the optical power ratio
of two polarization states with maximum power P,,,, and at the orthogonal axis with
minimum power P,,;,. Such a definition works for PMFs with constant axes. However, for
tapered PMF's with changed profiles along propagation direction, PER must be measured
at every location of tapered PMFs. Alternatively one can use polarization analysis
technique to measure input and output state of polarization (SOP) at every position
of a tapered PMF. Both techniques require a cutback method at every ~1cm, which is

comparable to a beat length of PMFs. This is impossible, as a device cannot be re-used
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and each device has slightly different birefringence property. A distributed birefringence
measurement technique is required to characterize the birefringence change in up- and
down-tapers, as well as uniform waist taper region by comparison with a PMF.

A PER of 16dB was obtained when a commercial Panda fiber (Nufern Inc. PM
1550HP) was tapered into a microfiber with a waist diameter of ~ 1um, while a con-
ventional PMF has a PER of 30dB [75]. The decreasing of PER and its relation to the
decreasing of birefringence have not been studied before, especially distributed birefrin-
gence change along taper PMFs.

In order to investigate the distributed mode coupling change along tapered PMFs, a
high-resolution Optical Frequency-domain Reflectometry (OFDR) system [49, [72] is em-
ployed to measure distributed birefringence of tapered PMFs. The birefringence change
in tapered single-mode fiber (SMF) has been demonstrated in [72]. In SMF tapers, the
birefringence is increased in the taper region due to low refractive index of cladding
modes. This is not the case for tapered PMFs and the birefringence of tapered PMFs is
decreased due to the stress release of the taper process [76-79], especially at small beam
waist. The distributed birefringence, which is defined as the refractive index difference
between the fast and slow modes, is measured along tapered PMFs with a spatial reso-
lution of ~1.25cm. With a waist diameter of 80um, there are only fast and slow modes
within the taper region and the birefringence of the tapered PMF is slightly reduced
from 3.28x107* to 2.86x107* at the taper waist. The fast/slow axes are constant and

the SOP of the launched light is maintained. Therefore, the PDL of this kind of tapered
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PMFs has low wavelength dependence, which is similar to that of PMFs. In the case
of waist diameters of 60pum and 40pm, higher-order modes are generated in the taper
region. The fast/slow axes are changed and the SOP of the launched light varies. The
polarization-maintaining property of tapered PMFs is lost. Hence, PDLs of this kind of
tapered PMFs increase and has high wavelength dependence. Compared with PERs, the
PDLs and distributed birefringence measurement provide more accurate information on

the polarization maintaining property.

5.2 Experimental results

The experimental setup to measure Rayleigh backscatter as a function of fiber length
is described in Fig. Bl The fiber under test (FUT) is three tapered PMFs (PM1550,
Panda, Corning) fabricated by a fiber glass processing system (GPX-3400, Vytran LLC).
Taper A has a length of L,=4.5c¢m, a uniform waist segment with diameter of d4 ~ 80um,
and a length of £4=3cm. The parameters for taper B and C are Lg=5.2cm, dg=60um,
(p=3.1cm; Ls=>5.23cm, de=40pm, {-=3.08cm.

Figures 5.1l(a) and (b) present distributed birefringence and cladding diameter as
a function of the taper length for tapers A and B, respectively. Autocorrelation is
calculated within a 1.25cm-subsection along the fiber length. It is noted that the window
width must be larger than the beat length of a Panda PMF (3.0-5.0mm) [76]. The insets
display autocorrelation plot of the spectra at the waists. It is found that taper A keeps

high birefringence along the taper region while the birefringence is decreased slightly
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from 3.28x107% to 2.86x107* at the taper waist. By contrast, the birefringence of taper
B is reduced by a factor of ~5 at the taper waist.

in the form of significantly decreased birefringence.
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Figure 5.1: (a) Distributed birefringence along taper A (left axis) and its cladding diam-
eter (right axis). (b) Distributed birefringence along taper B (left axis) and its cladding
diameter (right axis). The insets are autocorrelation calculation of the spectra at the
taper waists.

distributed birefringence change of taper B, autocorrelation calculations of the spectra
at the corresponding positions of points a-f in Fig. B.II(b) along taper B are illustrated
in Figs. B.2l(a)-(f). At position a, taper B has high birefringence and energy is mainly
distributed in the fast and slow modes. If we assume the slow mode has more energy,
the normalized autocorrelation amplitude of side peaks in Fig. [2[(a) mean the energy
ratio between the fast and slow modes. When the diameter of taper A decreases, the
amplitude of Rayleigh backscatter decreases which indicates the energy redistribution
among new modes excited by tapering in addition to original fast and slow modes. The

higher-order modes can be illustrated by side peaks close to the central peak in Fig.
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Figure 5.2: (a)-(f) Autocorrelation calculations of the spectra of five segments within the
taper region and their corresponding birefringence and location are marked as a-f in Fig.

B.I(b).

5.2(b). Comparing Figs. [.2(a)-(c), the change of relative amplitudes of side peaks
represents energy redistribution among the fast and slow modes and higher-order modes.
In addition, the birefringence is reduced along the down-taper region, at positions a, b,
and ¢ as 3.29x107% 3x107%, and 2.72x1074, respectively. Figure [5.2(d) indicates the
minimum birefringence 7.7x107% at the taper waist. In the up-taper region, as shown
in Figs. B.2(e) and (f), the energy couples back from higher-order modes to the fast and

slow modes and the birefringence increases.

As shown in Fig. [B.3[(b), the birefringence of taper C is reduced by a factor of 5
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Figure 5.3: (a) Backscatter amplitude versus distance along taper C. (b) Distributed
birefringence along taper C (left axis) and its cladding diameter (right axis). The inset
is autocorrelation calculation of the spectrum at the taper waist.

within the taper waist region. Taper C has a similar energy redistribution process to
that of taper B and a longer coupling length. Figure [5.3a) illustrates the OTDR-like
curves, which have been smoothed using a low-pass filter (LPF) with an effective spatial
resolution of ~4.1mm. The scatter level drops by ~6dB at taper C. As we mention in
previous paragraph, it reveals that energy is coupled from the fast and slow modes to
higher-order modes generated via tapering. Before taper C, the p- and s-components of
Rayleigh backscatter of the PMF have same scatter level because the light is launched at
45° to the fast and slow axes; after taper C, the scatter level difference between the p- and
s-components is ~2dB, because the fast and slow axes of PMF varies among the taper
region and the SOP of the launched light is not preserved along taper C. The decreasing
of scatter level is ~2dB and ~0dB for tapers B and A, respectively, and the scatter
level difference between p- and s-components of Rayleigh backscatter before and after

the taper are ~1dB and ~0dB, which reveals different polarization preserving character
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and mode coupling process for tapers B and A.

PERs of the PMF and tapers A, B, and C are measured by using a polarization
beam splitter (PBS) and the results are ~41dB, ~34dB, and ~27dB, respectively. It
seems that all these fibers have high polarization preservation abilities. However, based
on the distributed birefringence measurement by using OFDR, mode coupling within the
tapered PMFs is revealed. We choose different window width to perform autocorrelation
calculation and obtain average birefringence over the whole taper region and average
birefringence over the uniform waist region of the tapered PMF, which are noted as
B; and B;. These parameters of a PMF and tapers A, B, C are listed in Table (.11
High birefringence of taper A demonstrates that SOP of the launched light is maintained
along the whole taper. In the case of tapers B and C, B; shows average birefringence
over the taper region, while these tapers have weak polarization preservation abilities
within the waist region of the tapered PMFs. The mode coupling is presented in the
form of significantly decreased birefringence.

PDL is defined as the ratio of the maximum and minimum transmission of an opti-

cal device with respect to all polarization states. By employing a TLS, a polarization

Table 5.1: Measured distributed birefringences of PMF and tapered PMFs.

Tapered PMF's
Taper A Taper A Taper C
80pum 60um 40pm

By 3.28x107* 293x107* 29x107* 2.9x107*
By 3.28x107* 2.89x107* 2.54x107° 3.29x107°

PMFs
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scramble and a power meter, the PDLs of tapers A, B, and C are measured as a function
of wavelength. The results are shown in Fig. b.4l It is noted that the PDL of a tapered
PMF increases as its waist diameter decreases. The large PDLs for tapers B and C also

apparently indicate their poor polarization preserving characters.
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Figure 5.4: PDLs of tapers A, B, and C as a function of wavelength.

5.3 Conclusion

In summary, we measure distributed birefringence along tapered PMF's by using a high-

resolution OFDR system. Autocorrelation data processing reveals mode coupling be-
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tween the fast and slow modes and higher-order modes excited in the tapering process
along the taper region. With a waist diameter of 80um, the SOP of the launched light
is maintained and the birefringence of the tapered PMF is reduced from 3.28x107* to
2.86x10~* at the taper waist. In the case of the tapered PMFs with waist diameter
of 60pm and 40um, respectively, significant mode coupling is investigated in the form
of reduced birefringence by a factor of 10 at the taper waists. The measured PDL of
a tapered PMF increases as the waist diameter decreases. Compared with PER, this

approach provides more accurate information on the polarization preserving character.



Chapter 6

Tunable fiber laser using a tapered

fiber tip

This chapter presents a simple and cost-effective tunable ring laser, which is tuned by the
spatial modes of a tapered single-mode fiber (SMF) tip acting as a tunable bandpass filter.
Section 6.1 discusses the research background. Section 6.2 introduces the principle of
fiber lasers, including gain medium, cavity losses and mode-selecting mechanism; section
6.3 investigates the characteristics of tapered fiber tip filters and section 6.4 discusses
the laser setups and optimization of laser parameters, such as the side-mode suppression
ratio (SMSR), bandwidth, and tuning range, by means of changing the relaxation time
and gain of amplifiers, as well as the steepness of fiber tips. Section 6.5 proposes two

more chemical polish techniques to improve the performances of the laser.

95
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6.1 Introduction

Cost-effective tunable lasers have extensive applications in wavelength division multi-
plexing optical communication and multiplexing of fiber sensors based on fiber Bragg
gratings (FBGs). Tunable optical bandpass filters are essential components in tunable
lasers. Filter features include wide tuning range, high SMSR, narrow optical passband,
small size, and low cost. Currently, single-passband tunable optical filter techniques
include FBGs [30-32], in-line Fabry-Perot (FP) filters [33], arrayed waveguide gratings
(AWGs) [34] and so on. Optical filters made by FBGs can be tuned by either thermal
or mechanical stress effects. However, the temperature sensitivity of FBG (~10pm/°C)
limits the measurement accuracy of the wavelength shift to a nanometer region. An
FBG filter based on piezoelectric stack actuators works over a tuning range of 45nm,
while its 3dB bandwidth reaches 0.7nm [30]. FP filters have bandwidths in the range of
tens of megahertz to tens of gigahertz, but they are rather expensive and their tuning
ranges are limited to less than Inm because their cavity lengths are changed by piezo-
electric techniques. AWGs themselves are not tunable and they need to be combined
with additional switching devices to achieve tunability. A polymeric AWG multiplexer
has a tuning range wider than 10nm with a temperature change of 55°C [34], while its
3 dB bandwidth is 0.2nm. Therefore, none of these optical filters has a tunable narrow
bandwidth (picometer resolution) over a wide tuning range (a few nanometers or more).

Optical interference fringes are usually obtained by splitting one single light beam

into two or several beams using a beam splitter, and letting the beams interfere with each
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other using a beam combiner. The small size of tapered SMF tips (from micrometers to
nanometers) results in the generation of cladding modes in SMFs. Due to the multibeam
interference of the cladding modes in the near field, tapered fiber tips are proposed to be
near-field, easy-handling, and high resolution filter devices [80]. The object of this chapter
is to build a simple and cost-effective tunable ring laser that is tuned by the spatial modes
of a tapered SMF tip acting as a tunable bandpass filter. This is an extension of the
work reported in Applied Physics Letters [80]. We optimize the laser parameters, such
as SMSR, bandwidth, and tuning range, using different optical amplifiers, including
semiconductor amplifiers (SOAs), L-band erbiumdoped fiber amplifiers (EDFAs), and
C-band EDFAs inside the fiber ring. The ring laser can achieve a high SMSR, a tunable

narrow bandwidth, and a wide tuning range.

6.2 Principle of fiber laser

Classical solid state lasers consist of a bulk crystal or glass gain medium pumped by a
flash lamp or diode lasers. The beam propagates in free space through the gain medium
with standard free space optics such as flat mirrors, lenses, and diffraction gratings to
control the beam. The high performance of this type of laser comes at the cost of strict
spatial alignment condition. Its disadvantages also include high cost and large dimension.
By contrast, semiconductor lasers are cheap and compact and feature a wide range of
limitations, such as high frequency noise. Compared with these lasers, fiber lasers, in

general, have more advantages, including compact size, low cost, high optical quality,
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high stability and reliability. Another advantage is that fiber lasers are easy to connect
to other fiber systems. The theory behind lasers has been well established [81, 182]. Here
we give a brief description of the theory behind the fiber laser, by examining its gain

medium, cavity losses, and mode-selecting mechanism.

6.2.1 Gain medium

Many different rare-earth elements, such as erbium, ytterbium, neodymium, dysprosium,
praseodymium, and thulium, can be used to dope the fiber core during the manufactur-
ing to prodece a gain medium. FErbium-doped fibers (EDFs) have attracted the most
attention because they operate in the wavelength region near 1550nm [82,183]. Most of
the fiber lasers presented in this thesis employ EDFs as the gain medium. Figure [6.1)(a)
shows the absorption and emission cross-sections of erbium-doped silica and their physi-
cal meanings are absorption and emission efficiencies as the functions of the wavelength.
The optical pumping scheme in an EDF is usually described by a simplified three-level
energy system as illustrated in Fig. [6.I(b). An EDF can be pumped at a wavelength
of 980nm, which corresponds to the bandgap between the excited state and the ground
state, to create a population inversion. The carriers stay in the excited state for only
about 1ms, and after that they decay into a metastable state through a nonradiative
transition. In this process, the energy loss is turned into mechanical vibrations in the
fiber. The energy band of the metastable state extends roughly from 0.8eV to 0.84eV,

which correspond to a wavelength band from 1480nm to 1550nm. Within the metastable
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energy band, carriers tend to move down from the top of the band to somewhere near
the bottom through intraband relaxation. Finally, radiative recombination occurs when
carriers step down from the bottom of the metastable state to the ground state and emit
photons in the 1550nm wavelength region. The carrier lifetime in the metastable state
is on the order of 10ms, which is much longer than the carrier lifetime in the excited
state. Therefore, with constant optical pumping at a wavelength of 980nm, almost all
the carriers will accumulate in the metastable state. An EDF can also be pumped at a
wavelength of 1480nm. In this case, 1480nm pump photons excite carriers from ground
state to the top of metastable state directly. Then these carriers relax down to the
bottom part of the metastable band. Typically, 1480nm pumping is more efficient than
980nm pumping because it does not involve the nonradiative transition from the 980nm
to the 1480nm band. Therefore, 1480nm pumping is often used for high-power optical
amplifiers. However, amplifiers with 1480nm pumping usually have 1dB higher noise
figures than 980nm pumping [2]. Erbium ions can be pumped at 1480nm and amplified
near 1550nm because at 1480nm the absorption cross-section o, is larger than the emis-
sion cross-section 0., whereas for longer wavelength, o, is comparable to or larger than
o, (see Fig. [61(a)). However, because of stimulated emission at the pump wavelength,
complete inversion cannot be achieved for 1480nm pumping. As a result, noise figure
less than 4dB cannot be achieved even with high pump powers, whereas noise figure

approaching the 3dB quantum limit can be achieved for 980nm pumping.
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Figure 6.1: (a) Absorption and emission cross-sections for Er®"-doped silica [2].
Energy-level diagram of erbium ions in silica fibers.

(b)

6.2.2 Cavity losses

In the steady state, the gain per round trip should exactly cancel the cavity losses per
round trip. Hence it is important to take into account the cavity losses. Propagation
losses inside the fibers are usually negligible, but we need to consider the losses at inter-
sections between different fibers, and especially in the presence of components such as
wavelength division multiplexers (WDMs), couplers, isolators and so on. In fiber lasers,
a 10-20dB gain per round trip is reasonable, which is much larger than the gain expected
in some kinds of lasers, such as solid state lasers. Hence much higher cavity losses are
acceptable in fiber lasers. Cavity losses should be minimized, as high losses result in

smaller laser outputs.
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6.2.3 Mode-selecting mechanism

First, dense longitudinal modes are generated due to long ring cavity length L. The
mode spacing Av is given by
c

AU = E, (61)

where c is the velocity of light in vacuum and n is the refractive index of fiber. Secondly, a
mode selection filter or a combination of filters are employed. Common methods include
multiple subring-cavities combined with either an FBG [84] or with an intracavity FP
filter [85], and a saturable absorber combined with either a tunable FBG [86, 87] or with
an FP filter [88,189], and a tunable FBG FP etalon |90, 91]. If the mode selection device
has a high SMSR, sometimes a stable solution can be found in a few round trips, but if
the effect is weak, more round trips may be needed. Because the mode spacing is dense
due to long cavity length, it is hard to find an ultra-narrow bandpass filter. In order to
select mode effectively, we need to increase the round trip number. The number of round
trips is limited by the ratio of fluorescence relaxation time of the gain medium, e.g. EDF
(~10ms), and round trip time (~100ns) in the cavity. Finally, a single longitudinal mode

(SLM) is achieved.
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6.3 Tapered fiber tip filter

6.3.1 Principle

A tapered SMF tip is fabricated from an SMF using a heating and fast stretching tech-
nique , ] As described in Chapter 2, a fiber tip with a parabolic profile is formed
due to the surface tension of the fused silica. For tips with rather gentle slopes, the
propagation process is adiabatic [1]. However, when the slopes of the tips are steep due
to the fast drawing, the tapered fiber tips are nonadiabatic. Figure shows two repre-
sentative tapered fiber tips used in the experiment. Tip A has a small slope, and tip B
has a large slope. Different tip profiles lead to different spectral characteristics and filter
properties. The measured lengths of the tapered tips A and B are 3.05mm and 2.74mm,

respectively. The diameters of the tip ends are 3um and 3.4pm, respectively.
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Figure 6.2: (a) (b) Camera pictures of two representative tapered fiber tips A and B,
and their corresponding cladding diameter curves.
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The basic principle of tapered fiber tip filters depends on multibeam optical inter-
ference. At the beginning of the taper, only the fundamental mode linearly polarized
(LP) mode, LPg;, propagates in the fiber. When the core diameter is decreased dur-
ing tapering, the effective index n.r; of the core mode decreases continuously. When
Nair < Neff < N, the core mode is “cut off” |1, 29]. At this point, cladding modes are
generated, which propagate with the fundamental mode along the length of the fiber.
The transition value Vegre/ciadding for the fundamental mode is obtained from Eq. (2.7).
SMF-28"M fibers with a core diameter of 8.2um and a cladding diameter of 125um have
a ratio of cladding to core diameter S = 15.24. We have Vioe/cladaing = 0.82. Here,
we assume the ratio S remains constant under tapering. This means that the funda-
mental core mode is split into several cladding modes when the fiber is tapered down
to a cladding diameter of 51.1um in the experiment. Intermodal beating among these
cladding modes has been observed in previous studies |17, 27, 92].

For tips A and B, the local taper angles are apparently larger than the critical taper
angle mentioned in Chapter 2. Therefore, significant mode coupling and large power
transfer take place. Power is transferred from LPy; to higher-order modes (LPgy, LPgs,
...) by mode coupling effects [8]. As the end of the tip is approached, the number of
cladding modes decreases, and some cladding modes are emitted outside of fiber. Energy
in these modes eventually leaks out of the fiber. When the cladding diameter of the tip
D = 5um, seven cladding modes are generated in the fiber tip. When D is reduced to

4pum, the number of cladding modes is five. When D is 3.4um and 3.3um, the number
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of cladding modes varies in the L-band wavelength. When D is less than 3.2um, only
LPg;, LPg2, and LPg3 can be transmitted in the fiber tip. As shown in Fig. [63(b), the
number of cladding modes remains constant in the short wavelength range. The number
decreases as the wavelength increases. The critical wavelengths for LPy, and LPg; are
1604nm and 1596nm, respectively. Previous theoretical work and experimental data have

both shown that the number of cladding modes reduces when a fiber is tapered down
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Figure 6.3: Effective refractive index of LP,, mode in different tapered SMF tips with
diameters (a) 3um and (b) 3.4um, respectively.

If only considering two dominant modes, the interference is given by

1= ]1 + ]2 + 2\/ ]1]2 COS Cb, (62)
with
2rAnL
¢ = (6.3)
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where ¢ is the phase difference accumulated over a physical length L; I; and I, are the
powers distributed in the lower-order and higher-order dominant modes, respectively;
An = ny; —ny is the refractive index difference of these two modes and \ is the wavelength

of light in vacuum.

The extinction ratio, ER, of the interferometer is defined as
— )2 (6.4)

Figure shows the extinction ratio as a function of the power ratio % of the two

interfering modes with % < 1. Tt can be seen that larger power ratio of % gives rise to

a higher extinction ratio.
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Figure 6.4: Extinction ratio as a function of the power ratio % of the two interference
modes.
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Since the interference spectrum is obtained over a wavelength range, it must be
described using the center wavelength Ay and the deviation from it, AN (AX = X — \g).
Taylor expanding of Eq. (6.2)) at the center wavelength Ay and taking only the first order

term gives

o :27TAnL< 2 A )

X A
4rAnL  2nAnL 47 AnL
= - AN | let =
N N < =N )
2w A
— by — 7;2)\AnL. (6.5)
0

To be more general, the dispersion of the guided mode is taken into account and An

should be replaced with the differential modal group index Am [70], which leads to

2T AN

O =g — 5 AmlL, (6.6)
Ao
with
O0An
Am=An— Xy N (6.7)

A sinusoidal interference pattern represented mathematically Fourier transform of the
interference spectrum reveals a peak in the spatial frequency spectrum with spatial fre-

quency value & with units of nm™!, which is defined as [93]
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SMF Tapered SMF Tip

Figure 6.5: Camera picture of a fiber tip and an SMF acting as a probe. The left is one
free end of the probe fiber with a cladding diameter of 125um; the right is the tapered
SMF tip B with a diameter of 3.4um.

The spatial frequency is proportional to the interferometer length L and related to the
differential modal group index Am between two interference modes. The presence of
more than one peak in the frequency spectrum indicates that many cladding modes are

involved in the interference.

6.3.2 Experimental results

To further investigate of multibeam interference, a broadband light source, the amplified
spontaneous emission (ASE) from an L-band EDFA over 1540-1640nm, was connected
to a tapered fiber tip and as shown in Fig. [6.5], a cleaved SMF was used as a probe and
placed in front of the fiber tip. The other end of this SMF was connected to an optical
spectrum analyzer (OSA).

When the SMF is far from the tip, there is no obvious interference pattern. In
this case, Fig. shows the broadband transmission spectra and attenuation spectra

of tapered fiber tips A and B. Tip A has highly wavelength-dependent loss. The long



Tunable fiber laser using a tapered fiber tip 108

= (a) — ASE of L-EDFA
3 1 —TipA
S 20 —TipB
< |
@ -40 -
2 |
g
@ -60
< |
'_

-80 . T . T . T . r r

1540 1560 1580 1600 1620 1640
Wavelength (nm)
30
(b)

) |
g AN
= \\M
S 204
v
5 ] ip B
<

10 T T T T T T T T T

1540 1560 1580 1600 1620 1640

Wavelength (nm)

Figure 6.6: The broadband transmission spectra (a) and attenuation spectra (b) of ta-
pered fiber tips A and B. The attenuation spectra are obtained by subtracting background
ASE spectra.

wavelength component is found to have higher loss, which is over 25dB at a wavelength
around 1620nm. Tip B has lower attenuation (~13dB), which is only slightly dependent
on wavelength. As discussed in previous section, the long-wavelength component in high-
order modes cannot propagate through the waveguide, but the light below the cutoff
wavelength can still go through the tip. Therefore, in the transmission spectrum, the
long wavelength light shows relatively higher loss. It is also noted that, by varying the
fiber tip sizes, the cutoff wavelength of higher-order cladding modes can be tuned. By
contrast, tip B has a larger tip end and more higher-order modes continue to propagate
through tip B. Therefore, tip B has weak long-wavelength loss.

Figure show the transmission and attenuation spectra of tapered fiber tips A and
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Figure 6.7: The reshaped comb-like transmission and attenuation spectra of tapered
fiber tips A and B, respectively. The attenuation spectra are obtained by subtracting

background ASE spectra.

B, respectively. The attenuation spectra of tips A and B have ER of ~5dB and ~12dB,

respectively. As shown in Eq. (64]), more energy is redistributed from the fundamental

mode to the cladding modes in tip B because of larger taper angle or steeper slope, and

hence higher ER is achieved.

When the relative position of the tip and the probe SMF is slightly adjusted, the

interference spectrum is shifted. In the case of tip B, a clear wavelength shift is presented
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Figure 6.8: (a) The attenuation spectra of tapered fiber tip B at two positions. (b) The
attenuation spectra. (c) FFT response of the detected transmission spectrum.

in Fig. [6.8(a) and part of its spectra is magnified and shown in Fig. E8(b). The spectra
in Fig. [6.8(a) are normalized and Fourier transformed to get the spatial frequency spectra
of the interference fringes. Interestingly, as shown in Fig. [6.8(c), one dominant peak and
a second peak are observed. According to previous discussion, multi-peaks in the spatial

frequency spectrum indicate that many cladding modes are involved in the interference.

6.4 Laser setup and results

Due to the multibeam interference in the near field, tapered fiber tips can be used as high-
resolution filter device. A tunable laser using a tapered fiber tip as a tunable bandpass

filter is built in a fiber ring. The experimental setup is shown in Fig. [6.9. The laser
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consists of a tapered fiber tip, an SMF, an optical amplifier, a 50 : 50 coupler and an
isolator. The isolator plays an important role, avoiding optical reflections at the interfaces
of optical components going into the optical amplifier. Since the optical amplifier provides
a significant amount of optical gain, even a small amount of optical reflection may result
in oscillation, and therefore degrade the amplifier’s performance. An OSA is connected
to the output port of the coupler to monitor the output spectrum. The ASE of optical
amplifiers propagated through the tapered fiber tips and went into the probe SMF. With
the help of translation stages, as shown in Fig. [6.5 the relative positions of the fiber
tip and the SMF can be adjusted. The broadband light was reshaped to the comblike
transmission peaks due to the characteristic of the fiber tip. The transmission loss
between the tip and the SMF was over 10dB. The total cavity loss was over 13dB, which
included 3dB loss due to the 50 : 50 coupler. When the gain of the amplifier compensates
for the total cavity loss including coupling loss, 50% of the comb-like peaks are selectively
amplified each cycle. Thus, through drastic competition between comb-like peaks, the
highest intensity peak received the most gain from the amplifier and became the dominant
spectral component in the ring. The tuning range of the relative positions of the fiber
tip and the SMF is +7um in the X and Y directions in the experiment for spatial mode
selection of cladding modes. The wavelength of the laser shifts to shorter wavelengths as
the center-to-center distance between the SMF and the tip in the XOY plane increases.
In this way, a tunable ring laser can be obtained easily. Optimization of the tunable laser

involves increasing the SMSR, decreasing the bandwidth and enlarging the tuning range.



Tunable fiber laser using a tapered fiber tip 112

50/50
Coupler OSA Isolator
>
e — ~N
SMF Tapered SMF tip
\ :\ | Optical ‘ /
i_ _! Amplifier

Figure 6.9: Experimental setup of a tunable ring laser using a tapered SMF tip.

Three kinds of optical amplifiers, an SOA, a C-band EDFA and an L-band EDFA, were
used inside the fiber ring.

The SOA (QSOA-1550, QPhotonics, Inc.) has a gain of 25dB at a bias current of
400mA. Figure[6.10|(a) presents the ASE spectrum of SOA at [504=400mA. By adjusting
the relative position of the fiber tip and the probe fiber in the transverse direction (XOY
plane), the output of the light source is reshaped, resulting in one-peak, two-peak and
multi-peak output states, which are shown in Figs. [.I0(b)—(d), respectively. This means
that there is fierce gain competition between wavelength components. A 5m fiber ring
cavity length results in a round-trip time of ~25ns and the SOA has a relaxation time
of 100ps or so [52]. Therefore, the system suffers from the relatively fast response of the
SOA. This is why the highest intensity peak has little advantage due to multiple cycle
amplification for comparison of low intensity peaks.

In order to build an efficient mode-selecting mechanism, an EDFA may be introduced

to the laser ring, instead of SOA. As a result, the fluorescence relaxation time is extended
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Figure 6.10: (a) ASE spectrum of SOA with Iso4 = 400mA. (b)-(d) Power spectra of
the light output with SOA and tip A.

to ~10ms. A C-band EDFA with a gain of 20dB is introduced in the tunable ring laser.
With precise adjustment of the relative position of the fiber tip and the probe fiber in
the transverse direction, a tunable laser is obtained. With the help of the C-EDFA, the
competition between different modes is gradual rather than drastic, as in the case of an
SOA with a shorter relaxation time. The highest intensity peak becomes the dominant
spectral component in the ring. This results from the relatively large fluorescence time

associated with the excited erbium ions. Thus, the EDFA can keep high gain with
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Figure 6.11: Power spectra of the laser output with a C-band EDFA for (a) tip A and
(b) tip B, respectively.

more round-trip time. The experimental results are summarized in Table and Fig.
6.1l The measurement of bandwidth is limited by the maximum resolution of the OSA.
However, the tuning range of the ring laser is found to be only 1-2nm, which is limited by
both the C-band amplifier and the tip’s long wavelength characteristics. This is because
the energy redistribution happens at the long wavelength range due to the cutoff of

higher-order modes.

In the case of the L-band EDFA, with precise adjustment of the relative position

Table 6.1: Laser characteristics with C-EDFA and L-EDFA, respectively.

C-EDFA L-EDFA
Characteristics . . . .
Tip A Tip B Tip A Tip B
(50:50; 99:1)  (50:50; 99:1)
SMSR. (dB) 25 31 22/26 27/29
Bandwidth (nm) 0.06 0.06 0.06 0.06

Tuning range (nm) 1 2 9 9
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Figure 6.12: (a)(b) Power spectra of the laser output with an L-band EDFA for tips A
and B, respectively, with Igpra = 90mA. (c¢) The bandwidths of the laser are broadened
when the current of the L-band EDFA is increased.

of the fiber tip and the probe fiber, the wavelength of the laser was made to change
steadily from 1566nm to 1575nm, with a bandwidth less than 0.06nm (the L-band EDFA
wass at the threshold current of 55mA). The experimental results for tips A and B
are summarized in Table and Fig. Figure [6.12(b) shows that, with the L-
band EDFA current of 90mA, the bandwidth of the laser increases as the wavelength
increases. Figure[6.12(c) shows that, when the current of the L-band EDFA is increased,
the bandwidth is broadened at a fixed center wavelength. The bandwidth of the laser
can be tuned from 0.06nm to 0.17nm with a 35mA current change of the amplifier.

As listed in Table [6.1] comparing the characteristics of the ring lasers with tips A
and B, it was found that the laser including tip B, which has a larger slope, has a better
SMSR. As we discussed in previous section, tip B acts as a filter with a higher ER.

Therefore, tip B builds a more efficient mode-selecting mechanism and the laser obtains
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a higher SMSR.
When the 50 : 50 coupler was replaced with a 99 : 1 coupler, the SMSR of the laser
was improved by 2-4dB. If the total loss of the ring is reduced by changing the coupler

ratio or the total gain of the ring is increased by increasing the current of the amplifier,

the SMSR of the laser will be enhanced.

6.5 Discussion on chemical polish technique

Two more methods are demonstrated experimentally to have resulted in an improved
setup. The first one is the fabrication of tips. The tapered tip was vertically dipped into
the surface of 5% HF acid. Due to surface tension, the meniscus rise can nearly perfectly
polish the surface of the tip, which can reduce the loss of the filter by 2dB. Secondly, the
filter was placed in a tube with water. The smaller refractive index difference between the
cladding and the liquid reduced the loss of the propagation of light in the down-tapering
region of the tip by 2.5dB. In addition, the viscosity of water made the lightweight tip
insensitive to the disturbance of environment. As shown in Fig. [6.13] by comparison
with previous work, the laser tuning range increases from 9nm to 13nm in the L-band

wavelength range and SMSR increases from 27dB to 33dB.
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Figure 6.13: Power spectrum of the laser output with an L-band EDFA for chemically
polished tip B.

6.6 Conclusion

We have demonstrated that a ring laser using a tapered SMF tip can achieve high SMSR,
and tunable narrow bandwidth over a wide tuning range. To optimize the ring laser, we
choose fiber tips with a steep slope and L-band EDFA with a long relaxation time. The
bandwidth was tuned from 0.06nm to 0.17nm by varying the gain of the amplifiers. The
tuning speed of the ring laser can be compared to the relaxation time of amplifiers, which
is 10ms for the L-band EDFA. With the same tuning range, the bandwidth of the laser
is more than ten times narrower than that of an FBG laser, and it is tunable, while the
FBG laser and the FP laser both have a fixed bandwidth. With the same bandwidth,
the tuning range of the laser is more than ten times larger than that of an FBG laser and

an FP laser. In addition, this new tuning mechanism is simple and cost effective. Due
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to the lightweight tapered SMF tip, the stability of the tunable laser is less than that
of commercial tunable FBG lasers and FP lasers. However, enclosure of the device on a
vibration-free bench can greatly reduce the environmental disturbance to the fiber tip.
Furthermore, piezoelectric transducer tuning mechanics and additional feedback circuits
can be used to achieve high stability. The proposed ring laser with a tunable narrow
bandwidth over a wide wavelength range has great potential for wavelength division

multiplexing systems in sensing and communications.



Chapter 7

C- and L-band tunable fiber ring
laser using a two-taper

Mach-Zehnder interferometer filter

In this chapter, a two-taper Mach-Zehnder interferometer (MZI), is proposed as a mode-
selecting device in a fiber ring laser over both C- and L-band wavelength ranges. Section
7.1 introduces the research motivation. Section 7.2 presents the principle of a two-taper
MZI. Section 7.3 introduces the experimental setup and results. A thermal annealing
treatment is also applied to the tunable filter and substantially enhances the performance
of the tunable laser. Section 7.4 discusses the bandwidth measurement using delayed self-

heterodyne detection.

119
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7.1 Introduction

Tunable lasers have a variety of applications, in particular for wavelength division mul-
tiplexing (WDM), optical communication, and as optical sensors. Tunable filters are
often used as the wavelength tuning components of tunable lasers. All-fiber-based fil-
ters include fiber Bragg gratings (FBGs) [30-32], in-line Fabry-Perot (FP) filters [33],
and filters based on special fibers; such as multimode fibers (MMFs) [35], few-mode
high-birefringence fibers (FM-HBFs) [36], tapered fibers [28], and tapered fiber tips [94].
FBGs incorporated with piezoelectric stack actuators have a tuning range of over 45nm
with a 3dB bandwidth of 0.7nm. In-line fiber FP filters are commercially available, but
they are rather expensive and their tuning ranges are limited to less than Inm by the
piezoelectric stretching element. MMF filters have a larger tuning range of 60nm with
tuning steps of 2.5-3nm and a side-mode suppression ratio (SMSR) of 40dB [35]. A new
type of tunable laser, based on FM-HBFs, has also been reported recently. This new
laser has a tuning range in excess of 40nm with a tuning step of about 2.2nm and an
SMSR of 40dB [36]. By stretching an SMF taper, an EDFRL has a tuning range of over
20nm, a tuning step of over 2nm, a bandwidth of 0.05nm and an SMSR better than 45dB
over the entire tuning range [28]. For lasers based on tapered SMF tips, the tuning range

is less than 8nm with steps of 0.5-1.5nm and an SMSR of less than 35dB [94].
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Figure 7.1: Hlustration of a fiber MZI.

7.2 Principle

7.2.1 Principle of Mach-Zehnder interferometer

An MZI is a device used to determine the relative phase shift between two collimated
beams from a coherent light source. The interferometer has been used, amongst other
things, to measure small phase shifts in one of the two beams caused by a small sample
or the change in length of one of the paths. In free space, an MZI consists of two optical
beam splitters (combiners) and two mirrors to alter the directions of the beams. The
basic configuration of a fiber MZI is shown in Fig. [ and its basic components are
optical couplers and optical delay lines.

By cascading the transfer functions of two 3dB optical couplers and that of the optical
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delay line, the transfer function of an MZI may be found to be
U U (N L1
dy | ARG L 0 AR
1 1 ¢ L1
1 e _ pmid2 Z’(e—im + e—i¢2) a
i(e‘i¢1 + e—i¢2) _(e—i¢1 _ e—i¢2> ay

where ¢; = 27“71@-1/2- is the phase delay of each delay line.

If the input port 2 is disconnected (as=0), the optical power transfer function from

input port 1 to output ports 1 and 2 are

d A
Th=|— = sin2—¢, (7.2)
ay as=0 2
2
A
Ty = & = 0052—¢, (7.3)
ay as=0 2

with

Ao =61~ by = S (mls — maL), (7.4)

where A¢ is the differential phase shift between two MZI arms. The transmission effi-
ciencies T1; and Ty are functions of both the wavelength \ and the differential optical

length Al = my Ly — nyLs between two MZI arms. Obviously, an MZI can be widely
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used as an optical filter. As long as the optical length difference changes, the phase will
change, and so does the spectrum. Note that this optical length difference may arise
either from a different path length AL = L; — Ly or through a refractive index difference

An = ny — ng.

7.2.2 Principle of two-taper Mach-Zehnder interferometer

Two abrupt fiber tapers made of single-mode fiber (SMF) are concatenated to form an
in-line fiber MZI [22], which is shown in Fig. [ 2(a). The abrupt tapers are fabricated
by an Ericsson fusion splicer (FSU-995FA) using a customized tapering program. The
taper profiles are quite uniform, with a typical waist diameter of 33um. A microscope
image of a representative fiber taper is shown in Fig. [[2(b). When a fiber is tapered
down to tens of micro-meters, it becomes more pliable and can be bent at a much larger
angle than SMF without breaking. By making use of this mechanical characteristic, a
simple and cost-effective tunable MZI is built. The tapers are fixed on three positioning
stages, and the middle jacket-off fiber is straightened. The curvature of the first taper
is adjustable in three dimensions, while the second taper is always kept straight. The
fundamental mode is partly coupled to the cladding modes (the two solid blue lines in
the cladding of the jacket-off SMF in Fig. [.2(a)) by the first taper [§]. The excited
cladding modes propagate along the jacket-off fiber, which is assumed to be a lossless
waveguide. The remaining energy is kept in the core mode (the single red line in the

core of the jacket-off SMF in Fig. [[2(a)). Then, on passing through the second taper,
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Figure 7.2: (a) Schematic of a two-taper MZI. D: cladding diameter of SMF; d: cladding
diameter of the fiber taper waist; L: the cavity length. (b) Microscope image of a
representative taper. The length of scale bar is 50um.

part of the cladding modes are coupled back into the core. According to Eq. ([4]), the
refractive index differences between the core mode and the cladding modes give rise to
the differential phase shift between two MZI arms and results in multiple interferences,

which are observable as a pattern of oscillation in transmission spectra [95].

7.3 Experimental setup and results

First, the transmission spectrum of a two-taper MZI is inspected. An amplified sponta-
neous emission (ASE) from an L-band EDFA was connected to a two-taper MZI and the
reshaped spectrum was monitored by an optical spectrum analyzer (OSA). Because of

the interference between the core mode and the cladding modes in the two-taper MZI,
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the ASE is reshaped into a comb-like transmission spectrum [95]. As a taper is bent,
the deformed taper waveguide may excite more cladding modes and change the coupling
coefficients of the different cladding modes [96-98]. As shown in Figs. [[.3(a) and (b), the
total transmission loss is about 8-24dB, which increases as curvature of the bent taper
increases. The normalized attenuation spectra are Fourier transformed to get the spatial
frequency spectra of the interference fringes. The spatial frequency value £ is defined as

(93]

AmL

(7.5)

The spatial frequency is proportional to the interferometer length L and related to the
differential modal group index Am between two interference modes. If there is more
than one peak in the spatial frequency spectrum, many cladding modes are involved in
the interference. The amplitude of the peak indicates the energy of the cladding mode.
Comparing Figs. [[.3|(c) and (d), the amplitudes of the peaks increase greatly. It means
that more energy is coupled from the fundamental mode to the cladding modes when
the taper is bent.

The bending also introduces a small cavity length change AL in the MZI. All these
factors can result in the observed variation of the transmission spectrum [96].

The two-taper MZI is employed as a bandpass filter in a fiber ring laser. Figure[7.4(a)
shows the laser setup, which consists of a two-taper MZI filter, an L-band Erbium-doped
fiber amplifier (EDFA), an isolator, a polarization controller (PC), and a 99 : 1 coupler.

The optical amplifier provides the gain, while the isolator keeps the laser unidirectional
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Figure 7.3: (a) The transmission spectra of a two-taper MZI filter at §z=0 and dz=1mm
states. (b) The attenuation as a function of the position change along z axis. (c¢) (d)
FFT responses of the normalized transmission spectra at dz=0 and dJz=1mm states,
respectively.

and the PC is used for suppressing the side modes. An OSA is connected to the 1%

output port of the coupler to monitor the spectrum. The millisecond-scale fluorescence

time of the EDFA keeps the light going through a nanosecond round trip with high gain

millions of times. Only peaks with higher intensity can be amplified in these trips so that,

after many passes, a one-peak output is achieved. When no external stress is applied to

the taper region, the wavelength of the laser output is around 1600nm. This wavelength
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decreases consistently as the taper bending angle is increased. In this way, the fiber ring
laser can be tuned easily.

Thermal annealing was also used to optimize the two-taper MZI filter. The whole
MZI filter was put in a closed oven at a constant temperature T=120°C". After 24 hours,
the oven was switched off and then the filter was allowed to slowly cool to room temper-
ature. The transmission loss of the filter was thus improved by 2dB. This improvement
arose because the annealing treatment releaves internal mechanical stresses, eliminates
interstitial defects, and stabilizes the MZI structure, while in taper fabrication, many in-
ternal stress points are formed and result in density nonuniformity, which creates many
local scattering centers. Figure[[4(c) shows that, with an L-EDFA current of 63mA and
an annealed 35cm MZI, the laser is tunable over the entire L-band (1564-1605nm) with
an SMSR of 50dB, a bandwidth of 0.1nm, and tuning steps of 0.8-1nm. The annealing
treatment allows the tunable laser to cover a larger range with smaller tuning steps.

Instead of an EDFA, an Erbium-doped fiber (EDF) was used to provide the gain for
the C-band laser. As shown in Fig. [[5{(a), the laser includes a 1m two-taper MZI filter,
a section of forward pumped 7m EDF (R37PM01, OFS Inc.), a 1480nm laser diode (LD),
a 1480/1550 wavelength-division multiplexer (WDM) coupler, an isolator, a PC, and a
99 : 1 coupler. The WDM is used to combine the short wavelength pump with the longer
wavelength signal. The WDM combiner was used instead of a simple optical coupler to
avoid the combination loss. Figure [Z.5[(b) shows the relation between the SMSR and the

pump power; the threshold pump power is 17.68mW. The threshold value is related to
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Figure 7.4: (a) Experimental setup of the L-band tunable ring laser using a two-taper
MZI filter. Tuning characteristics of the ring laser with Izpr4 =63mA and L=35cm (b)

before annealing and (c) after annealing.

the cavity loss. Once the pump power is over the threshold value, the SMSR of the laser
output increases nonlinearly and tends to be saturated. Figure [.H(c) shows that, with a
pump power of 251.9mW, the laser can be tuned over the full C band with an SMSR of
50dB, a bandwidth less than 0.06nm (the maximum resolution of the OSA), and tuning

steps of 0.3-0.7nm. It is shown that the output power difference is less than 0.5dB over
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Figure 7.5: (a) Experimental setup of the C-band tunable ring laser incorporating a
two-taper MZI filter. (b) SMSR of laser output versus pump current. (c¢) Tuning char-
acteristics after annealing with pump power of 251.9mW.

the complete C band.

When the taper is in a loose state, the position of the moving stage is defined as
the zero point in the coordinate systems shown in Fig. [[.2[a). The curvature of the
taper can be changed by moving the stage along the 4z axis. This means that the

taper is bent or stretched. In this way, it was found that the laser output was shifted
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Table 7.1: Laser characteristics using MZIs with different lengths.

Characteristics Cavity Length (cm) SMSR(dB) Bandwidth (nm) Tuning Range (nm) Step (nm)

15 40-50 0.1-0.12 1564.9-1599.6 2-3
L-EDFA 20 45-50 0.1-0.14 1564.0-1602.4 1-2

35 50 0.1 1563.9-1604.1 0.8-1
7m EDF 35 45-49 0.06 1557.0-1565.6 0.4-0.7

100 42-50 0.06 1550.3-1564.6 0.3-0.7

to shorter wavelengths as the taper curvature was increased. Figures [[L6(a)—(c) show
the relationship between the moving distances of the stage and the laser wavelengths.
In order to cover the whole C-band range, slight adjustments along the x and y axes
were also needed. Our experimental results further indicate that all tuning processes
are reversible. To evaluate the laser output stability, we operated the laser in an open
environment at room temperature. The wavelength shift was less than 0.06nm after 10
hours.

The laser tuning range was found to be associated with the cavity length of the
MZI. The results in Table [Z.Ilimply that the tuning range increases as the cavity length
increases. Since tuning is achieved by bending the taper, the material fatigue of the
tapers is relevant to laser operation. Repeated tests were conducted before and after
annealing. There was no sign of degradation of the laser output during these tests. We
thus believe that these tapers are operating within the elastic region of their constituent

material.
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Figure 7.6: Laser tuning is realized by bending the taper along the z, y, and z axes.
The black square and the red circle symbols represent the laser wavelength tuning cir-
cles. While keeping (a) Ay=0, Az=0, (b) Ay=0.5mm, Az=0, and (c¢) Ay=0.5mm,
Axz=0.5mm, the laser is tuned by moving the stage along the z axis.
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7.4 Bandwidth measurement

In the case of the EDF| it is found that the bandwidth of the laser is ~0.06nm, which is
equal to the maximum resolution of the OSA. In fact, typical grating-based OSAs do not
offer enough measurement resolution required for laser bandwidth measurement. Scan-
ning filter methods are not able to achieve this measurement resolution either. Compared
with heterodyne detection, delayed self-heterodyne detection provides a simpler method
to perform laser bandwidth measurement, because a large optical delay is used to replace
a separate local oscillator.

The schematic setup for the optical delayed self-heterodyne detection is shown in
Fig. [[.7. The laser output is split into two paths by the MZI. The optical frequency of
the upper arm is offset by an acousto-optic modulator (AOM, Brimrose) with respect
to the other. The frequency shift is ~200MHz. The length of the delaying fiber is
~2m, which must be longer than the coherence length of the laser, so that the two
combining beams interfere as if they originated from two independent lasers. Thus the
system performs in a manner similar to optical heterodyne detection. The bandwidth
information is translated from optical frequencies to low frequencies, where electronics
instrumentation operates. The interference signal is detected by using a photodetector
(PD, Thorlabs PDB130C-AC). The spectrum is measured by using an electrical spectrum
analyzer (ESA, Agilent E4446A). The measurement results are presented in Fig. [.8 2m
delay line corresponds to a frequency rsolution of ~50MHz [2,54]. The cavity length

is ~23m, which corresponds to a mode spacing of 8.6MHz. When the interferometer
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Figure 7.7: Schematic setup for optical delayed self-heterodyne detection. C;, Cy: 3dB
coupler; PC: polarization controller; AOM: acoustic-optic modulator; PD: photodetector;
ESA: electrical spectrum analyzer.
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Figure 7.8: (a) (b) Laser bandwidth measurement using delayed self-heterodyne detection
technique for cavity lengths of 35cm and 100cm, respectively.

length L=35cm, the bandwidth of the laser is ~1.3GHz (10pm). When L is increased
to 100cm, the bandwidth is improved to and ~0.9GHz (7pm). Even through it is not a
single longitudinal mode (SLM) laser, most longitudinal modes are suppressed and ~100

modes are left.
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7.5 Conclusion

In conclusion, we have successfully demonstrated a C- and L-band tunable ring laser using
a two-taper MZI filter. The laser can be tuned in the 1550-1605nm wavelength range by
using two different gain media. The fabrication of the MZI filter is simple, cost-effective,
and repeatable. The material durability and operation stability are demonstrated in the
experiments. It is expected that the stable laser could be used effectively for WDM

systems in sensing and communication.



Chapter 8

Tunable Fabry-Perot filter using
hollow-core photonic bandgap fiber
and micro-fiber for a

narrow-linewidth laser

In this chapter, a novel tunable fiber Fabry-Perot (FP) filter is proposed and demon-
strated experimentally. The fiber FP filter is fabricated by using a hollow-core photonic
bandgap fiber (HC-PBF) and a micro-fiber. The FP filter is incorporated in an Erbium-
doped fiber ring laser (EDFRL) to build a simple and efficient mode selection mechanism.
Section 8.1 presents the research motivation. Section 8.2 presents basic principle of FP

filter and section 8.3 describes the fabrication and principle of this novel FP filter. Sec-

135
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tion 8.4 shows an EDFRL setup and its characteristics. Both the theoretical discussion

and experimental results confirm the single longitudinal mode (SLM) operation.

8.1 Introduction

Cost-effective tunable Fabry-Perot interferometers (FPIs) have been successfully com-
mercialized and widely used for measurement of various parameters, such as strain,
temperature, pressure, vibration, etc., in many fields [99-102]. In the past decade, most
of the FPIs were based on splicing of different kinds of fibers, such as single mode
fibers (SMFs) and multimode fibers (MMFs) |103], SMFs and photonic crystal fibers
(PCF's)[104], SMF's and hollow-core photonic crystal fibers (HC-PCFs) [105], SMF's and
hollow-core photonic bandgap fibers (HC-PBFs) [106], SMFs and tapered SMF tips [107].
However, these FPI sensor configurations have a limited tuning range on the order of
micrometers.

Tunable lasers are of considerable interest for many applications, such as wavelength
division multiplexed (WDM) communications, fiber sensors, high-resolution spectroscopy
and optical coherent tomography. Linewidth is an important performance parameter.
Standard distributed feedback (DFB) lasers and external cavity lasers (ECL) have typ-
ical linewidths of 5MHz and 100kHz, respectively. Tunable single-longitudinal-mode
(SLM) lasers have the advantage of narrow spectral linewidth. Complex mode selection
mechanisms have been used to achieve the SLM operation in erbium doped fiber ring

lasers (EDFRL), such as multiple subring-cavities combined with either a fiber Bragg



Tunable FP filter using a HC-PBF and a micro-fiber 137

grating (FBG) [84] or with an intracavity FP filter [85] or with a high finesse ring fil-
ter [108], a saturable absorber combined with either a widely tunable FBG [86, I87] or
with an FP filter [88, 89], and a tunable FBG FP etalon [90, 91]. With a sub-cavity
which is complicated and difficult to control, the side-mode suppression ratio (SMSR)
of a conventional SLM-EDFRL can reach 50dB [84] or higher [108]. With a saturable
absorber, the linewidth is reduced to ~2kHz [84] or less [86, 88]. Due to the low finesse
associated with low reflectivity in the transmission mode, the filter is used as a mode
selecting element in ring laser, and has limited the linewidth (>5KHz) and tuning range

(hundreds of GHz) of the fiber laser.

8.2 Principle of Fabry-Perot interferometer

A FPI consists of two parallel mirrors, having power reflectivities Ry and Rs, separated by
a cavity of length L containing a medium of refractive index n. The reflection process will
be repeated many times until the amplitude is significantly reduced due to the multiple
reflection losses. An illustration of an FPI is shown in Fig. 8.1l The excess loss, which
corresponds to the portion of the incident power absorbed or scattered out of the beam
by the mirror is neglected. The optical field amplitudes of light rays 0, 1, 2, and N are
listed, where F; is the input optical field, ¢ is the single-trip propagation phase delay in

the interferometer, which is given by

B 2mnl
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Figure 8.1: Transmission model of an FP filter.

where A is the wavelength of light in vacuum.

Adding all transmitted beams, the total transmission field is

Ep = i E,,
m=0

:EZ \/1 — Rl \/1 — R26i¢ Z ( R1R27’]6i2¢)m
m=0

, 1
—FE\/1— Ri\/1 — Rye'® S 8.2
AL &

The normalized transmitted optical intensity 7'(\) can be derived as follows,

T = ‘@ a (1= Ri)(1— Ry ' (8.3)
Ei 1—+ R1R2772 + 4\/ R1R277 SiIl2 ¢
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When Ry, = Ry = R, T'()\) is simplified to

(1—R)?

. 8.4
(1 — Rn)* + 4Ry sin® (27 84)

T(\) =

From Eq. (84]), when the cavity length varies, the phase will change, and the reflection

spectrum will shift.

8.3 Fabry-Perot filter fabrication and principle

A schematic diagram of the tunable FP filter is shown in Fig. [8.2(a). The filter consists of
a section of HC-PBF (NKT Photonics, HC-1550) spliced with a standard SMF (Corning,
SMF-28) and a section of micro-fiber. As shown in Fig. B2(b), the HC-PBF, which guides
light by the photonic bandgap (PBG) effect, has an air-core surrounded by a micro-
structured cladding comprising a triangular array of air holes in a silica background.
The core and cladding diameters of the HC-1550 are 10.9um and 120pum, respectively.
The mode field diameter (MFD) of the HC-1550 is 7.5um, which is different from that of
the SMF (10.5um). Fabrication of the etalon is straightforward and highly repeatable.
First, the cleaved end of a HC-PBF is spliced to the cleaved end of a SMF-28 fiber
using repeated arc discharges [109]. The micro-hole collapse effect of HC-PBFs should
be taken into account. An electric arc fusion splicer (Fitel, FSU995A) with special
parameters can repeat a low-loss fusion splice with good mechanical strength and a

smooth reflective surface. Fresnel reflection is generated at the splicing point due to
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modal field mismatch and refractive index difference. Second, the spliced HC-PBF is
cleaved to a desired length L,, on the order of millimeters. Compared with the high
transmission loss in a conventional Fizeau cavity with an air gap, the length of the
low-loss FP cavity could be extended to several centimeters [105, 110]. Third, the micro-
fiber is fabricated by chemical etching. A section of cleaved SMF is dipped into 5%
Hydrofluoric (HF) acid vertically for about 20 hours. The fiber diameter, d, is reduced
to 8-10um. The micro-fiber with a uniform diameter of d and a length of ¢ can be
designed to meet the requirement of the FP cavity. The end of micro-fiber acts as the
other reflection mirror in the FP cavity. Fourth, in order to improve the fringe visibility,
a gold film with a thickness of 20nm is coated at the end of the micro-fiber. The reflection
coefficient of the film is ~85%. A Fizeau-type etalon is formed by the reflection from the
splicing surface of SMF and HC-PBF and the gold-coated end of the micro-fiber. The
spacing of the FP filter can be changed over a large distance by adjusting the position
of the micro-fiber in the hollow core of a HC-PBF. Microscope images of two reflection
mirrors in the experiment are shown in Figs. B2(c) and (d). In these experiments,
d=9pm, (=3mm, and L,,=2.74mm.

For the FP filter, free spectral range (FSR) can be tuned by changing the longitudinal
displacement of the micro-fiber, which is given by

)2

FSR =" .
SR=—. (8.5)
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Figure 8.2: (a) Configuration of an FP filter based on HC-PBF and micro-fiber. Dgp/p:
Cladding diameter of SMF, Dpgpr: Cladding diameter of HC-PBF, L,,: the length of
HC-PBF, L: the cavity length, ¢: the length of the micro-fiber, d: Cladding diameter
of the micro-fiber. (b) Cross section of HC-1550. (c) Microscope image of a splicing
point between SMF and HC-1550. (d) Microscope image of a HC-1550 with an inserted
micro-fiber.

where L is the cavity length and n is the cavity refractive index. In the hollow core of
HC-PBF, the medium is air and hence n=1. The FP filter with a long cavity length has
a small FSR. Therefore, the reflection spectrum with a sharp slope allows the FP filter
to be an efficient mode selecting etalon.

The model of electric fields at the FP cavity is shown in Fig. B3l R; and Ry are the

power reflection coefficients of the splicing point and the end of micro-fiber, respectively.

Ry is given by

2

NEC— -

R, — ( HC—PBF SMF) ’ (8.6)
NHC—PBF + NSMF
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Figure 8.3: Reflection model of an FP filter.

where ngc_ppr and ngyp are refractive indices of the HC-PBF and SMF, respectively.
Ry is ~3%. Before coating, the power reflection coefficient Ry can be calculated similarly.
After coating, R, is the reflection coefficient of the gold film, which is as high as 85%.
a1 is the transmission loss factor at the splicing point. ayc_pgr is the transmission loss
in the hollow core of HC-PBF. Here apc_ppr can be ignored [110]. n < 1 is the excess
power loss of reflection on the mirror due to the non-ideal beam alignment. ¢ is the
optical phase induced by the FP cavity, which is given in Eq. (8.

E; is the input electric field and Eg is total reflected electric field at the detector,

which is given approximately by

Ep = E, [JRT (1= )1 = Ri)(Ron)7e™® 4+ (1 — ar)(1 — Ry)(Rin)? Rane?™] . (8.7)
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The normalized reflective optical intensity Iz(\) can be derived as follows [54],

Er|?

E;

I~

=V (1= )= R (B2 4 (1 o)1 = R (R Rane™|

:Rl + (1 — a1)2(1 — R1)2R27] - 2(1 - Oél)(l - Rl)RlRQ"]%
+2 [(1 — a1)(1 = Ry)(RiRom)® + (1 — a1)?(1 — Rl)ZRlﬁRSUQ] cos4¢

+4(1 —ay)(1 — llfl)l?leoﬁcos2 4¢. (8.8)

Eq. (838) indicates that Ir(A) would reach its maximum and minimum when and

cos4¢p=1 and cos4¢p=-1, respectively. The fringe visibility is determined by [106]

[Rmaz - [Rmzn

= 8.9
Ig, o + 1R, ( )
Inserting Eq. (88)) into (8], we obtain
2(1— ) (1= By) (RiRo)? [0} + (1= 1) (1= By) Rop?
14 , (8.10)

B Rl + (1 — Oé1)2 (1 — R1)2 RQT] + 2 (1 — Oél) (1 — Rl) Rleﬁ%
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and
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N | —

Using the experimental data, we have %—7‘7/ > (0, which means that the fringe visibility
V will decrease as n decreases. In addition, we know that 1 decreases as the cavity length
L increases for a fixed length of the HC-PBF. Therefore, we obtain ‘g—‘L/ < 0, which means

that the fringe visibility of the FP filter decreases as the cavity length increases.

8.4 Experimental setup and results

The EDFRL configuration is shown in Fig. R4l The gain medium, a 7m EDF (R37PMO01,
OFS Inc.), is forward-pumped through a WDM by a 980nm laser diode (LD). The EDF
has a peak absorption of 18dB/m at 1530nm. Two polarization controllers (PC) are
used to adjust the polarization state of the light, which is used to optimize SMSR for
each wavelength. An isolator (ISO) keeps the laser unidirectional. The laser output
is monitored by an optical spectrum analyzer (OSA) through the 1% output port of a
coupler (Cy). The 99% output of the coupler is injected into the FP filter via port 1

of a circulator. The reflected light of the FP filter is coupled into the main ring cavity
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Figure 8.4: The upper ring is schematic setup of a tunable ring laser incorporating the
novel FP filter. Cy: 99:1 coupler; PC;, PCsy: polarization controller; ISO: isolator; The
bottom MZI is schematic setup for optical delayed self-heterodyne detection. C,, C3: 3dB
coupler; AOM: acoustic-optic modulator; PD: photodetector; ESA: electrical spectrum
analyzer.

through port 3 of the circulator. The main ring cavity generates an enormous number
of longitudinal modes. Suppression of side longitudinal modes is achieved by the novel
FP filter with millimeter cavity length. The millisecond-scale fluorescence relaxation
time of the EDF keeps the light going through a nanosecond round trip several million
times to create high gain and long coherence length. In this way, a narrow-linewidth
SLM operation is established by a simple combination of the novel FP filter and the
single-ring cavity.

Figure B4 presents the reflection spectra (1550-1560nm) of the FP filter with dif-
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ferent cavity lengths. These series of sharp fringes in wavelength space are used as a
mode selection mechanism. When the cavity length L =0.36mm, 0.67mm, 1.23mm and
2.57mm, FSR=3.22nm, 1.72nm, 0.94nm and 0.45nm, respectively. Without and with
gold coating, the insertion losses of the FP filter are 16.5dB and 12.7dB, respectively,
with a cavity length of 0.36mm. The main loss is due to ~3% Fresnel reflection at the
splicing point between the HC-PBF and SMF. As shown in Fig. B.5] the insertion loss
increases as the cavity length of the FP filter increases due to non-ideal beam collimation
in the HC-PBF and micro-fiber section. With the help of a 20nm gold film coated at
the end of the micro-fiber, the contrast is improved from 2.9dB to 12dB with the cavity
length of 0.36mm. The corresponding fringe visibility increases from 0.32 to 0.88. When
the cavity length is increased to 2.57mm, the contrast is improved from 1dB to 5dB.
The corresponding fringe visibility increases from 0.08 to 0.39. Because 7 decreases as
the cavity length L increases, the fringe visibility of the FP filter decreases as the cavity
length increases. Here g—‘L/ < 0 is verified experimentally. Comparing the slope of reflec-
tion spectra within a fixed wavelength range, the longer cavity length is associated with
a sharper slope, which provides more efficient mode selection as an FP filter.

Tuning characteristics of the SLM-EDFRLs are shown in Figs. B6la) and (b). The
characteristics of the SLM-EDFRLs are listed in Table 81l With a short cavity length
of 0.25mm and a tuning range of £0.14mm, the FP filter has a larger FSR with a
slow changing slope. The laser has a large tuning range over 1554-1562nm with a large

step 0.2-0.3nm. The corresponding resolution of the translation stage is ~0.004mm
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Figure 8.5: The reflection spectra of an FP filter (a) without and (b) with gold coat-
ing, respectively. When the cavity length L=0.36mm, 0.67mm, 1.23mm, and 2.57mm,
FSR=3.22nm, 1.72nm, 0.94nm, and 0.45nm, respectively.

during laser wavelength tuning. When the cavity length increases to 2.37mm and the
tuning range increases to £0.37mm, the FP filter has a shorter FSR with a sharp slope.
The tuning range of EDFRL is decreased to 1557.3-1560.2nm, while the tuning step
is decreased to 0.06-0.1nm. The corresponding resolution of the translation stage is
~0.002mm during laser wavelength tuning. The minimum resolvable tuning step of the
laser is limited by the 0.0813802um resolution of the motorized translation stage and the
0.06nm resolution of OSA. In practice, two accurate piezoelectrics (PZT) can be used
for coarse and fine adjustment of the cavity length. The characteristics of the SLM-
EDFRLs can thus be further improved. The power stability is also investigated. When
the injected pump power is 190mW, the output power of the lasers are -8.04+0.4dBm
and -7.6+0.1dBm, with the short and long FP cavities, respectively. Therefore, the high

power stability of the proposed laser has been confirmed.
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Figure 8.6: (a) Tuning characteristics with cavity length L = 0.25 + 0.14mm and pump
power Pppr=190mW. (b) Tuning characteristics with cavity length L = 2.37 4+ 0.37mm
and pump power Pgpr=190mW.

As shown in Fig. B4] the linewidth of the laser output is measured by the self-
heterodyne method. The laser output is launched into a MZI which is constructed by
two 3dB couplers Cy and Cs. An acousto-optic modulator (AOM, Brimrose) is added
into the upper arm of MZI to generate a frequency shift of ~200MHz. The length of
delaying fiber is 100km, which corresponds to a 1kHz frequency resolution [54]. The in-
terference signal is detected by using a photodetector (PD, Thorlabs PDB130C-AC). The

spectrum is measured by using an electrical spectrum analyzer (ESA, Agilent E4446A).

Table 8.1: Laser characteristics.

Cavity length (mm) 0.2540.14 2.37+0.37
Tuning range (nm)  1554-1562 1557.3-1560.2

Tuning step (nm) 0.2-0.3 0.06-0.1
SMSR (dB) 3236 44-51
Linewidth (kHz) 5.1-9.1 3.0-5.5

Power (mW) 0.164+0.015  0.17£0.004
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Figure 8.7: (a) Electrical spectra measurement of SLM-EDFRL with FP cavity lengths
of L=0.36mm and L=2.51mm. The inset shows the electrical spectra of the beating
signal of the main EDFRL cavity without FP filter. (b) 3dB linewidth measurement by
ESA.

The electrical spectrum of the beating signal of the main EDFRL cavity without the
FP filter is inserted into Fig. B7(a). The measured FSR is ~5.9MHz. Figures 87(a)
and (b) indicate the SLM operation and the narrow 3dB linewidths. For L=0.36mm,
the SLM-EDFRL has an SMSR of 36dB and a linewidth of 5.1kHz. For L=2.51mm,
the SLM-EDFRL has an SMSR of 51dB and a linewidth of 3.0kHz. Several residual
side modes are highly suppressed and the spacing of the nearest side modes is ~5.9MHz.
The experimental results confirm that the FP filter with a longer cavity has much better
side-mode suppression.

The SMSR is controlled by the polarization state of light, pump power and the mode

selecting efficiency determined by the FP cavity length. For L=0.36mm and 2.51mm,
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the threshold pump powers are 22mW and 20mW, respectively. As shown in Fig. [8.§|(a)
and (b), when the threshold pump current is reached, the EDFRL with a longer-cavity
FP filter can obtain an SMSR of ~31.2dB while the shorter one only has an SMSR of
~16.5dB. In the low pump current range, all side modes vanish and the lasting longi-
tudinal mode increases quickly, as shown by the curve of Pgpr=20mW in Fig. 88 (b).
Therefore, the SMSR increases as the pump current increases. The SMSR reaches a
maximum at the optimum pump current of Pgpr=102mW for both lasers. In the high
pump current range, the side modes are partly suppressed and will increase as the pump
current increases. Hence the SMSR decreases as the pump current increases. As shown

in Fig. B8(a), linewidths are always limited in the range of 3-5kHz.
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Figure 8.8: (a) SMSR (solid line) and linewidth (dash line) measurement when the pump
power increases from the threshold value to 249mW. (b) Electrical spectra measurement
of SLM-EDFRL with FP cavity lengths of L=2.51mm and Pgpr=20mW, 102mW and
249mW, respectively.
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8.5 Conclusion

In conclusion, we designed and demonstrated a tunable FP filter, which is formed by a
section of HC-PBF spliced with an SMF and a section of gold-coated micro-fiber. The
hollow core of a HC-PBF is used as the interference cavity. The FP mirrors is comprised
of a splicing point between a section of HC-PBF and a SMF and the gold-coated end of
an inserted micro-fiber inside the HC-PBF. The repeatability of the fabrication process
is proved in the experiments. The tunable FP filter with a millimeter cavity length
constitutes an efficient mode selection mechanism in an EDFRL. With a cavity length
of 0.25mm and a tuning range of £0.14mm, the SLM-EDFRL can be tuned over 1554—
1562nm with a minimum step of 0.2nm. The SMSR reaches 32-36dB and a linewidth
of 5.1-9.1kHz. With a cavity length of 2.37mm and a tuning range of +0.37mm, the
SLM-EDFRL can be tuned over 1557.3—1560.2nm with a minimum step of 0.06nm. The

SMSR reaches 44-51dB and a linewidth of 3.0-5.5kHz.



Chapter 9

Conclusion

9.1 Conclusion

This research proposes an efficient distributed birefringence measurement method—optical
frequency-domain reflectometry (OFDR) technique-to continuously analyze the mode
coupling process along tapered single-mode fibers (SMFs) and their thermal and me-
chanical properties. Based on the thermal properties study, it is found that annealing
treatment is an essential step for the fabrication of fiber tapers, which can improve their
optical properties. This is because the inhomogeneous refractive index character, due
to residual stress induced by tapering process, can be distinctly eliminated by annealing
treatment.

In addition, this OFDR method has been demonstrated to evaluate the polarization-

preserving character of tapered polarization-maintaining fibers (PMFs). The reduced
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thickness of stress-applying components results in the stress relaxation and reduces the
birefringence in the tapered PMFs. Another factor is the generation of higher-order
modes. Compared with cutback method, polarization extinction ratio (PER) and po-
larization dependent loss (PDL) measurement, the measured distributed birefringences
along tapered PMF's reveal the accurate polarization maintaining ability. Because ta-
pered PMF have various applications, the effective method to evaluate polarization pre-
serving character is a matter of great significance.

This thesis also makes contribution to narrow-linewidth tunable Erbium doped fiber
ring lasers (EDFRL). Instead of expensive fiber Bragg gratings (FBGs), Fabry-Perot
(FP) filters and other complicated mode selecting devices, we build simple mode selecting
mechanisms using micro-fiber devices. The fabrication is much easier and at a lower cost.
First, in the EDFRL, the basic factor, the fluorescence relaxation time of gain medium,
Erbium doped fiber (EDF), is studied. Compared with SOA, EDF has longer carrier
lifetime, which benefits the formation of a ring laser and reduces the strict requirements
for the mode selecting filters. Secondly, tapering is widely used as an effective mode
conversion technique. Higher-order modes are easy to be excited in the tapering process.
By exciting different higher-order mode, the refractive index difference is tuned. Based
on this principle, a cost-effective two-taper MZI is built in a section of SMF and forms
a tunable EDFRL over both C- and L-band wavelength ranges. Compared with tapered
fiber tip, with a high transmission loss of ~10dB, the transmission of a two-taper MZI

is much lower (<1dB). This advantage improves lasers’ performance, such as SMSR
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and bandwidth. Thirdly, the hollow-core of a hollow-core photonic bandgap fiber (HC-
PBF) is used as an FP cavity for the first time. Both low transmission loss and high
finesse of such a tunable FP filter can implement stable single longitudinal mode (SLM)
operation in a ring laser and obtain an SMSR of 51dB and a linewidth of 3.0kHz. The
low transmission loss in the hollow core [110] makes it possible to extend a tunable FP
cavity length to several millimeters, or even centimeters. Hence better laser performances

could be obtained.

9.2 Future work

Some possible future research directions are presented as follows.

As mentioned in Chapters 3 and 4, for the distributed mode coupling measurement
using OFDR system, there is a tradeoff between spectral resolution and spatial resolu-
tion due to finite rates of the TLS and the DAQ. The tunable laser’s characters, such
as coherent length, the frequency sweep range as well as the sweep speed, are related
to the achievable spatial resolution and measurement range. The relations are shown in
Egs. B8) and ([B.9). If we employ a tunable laser with better coherence, lower phase
noises, wider frequency sweep range and faster tuning rate, OFDR will have better perfor-
mances. In addition, the rate of DAQ should be improved. Therefore, the improvement
of OFDR system will result in better spatial resolution for the distributed mode coupling
measurement of fiber devices.

Using the proposed OFDR method, we can efficiently evaluate polarization preserv-
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ing character of tapered PMFs. In this way, it is able to find a tapered PMF with
smaller waist size and good polarization-maintaining property. One may make use of
its high sensitivity and high birefringence to build sensors. First, tapered PMFs with
asymmetric structures including two stress-applying components are highly sensitive to
twist angle. If a light is launched to the axis of a tapered PMF at the input port, the
transmission loss, PDL or other parameters may be measured as a function of the twist
angle. Then these tapered PMFs could be used as torque sensors. Another application
of taper PMF's is to be electrical current sensors by twining a tapered PMF around a
straight copper wire. A tapered fiber becomes more pliable and can be bent at a much
larger angle than SMF with very low losses. The ability of fiber tapers to guide light
over bend radii of the order of a few micrometers has been exploited to minimize the
sensor size [111]. Magnetic field sensors utilizing low-birefringence (LB) fibers have some
disadvantages because LB fibers appeared to be very sensitive to external exposures,
such as bending and squeezing. That means that, in order to achieve good accuracy
for "field circumstances” (particularly in abroad temperature range), one have either to
protect the optical scheme from external parameters changes or to install additional sen-
sors to compensate correspondent errors. Although the birefringence in tapered PMFs
is reduced, the value is still at a level of 107, The high birefringence change could be
useful for magnetic field detection. It is noted that a thin Teflon film may be coated
on the tapered PMFs to reduce the thermal effect. Furthermore, based on the ther-

mal and mechanical properties of SMF tapers and PMFs, tapered PMFs will have same
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thermal response and several hundred times higher force sensitivity than that of PMFs.
The tapering process may results in more inhomogeneous index characteristic in tapered
PMFs than that in tapered SMFs, but the annealing treatment is helpful to significantly
reduce the inhomogeneity, which may reduce polarization-maintaining property as well.
We need to prove this tradeoff in the experiments. The autocorrelation wavelength shift
indicates the refractive index difference between the fundamental mode and higher-order
modes through mode coupling process; the cross-correlation wavelength shift indicates
the refractive index change of the dominating mode (such as fast or slow mode in PMF's).
Both the refractive index difference and the refractive index itself are linear functions of
temperature and force, respectively. Using these parameters, tapered PMFs are able to

simultaneous temperature and force sensors.
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Cladding mode calculation in

tapered fiber

For the cladding modes, ng, < nefr < ne, we consider the bounded solutions with
the core-cladding and cladding-air interfaces. A three-layer step-index fiber model with
dispersion relation is proposed [37] and a list of clearer and ready-to-program relations
is included [39].
The electromagnetic fields v, propagating in z-direction along the fiber, must satisfy
the scalar wave equation, which is expressed in cylindrical coordinates (r, ¢, z) as follows,
2 10 1 02

{ﬁ—k;a—kﬁ@—l—klﬂz—ﬁz}?ﬁ:o, (Al)

where 1) represents electric or magnetic field, the wavenumber k = 27” in terms of the

free-space wavelength A, n is the refractive index profile and § the propagation constant,

5 = k:ne ff-
With defined modal parameters

uy =k (nZ, — ngff)% , (A.2a)
ug =k (niff ngl)% , (A.2Db)
w3 =k (ngff niir)% g (A.2c)
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the solution of Eq. (A.l) is as follows,

AJ, (uyp) v if 0 <r<p;
Y = [BJ, (u1p) + CY, (ugp)] e? if p <1 < pu; (A.3)
DK, (wsp) e™v? if r > pgy.

where A, B, C and D are constants, J,,, Y,, and K, are the vth-order Bessel functions of
the first kind and the seconde kind, and the modified Bessel function of the second kind,
respectively. For the linearly polarized (LP) modes, LPg,, modes and LPy,, modes, v = 0

and v = 1, respectively. Therefore, the electric field and magnetic field components are

given by
(AlJv (uyp) €v? if 0 <r <p;
U= q [Bidy (u1p) + C1Yy, (ugp)] € if p <1 < pu; (A.4)
\DlKv (wsp) V¢ if 1> py.
and )
Ay, (urp) ev? if0<r<p;
© = { [Bad, (u1p) + CoY,, (up)] € if p <7 < py; (A.5)
\DQKU (wsp) V¢ if r > pg.

where A;, B;, C;, and D; (j = 1,2), are constants. The electric field and magnetic field

are expressed as

F = |Ef+ E,b+ E.3] 0zt A.6a
(]
H = [H# + H,d+ H.2| 00 A.6b
@
with
Cov B 00
ET = @ - WEiE’ (A7a)
Cov B 100
B = —— (k22 - 82)0. (A7)

TWE;
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and

159
9D B oV
Hr = @ + M—ME, (AS&)
B 5 10v
Hy=— &¥+wura¢ (A.8b)
_L 2,2 92
H, = iw,u(k n; — 5°)U (A.8c)

Substituting Eqs. (A4]) and (A) into the above Eqs. (A 7al)-(A8d), all components

are given by

i
E, =

T
p

WEe T

(

ZLUE cl

\ Weqir

Ay (unr) = 222 4, 7 (wyr)| e
(ugr) + C1Y,
- fTuj [ByJ] (ugr) + CoY, (uar)] }ei“‘i’
[i—leK (wsr) —

U1A1J/ U17"

_ B [BQJ (Ug’l“) ‘l‘CQ
k{—ugl)ykl(ugr)
Jo(ugr)etv?

Ez = [BQJ (UQ’/’) + Cg
wg Dy K, (wsr)e™?

if0<r<p

w(uar)]
(A.9a)
if p <r < pu;

f:;’i DQKL('LUg’I"):| eV if r > pa.

fw %}A%]u(uﬂn)} e if 0 <r <p;

J! (ugr) + C1Y, (ugr)]

(A.9b)
Yo ()] }eiw o<1 < pu

B ZUDQKU('LUg’I")} eV if r > py.

if0<r<p;
(ugr)]e?if p <7 < py; (A.9¢)

if r Z Pcl -
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o(uir) + 5“1 AlJ’ (ulr)} etV if 0 <r <p;

{% BQ UQ’T’ + CQ (UQ’T’)]
(A.10a)
5“2 [Blj’ (ugr) + C1Y/ (uar)] }eiw if p<r<pu;

[ﬂDgKv(wgr) — %DlK{j(wgr)} eV if r > pg.

—uy Ao J! (uygr) LA, (ulr)] elv? if0<r<p;

wu

{ — U2 BQ UQT’) + CQY/(UQT)]
(A.10b)
+ Lw [ByJy(ugr) + C1Y, (usr)] }ei“‘b if p<r<pu;

Wi T
[—wngK’ (wsr) + wﬁu Zf DlKv(wgr)] eV if r > pa.
mAlJ (uqr)etv? if 0 <r<p;
2 (B, (uar) + O Yo(uan)] €40 if p <7 < pus (A.10¢)
qu K, (wsr)etv? if r > py.

2

where ¢; = eyn?.

According to the boundary continuity condition at the core-cladding interface, where

r = p, we have

1w
- U1JL(U1P)A1 - WEfngogju(Ulp)Az = —U2J£(U2P)Bl - U2YU/(U2ﬂ)C1
g v 6 v
— ——5 —Ju(u2p) By — ——5 —Y,,(uzp)Cy (A.11a)
weoTty P we ncl P
U ) A = —"2 ] (usp) Bs + —"2 Y (uap)C (A.11b)
wegn2, "’ 1p)A2 = iwegr2, 2P) 52 iwegr?, © 2P)L2 :
1w
- uqu/j(ulp)Ag + WL;?JU(ulp)Al = _UQJ;(UQP)BQ - UQYJ(U/Qp)CQ
+ ﬁgJu(uzp)B1 + ﬁgYv(ugp)c1 (A.11c)
WM wp p

2
ZZLJ (urp)A; = —J (usp) By + —Y (uap)Ch (A.11d)
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We rewrite these equations in the following matrix form

R = Rovs,
where
Jolugp) — Yi(uep) 25 Ju(uap) 5oV (u2p)
2 0 0 Jo(uzp) Y, (ugp)
s du(uzp) LYo (u2p) = J(uzp) =Y, (u2p)
Jo(uzp) Y, (u2p) 0 0
B,
A |Ch
vy =
By
Cy
BT (up) 52 dwp)
u2n
pa| 0
T (up) ()
Z—éJv(ulp) 0
J u{%op
2 ncl
uj 0 5
= —Jv u uU2nz,
” (u1p) ;Tlp _J
1
L0
u2
w2 |4
2 A,
with
uyJy(u1p)
o é ZB_U _ ivneff
! Wit Zy
oy 2 ZB—U = 1WNeff Lo

WeEg
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(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)
(A.19)

(A.20)
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with Zo =, /£2 = 377¢.
According to boundary continuity condition at the cladding-air interface, where r =

Pel, We have

6 v

— ugJy (ugpa) By — usY (u2per)C1 — 5 —Ju(u2pea) Ba
weoncl pCl
6 v , 6 v
— —Y, )Co = —w3 K ) D1 — —K, ) D A.21
weonilpcz (u2p)Co w3 U(wzpl) 1 weonﬁirpcz (w3per) Do ( a)
: w}
— Ju o) By — ——J, )Co = ———K, o) D A.21b
fweor?, (u2pe) Bo Toeor?, (u2pe)Co F— (w3per) Do ( )

X0
— ugJ,, (u2per) By — uaY, (uzpe) Cy + %;JU(U2PCI)31

cl

) X
+ —5 —YL(ngcl)Cl = —ng;(wgpcl)Dg —+ —5 —Kv(w3pcl)D1 (A21C)
W Pei WH Pel
uj uj wj
—=Jy(u2pa) B1 + —=Y,(u2pa)Ch = ——= K, (w3pe) D1 (A.21d)
Wi Wi Wi

We write these equations in a more compact form using matrices, as follows,

%31/1 = %41/3, (A22)
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UQ%ipclJv(u2pcl> % v(u2pcl)
Yo (u2per)

Ju(u2per)
_Yv/(u2pcl)

0
u:plcl U(U2pcl) ug;cl YU (u2pcl) —J{} (U2/)cl)
Y, (u2pcl) 0 0

i Jo(uzpe)
Z—;K{; (w3pcl) UQPZQ”iiT Kv (wgpd)
UJZTL
0 2 Ko (wspa)
u;rp!cz Koy (wsper) _Z_;quz (w3per)
w?
u_gsKv (w3pcl> 0
o2

Yu/ (u2pcl)

where
[ T (uzpa)
0

k2
I

lI>

Ry

w?
—-K

3
= Kv (w3pcl) o
U9 5 1
W3 Pcl
1 0

D,
D,
K é KQ/J ('UJ?,pcl)
w3Kv(w3pcl) .

With Eqgs. (A2) and (A22), we have

§R3§R1_1§R2V2 = Ryvs,

>

V3

with

where R, ' is calculated and expressed as
1

Ryl =
b T (uap) Yo (uap) — Ju(u2p) Y (usp)

2 U(u2p) 0
0

Y, (u2p) “wnip
—Jy(uz2p)
0 —Y,(u2p)
0 Jo(u2p)

v(u2p)

uﬁézp
—YJ(Uzp)
J, L(UM)
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(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

—Y(u2p)
I} (u2p)

%YU(UQp)

7L Jo(uz2p)

— _ugp

(A.29)



Cladding mode calculation

Eq. (A28)) is rewrited as

[ Ty uzn ( QU + TU) uzn lpclpv u%i%f;p lpv(pcl) — Sy
€ 0 —qy —Pv Eppv
0 o o o
U2l1>clpv(pd) U3 nl P2P lpv(pd) T Sv T u_;(Pcl Qv+ %Tv)
pv(pcl) ugn2 ppv(pcl) 0 —qu
J u{;z%op K wgnijﬁpd
0 quCLIQ Al _ 0 _u;;cé Dl
% _J A2 wg;cl _K D2
1 1
U L% 0
with
ygs £ JU(UQpcl)YU(u2p) - JU(ng)YU(UQPd),
Qo 2 Jo(uzpa)Y, (uzp) — J;, (up) Yo (uzper),
Ty = J;(UQPCI)Yv(u2p) - Jv(u2p)yvl(u2p6l)’
sv = I} (uapa) Yo (uap) — I, (usp) Y (uspa),
5(] Ay U%Jv(ulp)
wiKy(wspa)[J} (uzp) Yo (u2p) — Ju(u2p) Y (u2p)]

Eq. (A.28)) is calculated, which is given by

0109U21 Jr. — —S 92 Jp. — o2 o2u21
u2n2; ppe uznZ pper P +J7 ug "V uan2; pei Pv u%ﬂ%opzcz Qv n2,p
o1u21 3]
¢ A Iy — i o
0 2
o1 1 o1u21 0102u21 el
— —q,) — &Ly —-ARM py — Jr
U2l (Jpv u2 qv) p Y uzn,ppa LY Jry + uan2, 5v
1 o2u21
B Jpv - EQU T nZp p
K o2
_ azngl
_ e
A % —K D,
= wgpcl
_1 0
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(A.36)
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with
Uy = ig - i27
Uy Uy
1 1
Uus2 é u—g + w—g
The solution is
CO CO)

where

1 ue(JK + 2gguasz )y, — Kq, + Jr, — uisv

- ” 1PPcl
0 —— )
_ 32 _ u21 21
72 u2(n 1Pc zJ K) n2 oPe zq” T nmprv
us2 7 __ u21nazr K _ u32 . u21
;. u2(le 2 p ). paTo ™ p T
CO =91 Jg102U21U ”2
( a'L'r JK _'_ 1 2 21U32 )pu _ azr Kqu + JTU l2 S’U
nZoPPel U2NE,
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