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Abstract

Fiber tapers have attracted much attention and have been susfully employed in
various applications, ranging from resonators, lters, interfenmeters to sensors. This
thesis studies the properties of ber tapers for the purpose of aking tapered-based
devices and sensors in aerospace related application where smaé siad light weight
are critical.

This thesis includes theoretical derivation and experimental veriations of distributed
mode coupling in tapered single-mode bers (SMFs) with high-resolion optical frequency-
domain re ectometry (OFDR) technique. The studies are realized ith OFDR through
phase detection of a Mach-Zehnder interferometer (MZI), whiameasures local refractive
index change relative to the reference arm. The wavelength shittenverted by the phase
change give the group index di erences between the fundamentabde and higher-order
modes of ber tapers. The energy re-distribution is observed in REeigh backscatter
amplitude as a function of ber length with a 13 m resolution over the entire ber
taper, and group index di erence between core and cladding modessmeasured with a
spatial resolution of 2cm by using autocorrelation data processing.

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

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

mechanism; 2) a two-taper MZI has been demonstrated by splittingpmbining the fun-



damental mode and higher-order modes through ber tapers and tuned by bending
one taper waist; 3) a novel tunable ber Fabry-Perot lIter, conssting of a hollow-core

photonic bandgap ber and a micro- ber, is employed in the re ectim mode.
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Chapter 1

Introduction

Over the past three decades, tapered bers have attracted ro attention and have been
successfully employed in many interesting applications, ranging fromasonators, lters,
interferometers, lasers to sensors. This thesis focuses on t®ieg a distributed mea-
surement of refractive index di erences along a ber taper and irestigating its thermal
and mechanical properties using high-resolution optical frequegrdomain re ectometry
(OFDR) technique. Secondly, three novel ber taper-based d@es, including a tapered
ber tip, a two-taper Mach-Zehnder interferometer (MZI) and a Fabry-Perot interfer-
ometer (FPI) consisting of a micro- ber and a hollow-core photonibandgap ber (HC-
PBF), have been separately employed as e ective mode selectingnpmnents to build
narrow-linewidth tunable Erbium-doped ber ring lasers (EDFRL).

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

work. Section 1.1 reviews the development of tapered ber and itpplication. Section
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1.2 clari es the motivation of our research. Section 1.3 focuses dmetcontributions that
we made to distributed mode coupling analysis along a ber taper anchamprovement

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

1.1 Background

In the 1980s, studies on tapered bers mainly focused on fusedg®-mode ber (SMF)
taper couplers|[3, 4] and ber polarizers based on tapered polaton-maintaining ber
(PMF) [5]. A reasonable parabolic model for a ber taper shape wasqgposed in this
period [6, 7]. Two complementary delineation criteria, including taperrayle criterion and
weak power transfer criterion, with both theoretical and experimntal justi cation, were
presented in 1991 [1,/8]. Practical procedures for the fabricatiaf ber tapers with
any reasonable shape were discussed in detail [9] and various fatiin technologies
have been reported, such as a,Hame heating and stretching techniquel9], a C@laser
heating and stretching approach.[10], and a chemical etching mettja1].

During the late 1990s and early 2000s, an optical ber taper was e as a coupler
for a high-Q microsphere resonator. This is because tapered Isenot only expose
the evanescent eld to the surroundings, but also have much singer evanescent elds
[12]. By adjusting the taper diameter to match the propagation catant of the mode
in the taper with that of whispering-gallery modes (WGM) at the surfce of a fused-
silica microsphere, one can couple more than 90% of the light into thphere [13, 14].

Furthermore, a ber taper, placed in contact with a microspherecould be made to form
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a compact ber laser with a side-mode suppression ratio (SMSR) of40dB [15].

A designed taper featuring a long and highly uniform waist region wassa successfully
applied as a modal lIter. This is because higher-order modes leakedrh the taper by
absorption, higher index coating, mode coupling to higher-order rdes, or a combination
of these principles|[16]. By controlling the transition taper prole ad reducing the
diameter to sub-wavelength level (1 m), 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 strdisplacement, tem-
perature, humidity and refractive index sensing [18{24]. Tapering ia simple, e cient,
and low-cost method for mode conversion from the fundamentalade to higher-order
modes. For example, an SMF taper can easily exhibit linearly polarizedl¥) modes
beating, LPy1{LP ., in the waist region. One taper with a gold-coated end builds a ber
Michelson interferometer and two concatenating tapers form a ér MZI. By contrast, the
fabrication of ber Bragg grating (FBG) requires expensive phasemasks. Taper-based
sensors allow for sensitivity similar to that of FBG or long period gratig (LPG)-based
devices but are fabricated more easily and at a lower cost. The intded purpose of these
designs is to couple the light from the fundamental core mode to th@adding modes
and vice-versa. Since the core mode and the cladding modes havestint propagation
constants, the optical path di erence (OPD) between them lead® interferences in the
transmission spectra. Furthermore, the core mode and the cladd modes exhibit dif-

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

1.2 Motivation

Tapering is a useful technique, which allows higher-order modes te bxcited in a ber by
reducing its diameter to a few micrometers. When a standard SMF iapered to pass the
core-to-cladding mode transition point/[25], higher-order modeseagenerated within this
transition region. The mode coupling process along a tapered becaurs at the down-
taper and up-taper regions with large taper slopes, while beating,stead of coupling,
between the guided local modes occurs at the central quasi-adigib uniform waist region
[26]. Earlier theoretical work evaluated the mode power evolution alg the tapered ber
and gave the delineation criteria for mode couplingl/[8,26,127]. Expemmtal observations
investigated the spectral response of the taper as a sinusoidahdtion, which signi ed
the presence of two dominant modes patrticipating in the interferee [28]. The presence
of more than two modes in the tapered ber was understood to rek from the power
oscillation by varying the external index|[27]. The distributed power gcillation along the
tapered ber was measured point-by-point by moving a thin Im perurbation along the
tapered ber [26]. Another common method, the cutback measument, was performed
to nd the exact transverse transmission spectra at di erent psitions along the taper
[29]. However, this destructive technique did not count the mode epling continuously.
In addition, during the tapering process, stress is introduced tde ber taper and causes

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

The application of ber tapers as mode selecting components in an EHRL con gu-
ration attracts our attention. Tunable optical bandpass Iters ae crucial components in
tunable lasers, which are widely used in wavelength division multiplexe®MDM) commu-
nications, ber sensors, high-resolution spectroscopy and opiccoherent tomography.
Filter features include wide tuning range, high SMSR, narrow opticgbassband, small
size, and low cost. All- ber-based lIters include FBGs|[30{32], in-lind-abry-Perot (FP)
Iters [33], arrayed waveguide gratings (AWGS)|[34] and lters bas# on special bers,
such as multimode bers (MMFs) [35], few-mode high-birefringencebers (FM-HBFS)
[36], tapered bers [28]. Optical Iters made by FBG can be tuned byither thermal or
mechanical stress e ects. The temperature sensitivity of FBG (10pm/ C) limits the
measurement accuracy of the wavelength shift to a nanometegren. A FBG Iter based
on piezoelectric stack actuators works over a tuning range of 4&rwhile its 3dB band-
width reaches 07nm [30]. In-line ber FP lIters with bandwidths of tens of Megaheriz
to tens of Gigahertz range are commercially available, but they arather expensive and
their tuning ranges are limited to less than 1 nm because the cavity Igths are changed
by the piezoelectric stretching elements. MMF Iters have a largeruning range of 60nm
with tuning steps of 2.5{3nm and an SMSR of 40dE [35]. A new type of mable laser,

based on FM-HBFs, has also been reported recently. This new lag@as a tuning range
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in excess of 40nm with a tuning step of about:2nm and an SMSR of 40dB _[36]. AWGs
themselves are not tunable and they need to be combined with additial switching de-
vices to achieve tunability. A polymeric ANG multiplexer has a tuning rage wider than
10nm with a temperature change of 5% [34], while its 3dB bandwidth is G2nm. By
stretching an SMF taper, an EDFRL has a tuning range of over 20nna tuning step of
over 2nm, a linewidth of 0.05nm and an SMSR better than 45dB over g¢hentire tuning
range [28]. Therefore, none of these optical Iters have a tunabtarrow 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 colipy measurement
along a ber taper length and study the thermal and mechanical perties of a ber taper
using a high spatial resolution OFDR system. Secondly, three e agé mode selecting
components, including a tapered ber tip, a two-taper MZI and an Pl including a
micro- ber and a HC-PBF, have been separately employed to build maw-linewidth
tunable ber ring lasers.

First, the refractive index di erence measurement between theihdamental mode and
higher-order modes of ber tapers using OFDR technique are themically derived. To
the best of our knowledge, mode coupling along an SMF taper is ohsst continuously
for the rst time. The energy re-distribution through Rayleigh badkscatter amplitude

is detected with a 13 m resolution over the whole taper region. The refractive index



Introduction 7

di erences between the fundamental mode and higher-order mesl of gentle tapers and
abrupt tapers are measured with a spatial resolution of 2cm through wavelength shifts
calculated by autocorrelation data processing. The experimentedsults match well with
theoretical values.

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

A simple and cost-e ective tunable ring laser is built based on the intégrence of the
spatial modes of a tapered SMF tip. Three optical ampli ers, includig a semiconductor
ampli er (SOA), an L-band erbium-doped ber ampli er (EDFA), and a C-band EDFA,
and two SMF tips with di erent slopes are separately employed by theber ring. In
order to improve the laser parameters, such as SMSR, linewidth, gtuning range, we
study the e ects of the ampli er's relaxation time and gain, and the $eepness of ber
tips. Furthermore, a chemical etching method is applied to enhandaser performance.

A stable C- and L-band tunable ber ring laser is demonstrated by usg a two-taper
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MZI lter. The laser wavelength is tuned by mechanically bending onefdhe two taper
waists. Ampli ed by an erbium-doped ber (EDF) and an L-band EDFA, respectively,
the ber ring laser has a full C- and L-band tuning range with an SMSRs high as 50dB.
The laser linewidth and minimum tuning step are related to the MZI's caty length. It
was also found that thermal annealing relieved the internal stress within the tapers
and substantially enhanced laser performance.

A novel tunable ber FP lter is assembled using a HC-PBF and a microber. The
interference cavity is the hollow core of a HC-PBF. One of the re ¢éion mirrors is the
splicing point between a section of HC-PBF and a SMF. The other reaion mirror is the
gold-coated end of a chemical etched micro- ber, which has a cladd diameter similar to
the core diameter of a HC-PBF. Hence this inserted mirror is adjustl with long distance
inside the hollow core of HC-PBF. This tunable FP lter is used as a modselecting
component in the re ection mode to implement stable single longitudinanode (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 beapers and out-
lines the motivations and contributions of this thesis. Chapter 2 psents the principle

of optical ber tapers based on the calculation of e ective refrao/e index and describes
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some related fabrication technologies. Chapter 3 focuses on ttediwal study and ex-
perimental measurement of distributed mode coupling along the SMfaper with the

OFDR technique. Chapter 4 investigates thermal and mechanicalrgperties of ber

tapers by using a high-resolution, high-sensitivity OFDR scheme. Aidghly sensitive
distributed force sensor has been demonstrated based on thechramnical characteristics
of ber tapers. Chapter 5 proposes a method to evaluate polarizan-preserving charac-
ter of tapered polarization-maintaining bers (PMFs) by using OFDRbased distributed
birefringence measurement along tapered PMFs.

In chapter 6, a simple and cost-e ective tunable ring laser, which isuhed by the
spatial modes interference of a tapered SMF tip, is proposed. Tipeinciple is demon-
strated and laser performances are studied by using di erent adptal ampli ers inside the
ber ring. The e ect of the ber tip shape is also analyzed. Furthemore, the chemical
etching method is applied to improve the laser performance. Chapt& demonstrates
a stable C- and L-band tunable ber ring laser by using a two-taper Ml as a lter.
The tunability mechanism is shown and ber lasers with two di erent gan media are
separately proposed. Thermal annealing is introduced and substally enhanced the
laser performance. Chapter 8 presents a novel tunable ber FRter by using a HC-PBF
and a micro- ber. The principle and fabrication of the FP Iter are shown in detail. A
simple and e cient mode selection mechanism is presented and stableNb operation is
demonstrated in the experiments.

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



Chapter 2

Physics of ber taper

This chapter covers several important concepts necessary fioe understanding of optical
ber tapers. Section 2.1 calculates the e ective refractive indicesf the core mode and
the cladding modes along the ber taper. Several important valuesncluding the core-
cladding transition value, and adiabaticity criterion based on the upgr boundary of the

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

2.1 Principle

2.1.1 Wave equations for ber taper

A Dber taper consists of a core embedded in a nite cladding, which isusrounded by
air. At the beginning of a ber taper, the fundamental mode, linedy polarized (LP)

mode, LPy; is the only propagation mode in the ber and propagates as the coreode,

10
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which is de ned to be the state when its e ective refractive indexes; lies between the
cladding index ny and the core indexng,. When the core diameter is reduced during
tapering, ness Of the core mode decreases continually. The guided core mode axistthe
in nite-cladding geometry with an e ective index ness , which satis esng < Nggr < Ngo.
Here the thickness of the cladding can be assumed to be in nite antig¢ cladding-air
interface is negligible. Each cladding mode with an e ective inderess , which satis es
Nair < Neit < Ng, IS guided by the core- nite cladding-air waveguideny; is the refractive
index of surrounding air. When we analyze the cladding modes, we kaate the eld on
two boundary conditions, including the core-cladding and claddinghiainterfaces, using
a three-layer step-index ber model [37].

First, we calculate the refractive index of the core mode. The weajuidance approx-
imation is applied due to a slight variation between the core and claddingdices. Thus
the propagation constants for the local LP modes are obtained @agately by solving a
set of scalar wave equations with continuity of the solution and its st derivative at the
core-cladding interface along the ber taper. Here we assume thatio of cladding to
core diametersS remains constant under tapering.

The electromagnetic elds, propagating inz-direction along the ber, must satisfy
the scalar wave equation, which is expressed in cylindrical coordieat(; ;z )

1
r2

S| =

@ @ @ 2.2 2 - N-
@+ @r+ @+kn =0; (2.1)
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where represents electric or magnetic eld, the wavenumbek = 2 in terms of the

free-space wavelength, n is the refractive index pro le, and the propagation constant,
= Knest -

For the core mode withng < neis < Ngo, We consider the bounded solution with the

core-cladding interface and ignore the eld in the air. The ber parameter and modal

parameters are de ned by

N[

up=k ng, ngy *; (2.2a)
w=k n% n%?: (2.2b)

We have the solution of Eq. [[Z.11) as follows,

AJ (uir)é ifo r

(2.3)

W AW 0

T CK (wr)e if roa

where A and C are constants, and  are core and cladding radii, respectivelyJ and

K are the th-order Bessel function of the rst kind and the modi ed Bessefunction

of the second kind, respectively. For the L{, modes and LR,, modes, = 0 and
d

= 1, respectively. Continuity of electromagnetic eld and its rst derivative - at

the core boundaryr = 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 [38]

UJ+1(U1)_ K+1(W).
I (w) UK (w)

(2.4)

The eigenvalues obtained from Eq.L.(2.4) are labeled as, with =0;1;2;:::;m=
1,2;3;:::, where the subscriptm indicates the mth root of Eq. (Z.4). The modes are
designated LR, .

For the cladding mode withng, < ng < ng, we consider the bounded solutions
with the core-cladding and cladding-air interfaces. A three-layettep-index ber model
with dispersion relation is proposed [37] and a list of clearer, readg-program relations

is included [39]. With de ned modal parameters,

up =k ni, nx %i (2.5a)
U=k g Ny 2 (2.5b)
ws=k n& n3 %; (2.5¢)
The solution of Eq. (2.1) is as follows,
8
%AJ (uir) € ifo r
- g[BJ W+ CY (u )€ if 1 (2.6)

" DK (war) € ifr g
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Figure 2.1: E ective refractive index of the LP,, modes at wavelength = 1550nm,
when a SMF-28M s tapered with a constant ratio of cladding to core diameter.

where A, B, C and D are constants)Y is the th-order Bessel function of the second
kind. Continuity of electric eld and magnetic eld and their rst deriv ative at these
two interfaces leads to a set of equations which relate the values/eD and provide the
eigenvalue equation from the consistency condition. E ective refctive indices of the
LP ,, modes are plotted as a function of cladding diameter of ber tapegs shown in

Fig. [Z1. Detailed derivation could be found in Appendix A.

2.1.2 The core-cladding transition

As discussed abovene; of the core mode decreases continually as the core diameter

is reduced during tapering. Whemeg; approaches the cladding index, the core mode
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LPo; is not guided any more and the cladding modes are generated at thate with
Nair < Netf < Ng. The modes continue to propagate in the cladding. This is also called
the core mode \cuto " [1, 29]. The core-cladding transition valueV core=cladding 1S given
by [25] .

2 d9—— 2 0:26
Vcore=c|adding = _2_5 n§0 n(2;| = In Sf 1+ Rg %; (2.7)

whered is cladding diameter of a ber taper. For SMF-28M | core diameter is 8.2m
and cladding diameter is 125m, and the ratio of cladding to core diameter i$5=15.24
and we haveV gre=ciagding =0.82. Here, we assume the rati® remains constant under
tapering. Theoretically, the fundamental core mode is split into seval cladding modes

when the ber is tapered down to a cladding diameter of 51 m.

2.1.3 Adiabaticity criterion

A ber taper is approximately adiabatic if the local taper angle (z) is small enough
everywhere to ensure that there is no power transfer betweemeldent modes as the
light propagates along the ber taper length. As illustrated in Fig.[2.2 the local taper
length-scalez; is de ned as the height of a right circular cone with base coincident wit
the local core cross-section. The local core taper anglez), the distance along the taper

z, the local core radius (z) satisfy tan ( z) = dd(zz). Because in practice (z) 1, we

have

d (2) (2) .
(2 iz 7@ (2.8)
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Figure 2.2: Tapered ber showing nite cladding and air as surroundig medium [1].

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

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

2

@ @ (29)

zy(2) =

with the propagation constants ,(z) and ,(z). If a ber taper has zz  z, everywhere
along its length, the fundamental mode will propagate approximalg adiabatically with

negligible coupling loss. Conversely, i, Z, , the coupling will be signi cant and
the fundamental mode will propagate nonadiabatically. Using the odlition z; = z,, an
approximate delineation between adiabatic and nonadiabatic tapers equivalent to

@) @),

(2= 2

(2.10)
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The di erence of e ective indices between L, and LPg,, (Mm > 1) modes determines
the core taper adiabatic angle . The values of propagation constas for the LPy; and
LPo, modes in Fig.[2Z.1l determines the taper adiabatic core taper angle at1550nm
through Eq. (Z.10). This criterion is plotted as the red curve in Fig.[ .3 in radians,
as a function of the normalized tapered core radiugz)= . The minimum of the curve
corresponds to the smallest separation of the e ective indices fthe LPy; and LPg,
modes in Fig.[Z. To the right of the minimum, the fundamental mode iguided more
by the core, whereas to the left, the same mode is increasingly guldey the nite
cladding. As shown in Fig.[2Z.B, the core taper angle pro les of \abruptapers" and
\Gentle tapers" are shown as the blue and green curves, respeety. When the core
taper angle is greater than the adiabatic criterion, it means that ta LPy; mode will be
converted to LP,,(m > 1) modes. If the core taper angle is smaller than the adiabatic
criterion over the whole taper, the taper is adiabatic. This simulatiomesult is helpful to
design an optimal adiabatic taper shape.

These abrupt tapers are LB{LP o, modal interferometers. Typically a \coupling-
beating-coupling” structure is created|[26]. The initial single-modeagketed ber sup-
ports only the LPoy; mode followed by a jacket-o tapered region which generates cladd-
mode propagation. Principally the LR, mode is excited in the non-adiabatic part of a
down-taper region, which then beats with the LR, mode in a central adiabatic region.
The LPg, mode may be coupled back to Lf? in the non-adiabatic part of an up-taper

region depending on the relative phase. Finally, at the taper outputhe bre jacket
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Figure 2.3: The core taper angle pro le as a function of the normalidetapered core
radius (z)= at wavelength =1550nm. The red curve shows the adiabatic core taper
angle criterion and the blue and green curves represent the coapér angle pro les of
\abrupt tapers" and \Gentle tapers"”, respectively.

strips the LPg, cladding mode so that the measured output power corresponds tize

LPo; mode.

2.1.4 Azimuthal symmetry

If ber tapers are axisymmetric, the fundamental mode can coue only to modes with
the same azimuthal symmetry, i.e. to the higher-order L§, cladding modes. As we are
principally concerned with minimizing loss from the fundamental modé, is intuitive that
coupling will be predominantly to the higher order mode with a propadgean constant

closest to that of the fundamental mode, i.e. to the L mode.
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For nonaxisymmetric bre tapers, or bent or kinked tapers, the dndamental mode
will couple, in general, to the higher-order modes with the nearestgpagation constant

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

2.2 Fabrication

2.2.1 Hydrogen ame heating and stretching technique

As illustrated in Fig. 2.4, the gentle tapers are fabricated by using agating and stretch-
ing technique [9, 40]. A section of SMF is stretched by using two lineananslation stages
with submicron precision and its middle region is jacket-o . A small reign of the jacket-
0 beris heated by a hydrogen gas ame with millimeter dimension. Thesmall ame is
scanned over a length of several centimeters along the ber. A&fta pre-heating process,
the ber is elongated while the scanning range of the ame is increagin The pulling
speed of the translation stages, the scanning speed and the sgag range of the ame
are accurately controlled by a computer. The slow stretching teoique leads to ber ta-
pers with gentle slopes in the down- and up-taper regions and longifanm waist region.
Figure[Z.5(a) presents representative camera picture of ber per in its waist range and
its cladding diameter curve along the whole ber taper. The total legth of ber taper
can reach 10cm with a 5cm highly uniform waist region.

Compared with gentle ber tapers, abrupt ber tapers are fabriated with heating

and fast stretching technique![40, 41]. A constant hot-zone apgach is used and the
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Figure 2.4: Experimental setup for H ame heating and stretching technique.

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

A tapered ber tip is fabricated using the heating and fast stretcing approach. The
di erence is that the drawing speed is sharply changed until the brebreaks at the waist
point. A ber tip with a parabolic pro le is formed due to the surface tension of the
fused silica. The tips with steep slopes due to the fast drawing aremadiabatic. Figure
[Z.5(b) shows representative camera picture of ber tip and its clating diameter curve.
For tips with rather gentle slopes, the fundamental mode adapt$ie shapes according to

the change of the waveguide structures. In this case, the pragsion process is adiabatic.
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Figure 2.5: (a) Microscope image of a ber taper in its waist range anis cladding

diameter curve along the whole taper. (b) Microscope image of a bdip and its
cladding diameter curve.

2.2.2 Electrical arc method

An electrical arc method is employed to fabricate abrupt ber tapes using a fusion
splicer, such as Ericsson FSU-995A. A built-in ber tapering progra is chosen and
three sets of discharge current and time are customized. ThenecBon of ber is xed

in the ber clamps and the middle jacket-o segment without ber coating is just under
a pair of discharge electrodes. When heat from the electric arc nethe ber, motorized

clamps pull the ber in opposite directions. The taper has a steep $le and a maximum
length of 1mm. The length is limited by the speed and travel distance of the ke
clamps. Similarly, an abrupt tapered tip can be fabricated with a fusio splicer. Figure

[Z.8 presents representative tapered ber tip and ber taper.
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Figure 2.6: (a) Microscope image of a representative tapered bép. (b) Microscope
image of ber taper and its corresponding cladding diameter curve.

2.2.3 Chemical etching method

Chemical etching method fabricates ber tips with larger taper anig and shorter taper
length than those fabricated by the H ame heating and stretching technique. The
chemical etching method has advantages over other methods inwief reproducibility,
reliability, surface smoothness, symmetry and large taper angletbé tip. Various etching
methods including hydro uoric (HF) acid static etching [42| 43], HF ail dynamic etching
[44], and tube etchingl[45, 46] to produce di erent con gurationsfone optical ber tips

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

As illustrated in Fig. 2.7, a section of jacket-o ber is vertically dipped into the
surface of 5% HF acid, which is contained in a Te on tube. The free dace of HF
solution is covered by oil, which e ciently prevents evaporation of HEF Owing to the
di erence in the surface tension between the etching acid and théber, a meniscus is
formed between the liquid-solid interface, as shown in Fig._2.7(b). €general balance
of capillary and hydrostatic forces and relation between meniscuise h and radius of the

ber can be described as [47]

1] #
1
r

N

1
2

h= 2—(1 cos 1+ —
g( a) g

N

; (2.11)

where is surface tension, density of liquid, , contact angle, r the radius of ber,
g the acceleration due to gravity. Surface tension depends on HF concentration and
temperature [48]. It is observed that the meniscus rises within 306 to 400 m along
the silica ber of diameter 125 m depending on the degree of dilution of HF acid. As
shown in Fig. [Z.7(b)-(e), when the etching time increases, the diatee of ber in the
HF acid gradually decreases and the height of the meniscus also éeses as a function
of the remaining tip diameter. Finally, a symmetrical taper is formed the center of the
ber. In our experiment, the total length of a tapered ber tip is 0.6mm. The camera
picture of a tapered ber tip and its cladding diameter curve are shen in Fig. [2.8. By

adjusting these parameters in Eq.[{Z.11), the length and surfacervature of ber 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 drmation using
chemical etching method. The conical shape is obtained by the régudecrease of the
meniscus height related to a decrease of the tip diameter. (e) Merus pro les for
di erent ber radii.
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Chapter 3

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

frequency-domain re ectometry

This chapter presents a novel method to measure distributed medoupling along the
gentle and abrupt tapers by using an Optical Frequency-domain Rtometry (OFDR)
scheme. Section 3.1 discusses the research motivation. Sectionrr@duces the theoret-
ical background and operation fundamentals of OFDR technique.e&tion 3.3 derives the
relation between the group index di erence and the wavelength shiby autocorrelation

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

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

the theoretical group index di erences.

3.1 Introduction

Tapering is an e ective technique for mode conversion from the fdamental mode to
higher-order modes in a ber. When a single-mode ber (SMF) is taped to pass the
core-to-cladding mode transition point, higher-order modes areegerated within this
transition region [25]. Mode coupling process along a tapered berags at the down-
and up-taper regions with large taper slopes, while beating, instead coupling, between
the excited local modes occurs at the central quasi-adiabatic unim waist region. Earlier
theoretical works evaluated the mode power evolution along a tajgel ber and gave the
delineation criteria for mode coupling|[8| 26, 27]. Experimental obsations showed
the presence of more than two modes in a tapered ber, which wases as the power
oscillation by varying the external index|[27]. The distributed power gcillation along the
tapered ber was measured point-by-point by moving a thin Im perurbation along the
tapered ber [26]. Another common method, the cutback measument, was performed
to nd the exact transverse spectrum at di erent positions alonghe taper [29]. However,
this destructive technique did not count the mode coupling continucsly.

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

function of ber length, and the use of autocorrelation in the spdral domain has pro-
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vided an easily implemented method for characterizing ber birefrirgnce [49]. Here we
use OFDR to characterize single-mode and multimode regions of a &apd ber and cal-
culate the group index di erence between the fundamental modend higher-order modes
of the taper by using autocorrelation data processing. The engrge-distribution along
the tapered ber is measured through Rayleigh backscatter amplitle versus distance
with a 13 m resolution over the whole taper region. The wavelength shifts lve¢en
the fundamental mode and higher-order modes of the taper arketoretically derived in
OFDR scheme and clearly displayed on an autocorrelation gure. Thaverage group
index di erences between the fundamental mode and higher-or@odes withina 2cm
region along the gentle and abrupt tapers are measured in the expeents. We found
that, in the case of the gentle tapers, the coupling lengths are tleame as their geo-
metric structures, and the measured group index di erences aribleoretical value match
well. While in the case of the abrupt tapers, the mode coupling pro@ss exist in longer

segments than their geometric structures.

3.2 Principle

3.2.1 Rayleigh scattering

Light scattering occurs as a consequence of uctuations in the tigal properties of a ma-
terial medium. As long as the optical properties of the material syem are unmodi ed by

the presence of the incident light beam, the scattering process &dto be spontaneous.
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Conversely, if the intensity of incident light is su ciently large to modify the properties
of the medium, then the regime becomes stimulated. Four types giataneous light
scattering are Rayleigh, Brillouin, Raman and Rayleigh wing [50]. Rayldigscattering
(or Rayleigh-center scattering) is the scattering of light from ngpropagating density
uctuations, which in turn causes random microscopic variations inte refractive index.
Rayleigh scattering is known as a quasielastic scattering procesechuse the frequencies
of incident and scattered light are equal.

Rayleigh scattering in ber arises from local microscopic uctuatios in density, which
is produced when optical bers are manufactured. Rayleigh sca&fting occurs when
the size of the density uctuation ( ber defect) is less than oneénth of the operating
wavelength [51]. The scattered intensity is proportional to the fourth power bthe

wavelength (%) and the intrinsic Rayleigh scattering loss of silica bers is expresseds

_C
= =

S

(3.1)

where the constant C is in the range of 0.7{0.9 (dB/km)n 4, depending on the con-
stituents of the ber core [52].

There are two general ways to get energy losses in ber: Rayleigbattering and
material absorption. The total attenuation coe cient  (with units of dB/km) is given
by

a (3.2)
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At the wavelength of =1550nm, ¢=0.12{0.16dB/km and 0.2dB/km, indicating that
ber loss is dominated by Rayleigh scattering near 1550nm |52].

Owing to these ber losses, the optical power decreases exparaly as a function
of the propagating distancez,

P(z) = Poe' ?); (3.3)

wherePg is the power launched at the input end of a berP(z) is the transmitted power
at distancez and  with units of km 1. It is customary to express in units of dB/km

by using the relation

B 10 P(2)
(dB=km) = ?Iogm( Py

) 4:343: (3.4)

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

dPys(2) is expressed as a function of the propagating distane€53],

dPps(z) = S sPoe 2% dz; (3.5)

where the backscattering capture coe cientS, describes the fraction of the total Rayleigh-
scattered power that gets captured in the ber and propagates the backwards direction

and is given by [54]

1 NA
ek (3.6)
co

P ——. . L
where NA=" n2, ng, is the numerical aperture,n,, and ny are the refractive indices of
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the core and cladding, respectively. Coe cient m depends on thefractive index pro le
and has a typical value of 4.55 for SMFs [55].

Light travels inside the optical ber at the velocity 4 = % where c is the light speed
in vacuum andng is the group index for the ber. Using the relation 2 = 4t, Eq. (3.5)
is rewritten into the form

S'osl::'Og

> e otdt: (3.7)

des(t) =

3.2.2 Fundamentals of OFDR operation

OFDR is one of the most distinguished techniques for distributed ssing [56]. The
principle of operation is to measure the characteristics of varioupatially-distributed
Rayleigh backscattering. Based on swept-wavelength homodynéerfierometry [57{59],
an OFDR operates by splitting a light from a tunable laser source (TLUSand sending
through sensing and reference arms of an interferometer anc¢eoenbined at an optical
detector. The interference fringes, generated as the laserdquency is tuned, are related
to the optical amplitude and phase response of the re ected lightThe re ected light
is produced by two mechanisms: Fresnel re ection that occurs dight passes into a
medium having a di erent index of refraction, and Rayleigh scatterig which results from
nonpropagating density uctuations and in turn causes random mioscopic variations
in the refractive index.

In an OFDR system, we adopt the polarization diversity detection tehnique and a
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trigger interferometer con guration. First, a general problem wh coherent measure-
ments is the polarization dependence. The state of polarization (¥ of the re ected
light with respect to the reference light in uences the intensity of he measured signal.
If the SOP of the reference and the test signals are orthogondltae detector, the in-
terference will be completely cancelled [60]. In order to avoid this depdence, the use
of a polarization diversity receiver was proposed [61]. In this metdpthe sum of the
reference and test signal is split into two orthogonal polarizationaes, detected by two
photodetectors (PDs). The intensities of both detected light sigrls are summed and
result in a measured signal that is independent of the polarization. eSondly, another
general problem is nonlinearity in the optical frequency modulationWhen explaining
operational principles of OFDR, we assumed that the optical fregucy sweep is perfectly
linear in time. However, the available lasers exhibit in practice uctuabns in their op-
tical frequency tuning rate. Due to these nonlinear tuning charaeristics, sampling of
the interference signal with a constant spacing in time gives rise tor@mn-uniform sam-
pling in optical frequency which, in turn, degrades the spatial redation of the OFDR
measurement. It is well known that this problem can be avoided by sgling the inter-
ference signal at equidistant instantaneous optical frequencyipts rather than equally
spaced time intervals|[58]. The most common approach is known asginency sampling.
The time varying optical frequency is simultaneously monitored by naas of an auxil-
iary Mach-Zehnder interferometer (MZI). The zero crossing padis of the signal at the

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

the coherence length of the tunable laser, the laser frequencyegp range as well as the

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

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

z=_12. (3.8)

with scanning wavelength range =j ; o), 1, lambda are the starting and the
stopping wavelengths, and the group index of the benyg=1.48. This resolution can
be corrupted by environmental noise and insu ciently linear laser tming. The max-
imum length of the FUT, Ly, IS determined by the di erential delay in the trigger

interferometer using the Nyquist sampling criteria by/[56]

Lmax = ——; (3.9)

where c is the speed of light in a vacuum,q is the group delay introduced by the
trigger interferometer and the factor of four is due to the samplm theorem and the
double-pass nature of the measurement interferometer. Sindeetcurrently available
tunable lasers depart from perfect coherence and produce phawise that prevents a
wide frequency sweep range, OFDR is predominantly operated ovetermediate length

(tens to hundreds of meters) with sub-centimeter resolution [61].
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Figure 3.1: Schematic setup of OFDR system. TLS: tunable light soee; C;: 99 : 1
coupler; C,, C3, C4, Cs: 50 : 50 couplers; PC: polarization controller; PBS: polarization
beam splitter; PD: photodetector; OPD: optical path di erence;DAQ: data acquisition;
FUT: ber under test.

A schematic setup of OFDR system is shown in Fig._3.1. Rayleigh back#er signal
of the ber taper is monitored and its complex Fourier transform is arried out to obtain
OTDR-like curve along the taper length. A polarization-independensignal is obtained
by calculating the vector sum of the p- and s-components of the téeted signal. The
amplitude of the OTDR-like curve as a function of distance indicateshe energy re-
distribution over the whole taper region. Then the wavelength shiftan be calculated by
applying an appropriate window within the OTDR-like curve of the tape, calculating

its spectrum response through inverse Fourier transform datargcessing and doing the

autocorrelation calculation.
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3.2.3 Dispersion

Chromatic dispersion occurs because the refractive index of siliteages with the optical
frequency! . The origin is related to the characteristic resonance frequencias which
the material absorbs the electromagnetic radiation. Far from thenedium resonances,

the refractive indexn(! ) is well approximated by the Sellmeirer equation [64]

n2(!):1+. _'23"'1'_ : (3.10)

where! ; is the resonance frequency anB; is the strength ofjth resonance. The sum
in Eq. (B.10) extends over all material resonances that contribetto the frequency
range of interest. In the case of optical bers, the parameter8; and!; are obtained
experimentally by tting the measured dispersion curves [65] to Eq(3.10) with M=3
and depend on the core constituents [66]. For bulk-fused silica, #ee parameters are
given in [67].

Fiber dispersion plays a critical role in propagation of short optical ylses because
di erent spectral components associated with the pulse traveltai erent speeds given
by T(':) Mathematically, the e ects of ber dispersion are accounted foby expanding
the mode-propagation constant in a Taylor series about the frequency o at which the

pulse spectrum is centered:

()= n()s= 0% Al T+ 5ol Lo+ (3.11)
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where

dm
m = d'—m!:!o(m=0;1;2;:::): (3.12)
g Is the group velocity, de ned as
1 c c
g= —= — = —; (3.13)

1 ng n+!w

whereng is the group index. Figureé 3.2 shows how refractive indexand the group index
ng changes with wavelength for fused silica. As seen thera) has a value of about 1.46
in the visible region, and this value decreases by 1% in the wavelengdgion near 1.5m.
The dispersive behavior of actual glass bers deviates from thahewn in the gure for
the following two reasons. First, the ber core may have small amais of dopants such as
GeO, and P,Os. Eq. (3.10) in that case should be used with parameters appropreto
the amount of doping levels [66]. Second, because of dielectric wanveigg, the e ective
mode index is slightly lower than the material indexn(! ) of the core, reduction itself
being! dependent|[64| 66, 68]. This results in a waveguide contribution thaust be
added to the material contribution to obtain the total dispersion.

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

direction would not couple to the mode with the orthogonay-polarization state. In real
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Figure 3.2: Variation of refractive indexn and group indexng with wavelength for fused
silica.

bers, small departures from cylindrical symmetry, occurring beause of random varia-
tions in the core shape along the ber length, result in a mixing of thewo polarization
states by breaking the mode degeneracy. The stress-inducedsatropy can also break
this degeneracy. Mathematically, the mode propagation constantbecomes slightly dif-
ferent for the modes polarized in thex and y directions. This property is referred to as
modal birefringence. The strength of modal birefringence is deed by a dimensionless

parameter [69]
_ J X yj — He
Bm = ———=]ny nyj; (3.14)

wheren, andn, are the modal refractive indices for the two orthogonally polarizestates.

For a given value ofB,,, the two modes exchange their powers in a periodic fashion as
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they propagate inside the ber with the period |[69]

2

. B 3.15
i i En (3.15)

whereLg 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 propagag in that direction.
For the same reason, the axis with the larger mode index is called thievg axis. In
standard optical bers, By, is not constant along the ber but changes randomly because
of uctuations in the core shape and anisotropic stress. As a rdsuight launched into

the ber with a xed state of polarization changes its polarization in arandom fashion.

3.3 Principle of mode coupling measurement in ber

tapers with OFDR

3.3.1 Group index di erence measurement with OFDR

As shown in Fig.[3.1, the tunable laser has an angular frequency!oft) and a phase of
" (t). The input port of the coupler C, is regarded as the original point ok = 0. Its
electric eld is expressed as

E,o (1) = Eo(t) € ©: (3.16)
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The electric eld at port b of the coupler G; is expressed as
A Lz
Ey(t) = p—%EO t % g () 7o (3.17)

where z, is the length from output port of C, to the input port b of C3. V = % is
the group velocity inside the ber, ng is the group index and c is the speed of light in
vacuum. is the decay coe cient. A, represents a complex number describing the phase
shift as the light goes through the arm of the upper MZI.

The electric eld arriving at position z° along the ber under test (FUT) is written
as

Ao ;
E,o(t) = piéEo t — ¢ (3.18)

Rayleigh backscatter going back via the circulator to port a of theaupler C; is a sum

of all points along the FUT, which is given by

A, X 270 . 20 2
E.(=p% e @2 2 () E, t ZV Za gty (3.19)

z0

wherer (29 is Rayleigh re ection coe cient and A, describes the phase shift as the light
goes through these componentg, is the location of port a with respect to the tunable

laser location considering all the lead ber in the system.
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The electric eld at output port ¢ of the coupler C; is shown as

A X
Ec(t) = ?a e @2 2 (9E, t

z0

. Ap Zo gt ) 2
+i—Eo t — € v b 3.20
I 5 =0 Y, ( )

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

as follows,
Tod P X 270 ) 20 24
Ep (t) = Iﬁ Pe| A, e (22° Za)rp (Z% Eo t z Za el v v
2 40 VvV
. Z o z
+ 1ApEo t vb ¢ () 2y , (3.21)
T el s X 2 0 . 20 24
Es (t) = é s A, e (22° Za)rs (Z% Eo t z % el te v
2 40 V
+iApEy t % gt 7o (3.22)

whererp (29 and rs (29 are Rayleigh re ection coe cient at p- and s-axes of the PBS,
respectively. p and s describe the phase shift as the light goes through the p- and
s-axes of the PBS, respectivelyTp and Ts are the split portion on the PBS axes.

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

T2AA, X 0, - 220
[P (ty= P @' 2 (z%) E, t E. t —
ac (1) 2 B e rp (Z% 0 v 0 V;
_h' 5,0 - ' . i
¢ v (9 s e (3.23)

We have the frequency of tunable lasér (t) = t+ !, where is a constant sweep
rate of tunable laser and! q is the initial angular frequency. Then the phasé (t) is
written as

Z

)= ! (t)dt=% t2+ 1gt+ " o (3.24)
0

where' g is the initial phase. We have

) 2720+ ° 220 220 20+
R ot = —t+ — I 3.25
v V v v ° v (3.25)

Then Eqg. (3.23) is reduced to
lhc (1) = TEAA, * e 2@ ()E, t 24 ey
e P 0 V 0 V
-h 229, 270 | 2% !

e! VUV o Wtz 4o (3.26)

We assume that the electric eld amplitude is stable, leading t&, t 22\(;*\ Eo (1)
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andE, t V E, (t). The measured p-detector signal is

X o -
| hc (1) = jre (29jjme (t)je 2 &)

ZO
A .
el 2221, v e rp(ZO)J“EI + c:C:
X . - . 2 (ZO+‘)
=2 jre (29iime (tj e
ZO
220 270 20+
cos Tt T lo v T rOF @)+ 5
X 270
= mp(t;z%cos vt + e+ (29 ; (3.27)
ZO
where
re (29 = jre (29j€ @, (3.28)

T2A.A,

me (1) = jmp ()j€ *O = TJEo(t)jZ; (3.29)

me (29 =2 jrp (29)jme (je 2 ) (3.30)
220 20+

"p (29 = v Mo v + o () 5 (3.31)

By using the slowly-varying-amplitude approximation, we havenp (t;z% mp (29, and
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Eq.(3.27) is reduced to

X 220
| Xc (1) me (29 cos v ' (29 : (3.32)

z0

By doing the complex Fourier transform, we obtain

©

2 X ) 220 ) 220
e (1) —— mp(® r@ 1 = +elr@ 4+
AC 2 v v
p_
2 X . 220
=~ m de@ 1 = 3.33
> p (29 v (3.33)

20

Since! > 0, we can ignore the second term of Eq_(3]33). For simplicity, we asse

X 0
lpc (1) = p(29) ! 272 ; (3.34)

20

P ) _ .
where p (29= —2mp (29 € »() and is related to local Rayleigh backscatter strength.
The derivations of the measured s-detector signal and its complégurier transform

are similar to the above.

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

and s-components and could be given by

X 220
| (t) = m (z% cos vt+' (29 ; (3.35)

Z0
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and

X 270

1 (1) = (2% ! v (3.36)

Z0

The de nitions of m (z% and (29 are similar to that of mp (z% and » (29, respectively.
In the previous derivation, we assume that there is only one mode Wwigroup index
ng and its corresponding group velocity V inside the ber. We obtain a @l time signal

| (t) and its complex Fourier transforml (! ).

3.3.2 Principle of mode coupling measurement in ber tapers

with OFDR

The fundamental mode of axisymmetric tapers is only coupled to med with the same
azimuthal symmetry, i.e. to the higher-order linearly polarized (LP)nodes, LR, modes.
In the case of non-axisymmetric tapers, the energy of the funahental mode will be
predominantly coupled to LP,, modes, which have the nearest propagation constant to
the fundamental mode, i.e. to the LR; and LPy, modes. These modes propagate along
the tapered ber with di erent e ective refractive indices. In the material, e.g. in the
ber, the wavelength of a mode is related to both its frequency andefractive index,
which is shown as
Cc

= o (3.37)
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where i, vj, and n; are the wavelength, frequency, and refractive index for the ith ode,
respectively, inside the ber. c is the velocity of light in vacuum. The elation between
the wavelength shift and the refractive index di erence at the pason z of di erence
modes is obtained by

c 1 1 c i
- = — — N L N ; (338)
nvi NV Vi 00 vin; n;

ng = — ij - (339)

Because a swept-wavelength OFDR scheme is used, the dispersibthe guided mode
should be taken into account. n; should be replaced with the di erential modal group

index my; [70], and Eq. [3.3D) is revised as

with
@ nj
@

mj = NG Ngj Ny

(3.41)

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

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

As mentioned above, the modes propagate and re ect in the tapat ber with di er-
ent group velocities due to di erent group indices. Then di erent goup velocities result
in di erent distance signals in the OTDR-like curves along the taper legth. In the case
of tapers, we assume that there are two modes with group indiceg and ng,, respec-
tively. Their corresponding group velocities ar&/; and V,, respectively. Eq. [3.2I7) will

include three components,
X 270 27°
(1) = 1@ @ 0 - () D
Vl V2

z0

F @ (@ O Vi1+vi2 ; (3.42)

where (29 is the proportion coe cient of ith mode and j (29 is the proportion
coe cient of mode coupling between ith mode and jth mode. These the proportion
coe cients satisfy 1 (29+ (29 + 12(2%9 =1, 82° (29 is directly related to local
Rayleigh backscatter strength.

Since (! b?)= J.% z2° &, we have

X
=" R @ P S 2@ @) P
V1V2 ! V1V2 .
* (Vi+Vy) 2() @)z (Vi+Vy) (3:43)

Then it is carried out to obtain OTDR-like curve along the taper length which is
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47
expressed as
2! z
S(2)=1 —
@=1
Vv Vv Vv
= a@) @ @ 9+ Fa@) @ 2
0 2 2 V,
V1V2 0 2V2
+
(V@) @ 2 2y
Vi Vo Vo V,
=_- + = _< _<
> a;(2) (2) > ap zvl zv1
ViVs 2V, 2V,
+ - — ; 3.44
(Vi+ Vo) 2 2+ Vp) Wi+ v, (3.44)

wherez = J+.

An appropriate window with a width of z is applied at z° the position along the

OTDR-like curve and its spectrum response is obtained through inise Fourier transform

data processing, as follows,

p_Z 2% 7
| ,(;z%= "2 €% S(z) dz
20
Z o
p_—#" 2\, V, V5 V,
- 2 'z + = - —
B e 5 a(z) (2) 5 a, zV1 zV1
V1V2 2V2 2V2
a dz: 3.45
(Vi+ V) 2 ZV1+ V, ZV1 + Vs ‘ (3.45)
p_—R 2% z

LetK; (2% 2)= "2 €2 g (z) (z)dz and the second term in Eq. [(3.45) is
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expressed as

p__= ™ 2z V, Vs
2 e€ta z—= z—= dz
50 VA V,
Z V2.0
ViPp_—" vift z vy V
=N T Wa(y) (y)dy lety=z-2
Vs, xizzo V,
1
Vi Vi Vo Vs
VR VR VIV (3.46)
And the third term in Eq. (8.45) is given by
Z o
p_— #z+ z 2V, 2V,
2 et a, z z
20 1 Vi+ Vs Vi+ V,
Z v, 0
Vi+ VP — vz (2 2) it VitVay 2V,
= e 2 ’a d lety= 12z
N, oy o 2 "agz(y) (y)dy Y= 25,
Vi+Vy
V,+V V,+V 2V 2V
=1 2Ky, 12 2. 70 2_. 2 2 (3.47)
2V, 2V, Vi+V, Vi+ Vs
We have
V \/ V
2(hz9 =57 Ka(hzG 2)+ Kp 1+ !12;20\/—?; zv—i
! 2V 2V
+ Ky b g 272 3.48
12 2 TV + V' VLV, (3.48)
where !4, = ! VL;Z with Vi, = jV1  V, . The window width z is comparable

to the beat length of the ber, so the above integral essentially gaures the feature of
mode coupling. Most importantly, the frequency dependence ofrfctions in Eq. (3.48)

are correlated mainly because these functiois (!;z % z) are originated from the same
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function (29 with only di erence in scaling factors. Therefore, one can measarthe
group index di erence in the autocorrelation functional plot ofl , (!;z 9. The autocor-
relation calculation ofl , (!;z 9 will reveal a central peak at! = t and side peaks at
I =1+ % and! =T+ T, In other words, the distances between these side peaks

and the central peak give the amounts of frequency shifts ef;ﬁ and T, .

Since
L V12:|JV1 V)
' 12 V2 : V2
e . in Ng1] m
— Ng1 Ng2 I JNg2 g1l — 12,
— ! - b (3.49)
Ng2 9 g
we have
12
Miz = ——Ng1! (3.50)
Since = 2%, =25 1 = L ,wehave
Mmqo = 12 Ng1: (351)

Therefore, the group index di erence between the modes of thegers is obtained by
measuring the frequency shifts or wavelength shifts through aatorrelation calculation
of the spectrum.

In the case of three modes in the tapers, we have group indicesgf, ng and ng; and
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corresponding group velocities df; , V, and V3. Eq. (3.36) will include six components

as follows,

X 22°
L(t)= 12 (&) ! 'V + () (@ !
20 Vi
0
+ 3% % ! 3/—23
+ @) @ ' 2 Vil + Viz
+ 3@ @ ' 2 Vil + Vig
+ 5@ @ ' 2 Viz + Vig

V1 V2 V2 V2 V3 V3
S(z) = —a + —ay Z— — + —az zZ-
(2) > 1(2) (2) 5 & ZV1 ZV1 > ZV1
ViVs 2V, AYD
+ - PR —
(Vi+Vy) 2 Z(Vl + V) ZV1 + Vs
V1V3 2V3 2V3
+ - PR —
(Vi+ Vy) i Z(Vl + V3) ZV1 + V3
V,V3 2V,V3 2V,V3

+  °° g4,z 2° gz “—"e'S .
(Va+ Va) 2 “Vi(Va+ Vi) Vi(Va+ Vs)

220

(3.52)

(3.53)

Then an appropriate window is applied to the OTDR-like curve and its sgctrum response
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is expressed as

Z

2%+ z

| ,(;29= p2_ O €'? S(z)dz
z
=EK1(!;Z°. )+ Ky !+ !12;2%—?; zx—i
+ Kz !+ !13;20%; Zx—i
* R T !212;ZOV12Y2\/2; Zvlzllz\/2
* R !213;20\/12:/3\/3; Zvlzllsv3
where !; = ! % with V4 = jV; V;j. Similarly, the frequency dependence of

functions in Eq. (3.54) are correlated mainly because these functoK; (1;z % z) are
originated from the same function (z% with only di erence in scaling factors. Therefore,
one can measure the group index dierence in the autocorrelatiomrfctional plot of
| ,(!;z9. The distances between these side peaks and the central pealeghe amounts
of frequency shifts o512, 1, 1, 22 118 15 and their di erences among these

modes. Since

—Ngi; (3.55)

the group index di erences among these modes of the tapers atdaned by measuring

the frequency shifts or wavelength shifts.



Distributed mode coupling measurement with OFDR 52

3.4 Experimental setup and results

The experimental setup to measure Rayleigh backscatter as a @ion of ber length is
shown in Fig.[3.1. It consists of a TLS (Agilent 81980A) with a sweep t@ of 40nm/s,
two polarization controllers (PC, and PC,), a measurement interferometer, an auxiliary
interferometer with 64m di erential delay, and a polarization beam orersity receiver.
According to Eq. (3.8), a wide sweep range of tunable laser (1518fDnm) produces
high spatial resolution of 13 m. PC; is required in polarization diversity measurement to
adjust the polarization of the local path to have the same powerif@- and s-components,
respectively. PG is used to adjust the polarization of the input light to the FUT for
optimization of the measurement. Since the polarization state of ¢hscattered signal is
arbitrary, we adopt the polarization diversity detection technique including a polariza-
tion beam splitter (PBS), two PDs and a high-speed data acquisitionacd (DAQ). The
auxiliary MZI provides interference fringes, which are used to triggg data acquisition
and help to mitigate the tuning errors of the laser. The measured @nd s-components
of interference fringes are digitized as a function of laser frequgrand stored in memory,
as shown in Fig.[3.B(a). Figuré 3]3(b) shows complex Fourier transfio of p-component
interference signal. The OTDR-like curves along the ber length, idading p- and s-
components and their vector sum, are presented in Fig._B.3(c). Wh a section of
complex Fourier transform data is selected, as shown in Fig."B.3(d}s inverse Fourier
transform result and autocorrelation calculation are displayed in Fgy [3.3(e) and (f),

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

As shown in Fig. [3.4(a), the original data of the OTDR-like curve is prgented,
which is associated with a spatial resolution of 13n. In order to show the pro le of
the taper, a low-pass Iter (LPF) is added, as shown in Figsi—3.4(b)ral (c). It seems
that the spatial resolution, which is shown as the 3dB bandwidth ofite re ection at the
ber end, becomes worse by using an LPF with a lower frequency. Rig [3.4(d) shows
the result of taking average over every 1000 points and its e ectvspatial resolution
is 1cm. However, comparing Figs[_3.4(a)-(d), the OTDR-like curvesver the taper
range have similar shape. In order to show the pro le of the tapeall OTDR-like curves

in this chapter have been smoothed using a LPF ¢£0.003Hz with an e ective spatial
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resolution of 1.7mm. Autocorrelation calculations are based on the original data.

Figure 3.4: (a) The original data of the OTDR-like curve. (b), (c) Thre OTDR-like curves
with a LPF of f=0.03Hz andf=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 Bm segment of SMF.

Within a section of SMF (Corning, SMF-28M), a  1.3m width of autocorrelation
window is applied to obtain high spectral resolution and to measure ithlow residual
stress-induced birefringence, which results from the ber fabition process. The window
width should be comparable to the beat length of the FUT. The autamrelation of the
spectrum is shown in Fig[[3)5. By using Eq.[(3.40), the wavelength shif  =0.001nm
leads to the average group index di erence m=9.47 10 ' for the segment of SMF.
This value is consistent with the group birefringence measured by iBouin optical time-

domain analysis (BOTDA) [71]. Herenyg=1.4681 and =1550nm.
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3.4.1 Gently tapered SMF

The gentle tapers are fabricated by using heating and stretching¢hnique![9]. With help
of a high magni cation microscope, the geometric structure of tagred ber is described
point by point. The diameter of the tapered SMF is shown in Fig[~316(a) The waist
diameter of the taper is 12.2 m and the lengths of the down-taper, uniform waist and
up-taper sections are Acm, 475cm, and 24cm, respectively. Figuré_3]6(a) also shows
the re ected spectrum of Rayleigh backscatter as a function oigtance along the tapered
SMF. In order to show the pro le of the taper, the OTDR-like curvehas been smoothed
using a LPF with an e ective spatial resolution of 27mm. Comparing the two curves in
Fig. [3.8(a), the geometric waveguide structure cannot show thetaal energy coupling
between the fundamental mode and high order modes. Rayleigh kscatter in optical
ber is caused by a change in the refractive index along the ber letig. Therefore, the
amplitude uctuation of Rayleigh backscatter as a function of berdistance provides
more accurate information than the geometric image of the tapekVhen the amplitude
of the re ected backscatter decreases, it indicates the energg-distribution, in other
words, the generation of higher-order modes. In the down-tapeesgion, the energy is
transferred from the fundamental mode to higher-order modgegvhich are leaky modes
due to the small optical area. The lowest mode with reduced energyakes a dominating
contribution to Rayleigh backscatter. Thus, the correspondingraplitude of backscatter
signal is reduced. The rst dip in the re ected amplitude of Rayleigh bckscatter indi-

cates the minimum scatter level, which is 6dB lower than that of SMF. fie amplitude
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increasing in the next region means that more energy is coupled bdobm higher-order
modes to the fundamental mode. In the uniform waist region, theumber of modes
guided in the ber is constant. The spectral uctuations result fom the energy coupling
among these several modes. The scatter level of the uniform egt of taper is 2dB

higher than that of SMF due to the reduced cross-sectional ared the taper.

Figure 3.6: (a) Backscatter amplitude versus distance along the rily tapered SMF
(the black curve) and the cladding diameter of the gently taperedN&- (the red curve).
Length of taper: L=10.25cm; Uniform segment of taperd=12.2 m, |=4.75cm. (b) The
autocorrelation calculation of the spectrum of the down-taper rage (the blue window
in (a)). (c) The autocorrelation calculation of the spectrum of theuniform waist range
(the green window in (a)). (d) The autocorrelation calculation of tle spectrum of the
up-taper range (the purple window in (a)). The widths of the window are 2.08cm.
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At the edge of the uniform waist region, the backscatter signal atts to decrease.
This is because the energy is transferred from the core mode to leg-order modes,
which is not guided in the core. In the up-taper region, the scattelevel reaches its
second minimum value, which is 6dB lower than that of SMF. In the folloing region,
the amplitude of Rayleigh backscatter starts to increase, becaushe energy is coupled
back from higher-order modes to the fundamental mode as the thater of tapered ber
increases. The analysis on Rayleigh backscatter shows the actaakrgy coupling pro-
cess between the fundamental mode and higher-order modes ie tlapered ber. The
length of mode coupling is in accordance with the geometric strucirof the gently ta-
pered ber. However, more detailed energy re-distribution is obsed through Rayleigh
backscatter. Furthermore, the autocorrelations of the spewt of tapered ber are shown
in Figs. [3.6(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 amly a ects the ratio
of the amplitude of the side peaks to that of the central peak. A wi window incorpo-
rates more data points, and gives better spectral resolution anabrse spatial resolution.
There is a tradeo between spectral resolution and spatial resdlan due to nite rates
of the TLS and the DAQ. In this case, we choose a width of@cm, including 1600 data
points in the time domain. The ratio of the amplitude of the rst side peak to that of
the central peak is over B and the amplitude ratio for the second side peak is0.2.
These peaks indicate the generation of one higher-order mode.eTdlistances of the rst

and second side peaks from the central peak are equal to the alangth shifts of —=
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and 1, , respectively. The measured results are@56nm and @88nm, respectively.
Therefore, the wavelength shift between the fundamental modend higher-order mode
is  1,=0.0896nm. and the group index di erence is m;,=8.49 10 °. Heren=1.4681
and = 1550nm. The same wavelength shifts in Figd."3.6(b) and (d) indicate the sym-
metrical generation of same higher-order modes in the down-tapend up-taper regions.
Less side peaks in Fid._3.6(c) means that negligible coupling betweenitd local modes
take place at the central quasi-adiabatic uniform waist region. Thexperimental result
agrees with the theoretical model [27].

The measured group index di erence, which is an average parameie the segment
of the tapered ber, results from two factors. The rst factoris the geometric structure
change of the taper. As the cladding diameter of ber is tapered dm, the e ective
refractive index of the fundamental mode decreases. The thetical calculation of nes
as a function of the cladding diameter of taper is shown in Fig._2.1. It dicates that the
group index di erence results in part from the geometric structue. The second factor is
the generation of higher-order modes. As the diameter of taperreduced to the \cut-
o " transition [25], the energy is coupled from the fundamental mde to higher-order
modes. The group index di erence results from di erent modes at given location of the
taper. Using theoretical values of e ective refractive indices foctPy; and LPy, modes,
we calculate the average group index di erence in the same window @#® blue one in
Fig. 3.8(a). When the diameter of the tapered ber is reduced fromi22 m to 40 m,

theoretical average group index di erence between LPand LPy, modesis myp o1 02=-
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8.12 10 °. Therefore, the experimental result of m;,=8.49 10 ° is reasonable. The
rst and second side peaks in Fig[—3l6(b) indicate the generation oy, mode in the
gentle taper, which is regarded as an axisymmetric taper. In ordeo calculate the
group index di erence between modes, the impact of geometric stture change should
be reduced by decreasing the window width for autocorrelation calation. In order to
obtain enough data points in the reduced window, we need to increathe sweep rate of

TLS.

3.4.2 Abruptly tapered SMF

The abrupt tapers are fabricated by using an Ericsson fusion splic=SU{995FA) with
a customized tapering program. Microscope images of tapers ate®wn in Fig. [3.1.
The waist diameters of the tapers are 76n, 66 m, 49 m and 35 m, respectively. The
lengths of the tapers are 85mm, Q85mm, 1mm and 123mm, respectively. In Fig.
3.4, the peaks around the distance of:®n mean the re ection of the knots near the
end of ber. In the case of weak tapers, such as taper (a), theatter level drops by
1dB. When the waist diameter is reduced to 6an, the scatter level drops by 2dB.
In the case of abrupt tapers with the waist diameters of 49n and 35 m, the scatter
levels drop by 8dB and 12dB, respectively. The uctuation of Rayleigh backscatter
indicates the energy re-distribution among modes in tapered berdn other words, it
indicates the generation of higher-order modes. As shown in Fig. &), the energy of

fundamental core mode is split into higher-order modes when the éb is tapered down
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Figure 3.7: Microscope images of the abruptly tapered SMFs (left)nd backscatter
amplitude versus distance of the tapers (right). (ap=76 m, L=0.85mm; (b) d=66 m,

L=0.85mm; (c) d=49 m, L=1mm; (d) d=35 m, L=1.23mm. The length of inset scale
bar is 50 m.

to a cladding diameter of 49m. The experimental results accord with the theoretical
calculation in Chapter 2, which shows that the \cut-o " transition v alue of the cladding
diameter of the taper is 511 m. Furthermore, the uctuation of the re ected amplitude
of Rayleigh backscatter exists in a length of several centimetenshich is much longer
than the geometric lengths of tapers (c) and (d).

Figure[3.8(a) shows the re ected spectrum of Rayleigh backscattalong a length of

the taper (d) and its diameter. In order to show the pro le of the aper, Fig.[38(a) has
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Figure 3.8: (a) Backscatter amplitude versus distance along the raipt taper (the black
curve), as shown in Fig[3]7(d), and its cladding diameter (the red cee). (b){(d) Au-
tocorrelation calculations of the spectra of three segments ofpt@red ber, respectively.
The widths of the windows are 2.08cm.

been smoothed using a low-pass Iter with an e ective spatial resdion of 1.7mm. An
autocorrelation of the spectrum of the rst segment is shown in Fig3.8(b). The ratio of
the amplitude of the rst side peak to that of the central peak reahes 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@17nm, 00829nm, 0124nm and 0165nm, respec-
tively. As discussed in section 3.3.2, in the case of three modes, tidespeaks of the

autocorrelation will appear at -2, —= , 12 , % 13 and their di erences.
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We will obtain the measured wavelength shifts of 1,=0.083nm and  13=0.165nm
and the group index dierences of m;,=7.86 10 ®> and m;3=1.56 10 4. Theoret-
ical average group index di erences are calculated when the diareetof the tapered
ber is reduced from 125m to 35 m. We obtain theoretical values of mipo1 11=-
7.84 10 ®and mp o1 02=-1.61 10 . Therefore, the corresponding wavelength shifts
are 1,=0.083nm and 13=0.171nm, respectively. Then theoretical wavelength shifts

are 00415nm, 0083nm, 0085nm, 0127nm and 0171nm. The second and third terms,

52 and 1 cannot be distinguished and they are shown as the second side eak
Comparing the theoretical values, these peaks in Fig._8.7 (b) indieathe generation
of LP;; and LPg; modes in the abrupt taper, which is regarded as a non-axisymmetric
taper. However, theoretical average group index di erence withthe 2.08cm segment
of ber must be calculated based on a model combining a segment &S (0{1.96cm)
and the abrupt taper with a length of 1.23mm and a waist diameter of 35m, because
the mode coupling length is unknown. The geometric length of the tapis regarded as
minimum coupling length ( 1.23mm) and the window width is regarded as maximum
coupling length ( 2.08cm). As shown in Tableé_3]1, the experimental results are closed
to the upper limit of these theoretical values. This is because the Imgr-order modes
exist in a longer physical length along the tapered ber than its geoetric length. The
actual coupling process is observed through Rayleigh backscatt&'he autocorrelation

is performed to the next 2.08cm section of ber. Figurd—3]7(c) shows same wavelength

shifts with di erent energy ratio. It indicates the energy re-distibution among these



Distributed mode coupling measurement with OFDR 64

modes in taper. The mode number reduces in the third2.08cm segment of ber, which
shows fewer side peaks in Fig._3.7(d). Here 1,=0.29nm and hence m;»=2.75 10 4.

It indicates that there is still one mode in the third window in Fig. [3.7(a) even it is
several centimeters away from the taper. It is found that the pfsical length of mode
coupling of tapered ber is di erent from its geometric image. By usig OFDR scheme
and Eq. (3.40), the observation of mode coupling and the accurateeasurement of group

index di erences in tapers are achieved with a 2cm resolution.

Table 3.1: Measured and theoretical group index di erence of lgP and LP,, for the
abrupt taper with d=35 m, L=1.23mm.

(nm) m Theoretical values m

12=0.083 m,=7.86 10° mp, ,=-4.73 10 ©-7.84 10 °
15=0.165 m=1.56 104 mp, ,=-9.64 10 ©-1.61 10 *

3.5 Conclusion

We propose a rapid and nondestructive approach to reveal theaited modes of ber
tapers. Distributed mode coupling processes along gentle and ghrtapers are exper-
imentally measured with OFDR technology. The detailed energy re-digoution among
modes is measured continuously through Rayleigh backscatter asuaction of distance
with a 13 m resolution along the length of the tapers. In addition, a plot of thautocor-
relation calculation shows the generation of higher-order modesh& wavelength shifts

between the fundamental mode and higher-order modes of theptx are theoretically
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derived and experimentally veri ed. The accurate measurement gfroup index di er-

ences between the fundamental mode and high order modes in tagek bers with  2cm
resolution is achieved through the autocorrelation calculation in thepectral domain. We
nd that the mode coupling in gentle tapers exists in the same lengthes their geometric
lengths, while the mode coupling in abrupt tapers exists in longer segnis than their

geometric lengths. One could improve the measurement resolutiog bsing a tunable
laser with higher tuning rate. In this way, one could obtain a precise @asurement of

group index di erence at a given location along the tapered ber.



Chapter 4

Thermal and mechanical properties
of tapered ber measured with
OFDR and its application for

high-sensitivity force measurement

This chapter studies the thermal and mechanical properties of dr tapers by using an
Optical Frequency-domain Re ectometry (OFDR) scheme, and aighly sensitive force
sensor is proposed based on the ber taper. Section 4.1 shows Haekground of the
research. Section 4.2 describes the fabrication of a gentle bemtr and the principle
of OFDR measurement based on our previous work [72]. Section 4.3nt &ection 4.3.2

present the experimental results on thermal and mechanical grerties 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 ber tapeand causes the inhomo-
geneous refractive index distribution. This will degrade the opticadjuality of the ber
taper for its applications. To the best of our knowledge, the theral and mechanical
properties, particularly their variations at di erent locations along the tapered ber,
have not been studied. Fiber tapers with small diameters become enésting also for
force measurement. When a section of ber taper is stretched [an axial forceF, the
strain applied on the taper scales inversely with the cross-sectiorerea or the square

of the diameter of the taper as long as Young's modulus is considenedependent of

F
EA’

the diameter [73]. This dependence is because where" is the applied strain in
the ber, F is the axial force,E is Young's modulus of the ber material andA is the
cross-sectional area of the ber. Therefore, at the same fertevel, the ber taper with
reduced waist diameter has several hundred times more strain th#éat of single-mode
ber (SMF). A high force measurement has been achieved using bé&ragg gratings
(FBGSs) inscribed in the waist of a tapered ber [73]. However, for taers with a diam-
eter below 16 m, the variation of the e ective refractive index with diameter shold
be taken into account|[73], so that it becomes hard to fabricate KB in tapered SMFs

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

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

Rayleigh backscatter in optical ber is caused by random uctuatios in the refractive
index pro le along the ber length, and it varies randomly along the ber length due to
inhomogeneity of the ber. Changes in the refractive index pro le aused by an external
stimulus, such as temperature or strain, will induce spectral shitbeing measured by
OFDR. Recent publications have demonstrated that SMFs and polaation-maintaining
bers (PMFs) can be used as Rayleigh scattering-based tempeua¢ or strain sensor by
using high-resolution, high-sensitivity OFDR, and the use of PMFs nka&s it possible
to discriminate the temperature and strain through data processg schemes including
complex fast Fourier transfer (FFT), autocorrelation and crossorrelation, etc. [59, 62].
In the case of PMFs, the group birefringence of the ber, which isrgup index di erence
between the fast and slow modes, can be deduced from specttafts through auto-
correlation calculation, while the group index change of the fast (@low) mode can be
deduced from using cross-correlation calculation. These two paraters are temperature
and strain dependent, which makes it possible to assess these pagters simultaneously.
In the case of ber tapers, the autocorrelation wavelength shifindicates the group in-
dex di erence between the fundamental mode and higher-orderades through mode
coupling process; in the uniform region of taper with a small waist diagter, the cross-
correlation wavelength shift indicates the group index change of énfundamental 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 meelmical properties of
ber tapers by using an OFDR scheme, and a highly sensitive forcenser is proposed
based on the ber taper. In temperature and force measuremisn the temperature or
force sensitivity is de ned as the ratio of wavelength shift, and thehange of tempera-
ture or force. The wavelength shift is calculated through crossuelation of Rayleigh
scatter spectra from a selected section of ber before and aftidhe temperature or force
is applied to the ber. As described in section 4.3.1, the non-anneala@dper has its
inhomogeneous thermal property and the annealed taper has hogeneous temperature
coe cient, 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 studié¢ and measured with
a spatial resolution of 3.85mm. It is demonstrated that the forceessitivity is improved
by decreasing the waist diameter of the uniform segment along thaper, e.g., when
the waist diameter is reduced to 6 m, a force sensitivity of 620.83nm/N with a force
resolution of 6.35 N is achieved, which is about 500 times higher than that of the SMF.
It is noted that ber taper can be used as a temperature-indepelent force sensor due

to huge di erence between its force and temperature sensitivities

4.2 Principle

The heating and stretching technique [9] is introduced to fabricatthe gentle tapers. A
section of SMF is xed on two linear translation stages with submicromrecision and

the middle jacket-o ber is hanging. A small region of the ber is heded by a scanning
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hydrogen ame. After a pre-heating process, the ber is streteed slowly while the
scanning range of the ame is increasing. The pulling speed of the figlation stages,
the scanning speed and the scanning range of the ame are acdaha controlled by a
computer. The slow stretching technique leads to the taper with gde slopes in the
down-taper and up-taper regions and a uniform region with redudediameter waist.

In OFDR, the interference Rayleigh backscatter signal of the bretaper is monitored
and the complex Fourier transform is carried out to obtain OTDR-likecurves along the
taper length. A polarization-independent signal is obtained by caltating the vector sum
of the p- and s-components of the detected signal. During the uoifn range of the gentle
taper, linearly polarized (LP) mode, LR; mode is a dominating mode, which contains
most of energy, with group indexny and its corresponding group velocityy = % inside
the ber, where c is the speed of light in vacuum. The OTDR-like signahlong the

uniform taper length is expressed as [72]
Vv
s@= 5" (@; (4.1)

wherez = "2’—9 and is a constant sweep rate of tunable laser, (z) is directly related
to local Rayleigh backscatter strength. An appropriate window wit a width of z

is applied at the positionz® along the OTDR-like curve and the spectrum response is
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obtained through inverse Fourier transform data processing, &sllows:

| ,(:z%= "2 €'? S(z)dz

K (z% 2)j; (4.2)

R Lo

where K (1;z% 2) = p2_ “*t *dz (z)dz. A reference measurement is taken in

20
the initial state. Then a sensing measurement of the same taper iaken after the
temperature or force is changed. Therefore, one can measune spectral shift in the
cross-correlation functional plot ofl , (!;z 9, which gives the amount of changed group
index of LPy; mode. Because the group index is determined by the change of teargtture
or force, the thermal and mechanical properties of the taper wabe investigated by

measuring the wavelength shift through cross-correlation calctilan of the spectra. Here,

the sensitivity is de ned as the ratio of wavelength shift of crosseerelation calculation

and the change of temperature or force, which is given by = —<¢= and ¢ = —&=,
respectively.
When a section of ber is stretched, it is subjected to a deformatioproportional to

the amplitude of the force within elastic range of the ber. Within thiselastic range, the

mechanical deformation is reversible. Here, the applied forEeis expressed as

F=EA—; (4.3)
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Figure 4.1: Sketch image of the gentle taperXraperu, Xsmr, and Xraper. () are the
initial length of jacket-o SMF, the uniform segment in taper, and asub-segment in the
up- and down-segment in taper, respectively.

where for ber without coating, E = 7:18 10'°N=m? [74], x is the initial length of the
ber, x is the length change of relative deformation imposed by the forée As shown

in Fig. 4.1, we have

X
X=  Xrtaperu t* Xsmr *t XT aperL (2); (4.4)
z

X
X = Xtaperu ¥ Xsmr t XT aperL (2); (4.5)

where Xsume, Xrvaperu, and Xraper. () are the length change of SMF, the uniform
segment in taper, and a sub-segment in the up- and down-segmentaper, respectively.
XsMFE » XTaperu, and Xraper. (2) are the initial length of jacket-o SMF, the uniform seg-
ment in taper, and a sub-segment in the up- and down-segments iapter, respectively.

x and x are the total length change and initial length of the whole ber, rgsectively.
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The length changes of each segment satisfy the following relations

2

Xsmr  _ FXsmr EAtaperu _ Xswmr dTaperU ) (4.6)
XTaperU EASMF I:XTaperU XTaperU dSMF '
2
XTaperL (Z) _ I:XTaperL (Z) EATaperU _ XTaperL (Z) dTaperU ; (4 7)

XTaperU EATaperL (Z) I:XTaperU XTaperU dTaperL (Z)

where dsye , Graperu, and draper (2) are the diameter of SMF, the uniform segment in
taper, and a sub-segment in the up- and down-segments in tapegspectively. Young's

modulus is assumed to be constant when the ber is tapered. Théoee, we have

X
XTapery = —, (4.8)

where is a normalization factor and given by

2 2
=1+ XsSMF dTaperU + X XTaperL (Z) dTaperU

4.9
XTaperU dSMF 2 XTaperU dTaperL (Z) ( )
Inserting Eq. (4.8) into (4.3), the force is calculated by
X Ed? X
F = EAtaperu Tepert = Trapery . (4.10)
XTaperU 4x TaperU

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

Since the strain applied on the ber is given by = &, the strain applied on the uniform

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

IITaFJerU - ASMF — dSMF 2. (4 11)

SMF ATaperU dTaperU

The applied strain scales inversely with the cross-sectional area ttve square of the
diameter of the ber. As the applied strain increases, the changd group index increases
and then measured wavelength shift in cross-correlation is gettingrger. Therefore, the
uniform range of taper with smaller waist diameter has a higher forsensitivity . Here
we assume the diameter of the ber is constant, which is independern 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 fuioct of ber length
is shown in Fig. [4.2. It consists of a tunable laser TLS with a sweep raté 40nm/s,
two polarization controllers (PC, and PC,), a measurement interferometer, an auxiliary
interferometer with 64m di erential delay, and a polarization beam dersity receiver. A
wide sweep range of tunable laser source (1510{1570nm) produbegh spatial resolu-
tion of 13m . The auxiliary Mach-Zehnder interferometer (MZI) provides inteference
fringes, which are used to trigger data acquisition and help to mitigatthe tuning errors
of the laser. The polarization beam diversity receiver includes a poization beam split-

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

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

s == @om@ ......

3
Translation stages
PCL PBS PD
& | — P
=
PD DA
2 LI" S Q
Cs Cs — Trigger
—
PDs
OPD=64m

Figure 4.2: Schematic setup of OFDR system. TLS: tunable light soee; G: 99 : 1
coupler; G, Cs, C4, Cs: 50 : 50 couplers; PC: polarization controller; PBS: polarization
beam splitter; PD: photodetector; OPD: optical path di erence;DAQ: data acquisition.

With the help of a high-magni cation microscope, the cladding diameteof taper A is
measured point by point, as shown in Figi_413(a). Figurie_4.3(a) alsohlis the re ected
spectrum of Rayleigh backscatter as a function of distance alonkyet tapered SMF. The
spectrum has been smoothed using a low-pass Iter with an e ectivgpatial resolution
of 1.7mm. The amplitude uctuation of Rayleigh backscatter as a fundébn of ber
distance shows the energy re-distribution among di erent mode®wutinuously 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 puinto an oven. A
reference measurement was taken when the taper was at the irit@emperature of 25C.
As shown in Fig.[4.B(a), we choose a window at position 4.37m with a widthh  3.85mm,
including 300 data points, along the OTDR-like curve. The spectrunmesponse is obtained
through inverse Fourier transform data processing. Then a sémg measurement of
the same taper was taken after the temperature was changedhd cross-correlation of
these two spectra reveals a central peak shift due to changedeetive group indexny,
which represents the changed temperature. Figuie 4.3(b) shotte left-shifted central
peak in cross-correlation of the spectra of the non-annealed &pA, which indicates the
temperature-induced refractive index change when the tempeuae is increased from

25Cto 38 C.

Figure 4.3: (a) Backscatter signal versus distance along the tap@eft axis) and the
cladding diameter of the taper (right axis). (b) Cross-correlationcalculation of the
spectra of the segment in the uniform taper range of non-annedl¢éaper A (the blue
window in (a)) with increasing temperature from 25C to 38 C.
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Figure[4.4 compares the thermal property of the non-annealedper, annealed taper
and SMF. From Fig. [434 (a), we observe that the non-annealed tapé&as the inho-
mogeneous thermal property. When the temperature increasdbe wavelength shift of
cross-correlation calculation is negative and decreases t60.9nm at the temperature
of 40 C and then increases as the temperature increases. When the parature de-
creases from 11 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 coast temperature
T=120 C. After 24 hours, the taper is slowly cooled to room temperaturd-igure[4.4(b)
indicates that the annealed taper has the same linear temperatudependence when the
temperature increases or decreases. Comparing Figs.] 4.4(b) 4oy the temperature
sensitivity of the annealed taper is similar to that of SMF. After annaling, the inhomo-
geneous thermal property has been reduced signi cantly. Appamtly, the residual stress

from the taper process has been released by annealing treatment

Figure 4.4: Wavelength shift vs. temperature for (a) non-annealetaper, (b) annealed
taper, and (c) SMF, respectively. The left and right axes show thiemperature increasing
case and the temperature decreasing case, respectively. Thagkes are the experimental
data and the linear curves are the tting results.
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Now we discuss the system resolution, including the spectral residimn and the spa-
tial resolution. A larger window in OTDR-like curve includes more data pints and gives
better spectral resolution, but lower spatial resolution. There ia trade-o0 between spec-
tral resolution and spatial resolution due to tuning range of the TE and the sampling
rate of DAQ. The OFDR measurement is performed 100 times at th@om temperature
and the standard deviation of cross-correlation calculation versuspatial resolution of
OFDR system is plotted as a function of spatial resolution of OFDR sgem, as shown in
Fig. 4.5(a). The standard deviation of the wavelength shift of cr@scorrelation measure-
ment is as high as 17pm when the spatial resolution is Imm. The standard deviation
of wavelength shift is decreased to 3.94pm as the spatial resolution is 3.85mm. There
is a trade-0 between spatial resolution and standard deviation dhe OFDR system. As
an example, Fig.[4.b(b) displays the standard deviation of crossfoelation calculation

of 3.94pm when the spatial resolution is set at 3.85mm, including 300 data points.

Figure 4.5: (a) The standard deviation of wavelength shift of crossorrelation calculation
as a function of the spatial resolution. (b) The wavelength shiftsfacross-correlation
calculation over 100 measurements at the room temperature, whthe spatial resolution
is 3.85mm.
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4.3.2 Mechanical properties

A section of the jacket-o ber with a length of 19cm was stretched by using two
translation stages at room temperature. A reference measurent was taken when the
taper was in the initial state. Then the force measurement was tak when the ber was
stretched with a step of x. A 3.85mm window with 300 data points is applied along
the OTDR-like curve and the spectrum response is obtained throhginverse Fourier
transform data processing. As discussed in previous subsectitre residual stress leads
to inhomogeneous change of the refractive index. Tapers A, B afidare fabricated with
di erent parameters and then all of these tapers are annealed. apper A has a length
of xo=10.4cm and a uniform segment with diameter ofly yperu, =12.2 m and length of
Xtaperu, =4.9cm. The parameters for taper B and C arexg =12.6cm, draperu, =7.8 m,
XTaperug =4.7CM, Xc=13.7CM, draperuc =6 M and Xraperu. =5.5cm. Using Eq. [4.9), we
have ,=1.176, g=1.205, and ¢=1.127. Using Eq. [4.1l), 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 ber ( 19cm) was stretched by a step of h . Using Eq. (4.10), the
corresponding force step is 1.458.0 “N. The measurement is performed with zero force
applied to the ber to produce a reference and again after a fordeas been induced. A

3.85mm window is applied at the location of 4.38m along taper A and as sWtin Fig.
4.6(a), the increasing force results in a right-shifted main peak in ¢hcross-correlation

plot. Figure [4.6(b) shows the wavelength shift of cross-correlaticcalculation along the
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whole taper length. In the taper region, compared with the zero ifoe applied state,

cross-correlation of the spectra reveals that the wavelength ithincreases as the force
applied on the taper increases. From Fig._4.6(c), we observe théettaper with a smaller

diameter has a higher force sensitivity. The force sensitivities offiars A, B, and C are
A =132.31nm/N, g=424.74nm/N and =620.83nm/N, respectively. The resolution
of the force measurement is related to the wavelength resolutiori oross-correlation
calculation in OFDR scheme. As mentioned in section 4.3.1, the standadeviation is

optimized to  3.94pm as the spatial resolution is 3.85mm. Thus, the corresponding
force resolutions are 29.7B , 9.28N and 6.35N for tapers A, B and C, respectively.
Figure [4.8(d) displays the force sensitivity along the uniform segmisnof these tapers.
The force sensitivities uctuate slightly along the whole uniform segemt.

Now we increase the force level. Taper A was stretched with a stepl@5m , which
corresponds to a step force of 0.0182N. Compared with a refarermeasurement, the
sensing measurement is taken with an additional force of 0.0182N.o€s-correlation of
the spectra reveals the wavelength shift between two conditionEach wavelength shift
data is calculated within a selected 3.85mm window along the OTDR-like curve. Figure
4. 4(a) indicates that, in the rst 12 states, the wavelength shift beys 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 fare. In the rst 15
states, the wavelength shift of cross-correlation in the uniformange of taper shows the

group index change of L, 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 tleegment in the uniform

taper range between the zero force applied state and three inaseng force applied states.
(b) Wavelength shifts of cross-correlation calculation along the peer length as the force
increases (left axis), and the cladding diameter of taper A (right a). (c) Wavelength

shifts as a function of force in the case of tapers A, B and C. Themples are the
experimental data and the curves are the linear tting results. (3 The force sensitivities
along the uniform segments of these tapers.

negative values. It means that the taper starts to be deformed itransverse direction
in state 16, with a 0.2912N-force applied. The energy in original donaiting mode LPy;
is redistributed to higher-order modes; hence correlation betweeli erent modes gives
negative values, while correlation results of the same mode show ifes correlation. It

is because higher-order modes have lower group indices [72]. Thiea ¢ross-correlation
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wavelength shifts in states 16-19 become positive again becauseytlshow the group
index change of the same higher-order mode, which has most egergthese states. The
energy coupling between higher-order modes happens again in egafl9 and 20, with
negative cross-correlation wavelength shifts. The wavelengthifHorce sensitivities for
di erent modes are di erent. Linear tting in separated ranges nd that LP o; mode has
a force sensitivity of 124.27nm/N, higher-order modes have semgiies of 48.39nm/N
and 18.15nm/N, respectively. In order to avoid the deformation ober and regard its
diameter as a constant, the ber taper should be used as an acate force sensor in the
range of milli or micro newtons. Here we only test the tapers with revsible mechanical
perturbations, and consider the force sensitivity of L} mode. Reference [63] showed
the experimental result of—s¢ = 0:7314 ", which results in a wavelength shift-strain
sensitivity of -~ = —se = 0:73141 =1.13pm/ " , here =1540nm. We transform it to

the wavelength shift-force sensitivity by using

c:c c.c " " 4.
= = = —= — 4.12

and the force sensitivity of SMF is 1.25nm/N. In our experiment, ash®wn in Fig.
4. 7(b), SMF has a force sensitivity of 1.29nm/N, which is similar to theaference 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 theoreticastrain ratio between

taper A and SMF ( 105). Figure[4.7(b) displays distributed force sensitivity along the
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whole taper ber. There is small force sensitivity uctuation along te uniform segment
of taper A. Fluctuation of ame temperature during the tapering pocess results in
inhomogeneities of geometric structure and mechanical strengti the taper. Hence,
the inhomogeneity of geometric structure causes the inhomogens refractive index

distribution in the taper.

s e e

]

Figure 4.7: (a) Wavelength shifts as a function of force for the umifm segment of taper
A (left axis) and SMF (right axis). The samples are the experimentalata and the curves
are the linear tting results. (b) The force sensitivities along the ber (left axis) and the
cladding diameter of the gently taper A (right axis).

Taper B was tested with a stretched step of 12% . The total length of the stretched
beris 19cm. The cross-correlation of the spectra reveals the waveldnghift between
two states with an additional force of 7.57410 3N applied. Figuresi4.8(a) shows that
the wavelength shift obeys a linear relationship with the applied forcelhere is no new
spatial mode generation. Figuré_418(b) displays force sensitivity ag the ber. The
uniform range of taper B obtains a force sensitivity of 339.89nm/Nyhich is 279 times
higher than that of SMF, over a force range of 0{0.07N. The optimation 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 (lefaxis) and uniform
segment of taper B (right axis). The samples are the experimentdhta and the curves
are the linear tting results. (b) The force sensitivity along the ber (left axis) and the
cladding diameter of taper B (right axis).

4.4 Conclusion

In conclusion, we present the thermal and mechanical propertied tapered SMFs by
using high-resolution, high-sensitivity OFDR technique. The crosserrelation spectral
shifts induced by thermal or force in the uniform region of ber tajer indicate the group
index change of the dominating fundamental mode. The annealedebtaper will relieve
its internal stress due to the tapering process and obtains similammogeneous tem-
perature coe cient to that of SMF. Therefore, annealing is regaded as an important
treatment. It was also demonstrated experimentally that a ber aper with a reduced
waist diameter obtains high wavelength-force sensitivity. One carsa a ber taper with

a designed waist diameter as a micro-force sensor.



Chapter 5

Distributed birefringence of tapered
polarization-maintaining bers with

OFDR

This chapter presents polarization preserving character of tapsl polarization-maintaining
bers (PMFs), which is evaluated by OFDR-based distributed birefingence along ta-
pered PMFs. Section 5.1 introduces the research background asetction 5.2 presents

the experimental results.

5.1 Introduction

Tapering is a useful technique to enhance evanescent eld, as wad to increase the
power density at beam waist for research on nonlinear e ect. Polaation-maintaining

85
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bers (PMFs) have unique polarization-preserving character andapered PMFs may
nd use in many micro-/nanophotonics applications and devices, shcas high-quality
microresonators, high-performance optical sensors, and miagers and so on. When
tapering a PMF, one should observe how the polarization state of liady-polarized light
waves launched into the PMF is maintained during propagating along ¢hfast and slow
axes of the taper region. In the case of stress-induced high-firegence PMF, such as
Panda bers, it is important to maintain both the internal stress ard the refractive index
pro les as required to preserve polarization during tapering pross. This is because the
tapering process could release stress in fast and slow axes leadmgdupling between
both axes, which makes tapered PMFs lose the polarization-maintamg property. In
addition, if core taper angle is over the adiabaticity criterion|[1], thetaper becomes
non-adiabatic and generates higher-order modes besides thedmmental mode. These
features can be accurately monitored by distributed mode couplingeasurement along
the taper region. Polarization extinction ratio (PER) is de ned as tte optical power ratio
of two polarization states with maximum powerP,»x and at the orthogonal axis with
minimum power P, . Such a de nition works for PMFs with constant axes. However, fo
tapered PMFs with changed pro les along propagation direction, PE must be measured
at every location of tapered PMFs. Alternatively one can use polaation analysis
technique to measure input and output state of polarization (SOPat every position
of a tapered PMF. Both techniques require a cutback method at ey 1cm, which is

comparable to a beat length of PMFs. This is impossible, as a device nahbe re-used
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and each device has slightly di erent birefringence property. A disibuted birefringence
measurement technique is required to characterize the birefringe change in up- and
down-tapers, as well as uniform waist taper region by comparisontiva PMF.

A PER of 16dB was obtained when a commercial Panda ber (Nufernnt. PM
1550HP) was tapered into a micro ber with a waist diameter of 1 m, while a con-
ventional PMF has a PER of 30dB|[75]. The decreasing of PER and itelation to the
decreasing of birefringence have not been studied before, esdcdistributed birefrin-
gence change along taper PMFs.

In order to investigate the distributed mode coupling change alon@pered PMFs, a
high-resolution Optical Frequency-domain Re ectometry (OFDR)system [49]| 72] is em-
ployed to measure distributed birefringence of tapered PMFs. Tharefringence change
in tapered single-mode ber (SMF) has been demonstrated in [72]. BMF tapers, the
birefringence is increased in the taper region due to low refractivediex of cladding
modes. This is not the case for tapered PMFs and the birefringenotétapered PMFs is
decreased due to the stress release of the taper process [/l6@&pecially at small beam
waist. The distributed birefringence, which is de ned as the refrdive index di erence
between the fast and slow modes, is measured along tapered PMRthwa spatial reso-
lution of 1.25cm. With a waist diameter of 80m, there are only fast and slow modes
within the taper region and the birefringence of the tapered PMF islightly reduced
from 3.28 10 % to 2.86 10 # at the taper waist. The fast/slow axes are constant and

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

the polarization maintaining property.

5.2 Experimental results

The experimental setup to measure Rayleigh backscatter as a @tion of ber length
is described in Fig.[31l. The ber under test (FUT) is three tapered RIFs (PM1550,
Panda, Corning) fabricated by a ber glass processing system (&P3400, Vytran LLC).
Taper A has a length ofL5=4.5cm, a uniform waist segment with diameter ofl, 80 m,
and a length of ,=3cm. The parameters for taper B and C ard_g=5.2cm, dg=60 m,
"g=3.1cm; Lc=5.23cm, dc=40 m, ¢=3.08cm.

Figures[5.1(a) and (b) present distributed birefringence and cladty diameter as
a function of the taper length for tapers A and B, respectively. Atocorrelation is
calculated within a 1.25cm-subsection along the ber length. It is ned 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 foud that taper A keeps

high birefringence along the taper region while the birefringence is aeased slightly
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from 3.28 10 #to0 2.86 10 # at the taper waist. By contrast, the birefringence of taper
B is reduced by a factor of 5 at the taper waist. The mode coupling is observed

in the form of signi cantly decreased birefringence. In order to fther examine the

wv e |
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Figure 5.1: (a) Distributed birefringence along taper A (left axis) ad its cladding diam-
eter (right axis). (b) Distributed birefringence along taper B (leftaxis) and its cladding
diameter (right axis). The insets are autocorrelation calculation ofhe spectra at the
taper waists.

distributed birefringence change of taper B, autocorrelation caltations of the spectra
at the corresponding positions of points a-f in Figi_5.1(b) along tapd are illustrated

in Figs. [5.2(a)-(f). At position a, taper B has high birefringence an@&nergy is mainly
distributed in the fast and slow modes. If we assume the slow modeshiaore energy,
the normalized autocorrelation amplitude of side peaks in Fig._5.2(a)ean the energy
ratio between the fast and slow modes. When the diameter of tapér decreases, the
amplitude of Rayleigh backscatter decreases which indicates theeegy redistribution

among new modes excited by tapering in addition to original fast andosv modes. The

higher-order modes can be illustrated by side peaks close to the tcehpeak in Fig.
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Figure 5.2: (a)-(f) Autocorrelation calculations of the spectra ofve segments within the
taper region and their corresponding birefringence and locationeamarked as a-f in Fig.
5.1(b).

5.2(b). Comparing Figs. [5.R(a)-(c), the change of relative amplites of side peaks
represents energy redistribution among the fast and slow modeasdahigher-order modes.
In addition, the birefringence is reduced along the down-taper rem, at positions a, b,

and c as 3.2910 4, 3 10 4, and 2.72 10 *, respectively. Figurel5.2(d) indicates the
minimum birefringence 7.7 10 ° at the taper waist. In the up-taper region, as shown
in Figs. [5.2(e) and (f), the energy couples back from higher-orderodes to the fast and
slow modes and the birefringence increases.

As shown in Fig. [5.8(b), the birefringence of taper C is reduced by adtor of 5
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Figure 5.3: (a) Backscatter amplitude versus distance along tap&. (b) Distributed
birefringence along taper C (left axis) and its cladding diameter (righaxis). The inset
is autocorrelation calculation of the spectrum at the taper waist.

within the taper waist region. Taper C has a similar energy redistribubn process to
that of taper B and a longer coupling length. Figuré 5]3(a) illustrateshe OTDR-like
curves, which have been smoothed using a low-pass lIter (LPF) withn e ective 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 taand slow modes to
higher-order modes generated via tapering. Before taper C, tpe and s-components of
Rayleigh backscatter of the PMF have same scatter level becauke light is launched at
4%° to the fast and slow axes; after taper C, the scatter level di erece 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 tap€r The decreasing
of scatter level is 2dB and 0dB for tapers B and A, respectively, and the scatter
level di erence between p- and s-components of Rayleigh backitea before and after

the taper are 1dB and 0dB, which reveals di erent 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 poization
beam splitter (PBS) and the results are 41dB, 34dB, and 27dB, respectively. It
seems that all these bers have high polarization preservation abikts. However, based
on the distributed birefringence measurement by using OFDR, moa®upling within the
tapered PMFs is revealed. We choose di erent window width to penfm autocorrelation
calculation and obtain average birefringence over the whole tapeegion and average
birefringence over the uniform waist region of the tapered PMF, wth are noted as
B, and B,. These parameters of a PMF and tapers A, B, C are listed in Table 5.1.
High birefringence of taper A demonstrates that SOP of the launeld light is maintained
along the whole taper. In the case of tapers B and ®; shows average birefringence
over the taper region, while these tapers have weak polarizationgservation abilities
within the waist region of the tapered PMFs. The mode coupling is preated in the
form of signi cantly decreased birefringence.

PDL is de ned as the ratio of the maximum and minimum transmission of @ opti-

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

Table 5.1: Measured distributed birefringences of PMF and taperdeMFs.

Tapered PMFs

Taper A Taper A Taper C
80 m 60 m 40 m

B, 328 104 293104 29104 29 10°
B, 328 104 289 104 254 10° 3.29 10°

PMFs
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scramble and a power meter, the PDLs of tapers A, B, and C are nseasied as a function
of wavelength. The results are shown in Fig._5.4. It is noted that thEDL of a tapered
PMF increases as its waist diameter decreases. The large PDLs fapérs B and C also

apparently indicate their poor polarization preserving characters

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 taperedviFs by using a high-

resolution OFDR system. Autocorrelation data processing reveatsode coupling be-
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tween the fast and slow modes and higher-order modes excited ire ttapering process
along the taper region. With a waist diameter of 80m, the SOP of the launched light
is maintained and the birefringence of the tapered PMF is reducedofn 3.28 10 4 to
2.86 10 # at the taper waist. In the case of the tapered PMFs with waist dianter
of 60 m and 40 m, respectively, signi cant mode coupling is investigated in the form
of reduced birefringence by a factor of 10 at the taper waists. €measured PDL of
a tapered PMF increases as the waist diameter decreases. Coregawith PER, this

approach provides more accurate information on the polarizatiorrgserving character.



Chapter 6

Tunable ber laser using a tapered

ber tip

This chapter presents a simple and cost-e ective tunable ring lasexhich is tuned by the
spatial modes of a tapered single-mode ber (SMF) tip acting as amable bandpass lter.
Section 6.1 discusses the research background. Section 6.2 intce$ the principle of
ber lasers, including gain medium, cavity losses and mode-selectingahanism; section
6.3 investigates the characteristics of tapered ber tip Iters andsection 6.4 discusses
the laser setups and optimization of laser parameters, such as tide-mode suppression
ratio (SMSR), bandwidth, and tuning range, by means of changinghe relaxation time
and gain of ampli ers, as well as the steepness of ber tips. Sectidh5 proposes two

more chemical polish techniques to improve the performances ottlaser.

95
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6.1 Introduction

Cost-e ective tunable lasers have extensive applications in wavelgh division multi-
plexing optical communication and multiplexing of ber sensors basedn ber Bragg
gratings (FBGs). Tunable optical bandpass lters are essentialoonponents in tunable
lasers. Filter features include wide tuning range, high SMSR, narroaptical passband,
small size, and low cost. Currently, single-passband tunable opticdter techniques
include FBGs [30{32], in-line Fabry-Perot (FP) Iters [33], arrayed waeguide gratings
(AWGS) [34] and so on. Optical lters made by FBGs can be tuned byither thermal
or mechanical stress e ects. However, the temperature sengity of FBG ( 10pm/ C)
limits the measurement accuracy of the wavelength shift to a nanater region. An
FBG Iter based on piezoelectric stack actuators works over a tung range of 45nm,
while its 3dB bandwidth reaches nm [30]. FP lters have bandwidths in the range of
tens of megahertz to tens of gigahertz, but they are rather egpsive and their tuning
ranges are limited to less than 1nm because their cavity lengths arfeaaged by piezo-
electric techniques. AWGs themselves are not tunable and they rnke® 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 %5 [34], while its
3 dB bandwidth is &2nm. Therefore, none of these optical Iters has a tunable namo
bandwidth (picometer resolution) over a wide tuning range (a few meometers or more).
Optical interference fringes are usually obtained by splitting one gite light beam

into two or several beams using a beam splitter, and letting the beanmnterfere with each
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other using a beam combiner. The small size of tapered SMF tips (fnomicrometers to
nanometers) results in the generation of cladding modes in SMFs. ®to the multibeam
interference of the cladding modes in the near eld, tapered berips are proposed to be
near- eld, easy-handling, and high resolution lIter devices [80]. Thebject of this chapter
is to build a simple and cost-e ective tunable ring laser that is tuned byhe spatial modes
of a tapered SMF tip acting as a tunable bandpass Iter. This is an ernhsion of the
work reported in Applied Physics Letters|[80]. We optimize the laser pameters, such
as SMSR, bandwidth, and tuning range, using dierent optical ampliers, including
semiconductor ampli ers (SOAs), L-band erbiumdoped ber ampli s (EDFAS), and
C-band EDFAs inside the ber ring. The ring laser can achieve a high S8R, a tunable

narrow bandwidth, and a wide tuning range.

6.2 Principle of ber laser

Classical solid state lasers consist of a bulk crystal or glass gain nued pumped by a
ash lamp or diode lasers. The beam propagates in free space thgbuthe gain medium
with standard free space optics such as at mirrors, lenses, andrdction gratings to

control the beam. The high performance of this type of laser comat the cost of strict
spatial alignment condition. Its disadvantages also include high coahd large dimension.
By contrast, semiconductor lasers are cheap and compact anétige a wide range of
limitations, such as high frequency noise. Compared with these laserber lasers, in

general, have more advantages, including compact size, low cosghhoptical quality,
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high stability and reliability. Another advantage is that ber lasers are easy to connect
to other ber systems. The theory behind lasers has been well abtished [81| 82]. Here
we give a brief description of the theory behind the ber laser, by @mining its gain

medium, cavity losses, and mode-selecting mechanism.

6.2.1 Gain medium

Many di erent rare-earth elements, such as erbium, ytterbium, eodymium, dysprosium,
praseodymium, and thulium, can be used to dope the ber core dugnthe manufactur-
ing to prodece a gain medium. Erbium-doped bers (EDFs) have at#icted the most
attention because they operate in the wavelength region near Itn [82, 83]. Most of
the ber lasers presented in this thesis employ EDFs as the gain mediu Figure[6.1(a)
shows the absorption and emission cross-sections of erbium-dbpgica and their physi-
cal meanings are absorption and emission e ciencies as the funct®of the wavelength.
The optical pumping scheme in an EDF is usually described by a simpli echtee-level
energy system as illustrated in Fig.[ 611(b). An EDF can be pumped at wavelength
of 980nm, which corresponds to the bandgap between the excitstdte and the ground
state, to create a population inversion. The carriers stay in the eked state for only
about 1ms, and after that they decay into a metastable state tlmugh a nonradiative
transition. In this process, the energy loss is turned into mechaaicvibrations in the
ber. The energy band of the metastable state extends roughlydm 0.8eV to 0.84eV,

which correspond to a wavelength band from 1480nm to 1550nm. Wb the metastable
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energy band, carriers tend to move down from the top of the band somewhere near
the bottom through intraband relaxation. Finally, radiative recomknation occurs when
carriers step down from the bottom of the metastable state to #nground state and emit
photons in the 1550nm wavelength region. The carrier lifetime in the etastable state
is on the order of 10ms, which is much longer than the carrier lifetime ithe excited
state. Therefore, with constant optical pumping at a wavelengtlof 980nm, almost all
the carriers will accumulate in the metastable state. An EDF can alsbe pumped at a
wavelength of 1480nm. In this case, 1480nm pump photons excitarers from ground
state to the top of metastable state directly. Then these carrisrrelax down to the
bottom part of the metastable band. Typically, 1480nm pumping is nme e cient than
980nm pumping because it does not involve the nonradiative transitidrom the 980nm
to the 1480nm band. Therefore, 1480nm pumping is often used fugh-power optical
ampli ers. However, ampli ers with 1480nm pumping usually have 1dB igher noise
gures than 980nm pumping [2]. Erbium ions can be pumped at 1480nmm@ ampli ed
near 1550nm because at 1480nm the absorption cross-sectigis larger than the emis-
sion cross-section ., whereas for longer wavelength, . is comparable to or larger than
a (see Fig.[6.(a)). However, because of stimulated emission at thenp wavelength,
complete inversion cannot be achieved for 1480nm pumping. As auksnoise gure
less than 4dB cannot be achieved even with high pump powers, whesenoise gure

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*Erdoped silica [2]. (b)
Energy-level diagram of erbium ions in silica bers.

6.2.2 Cavity losses

In the steady state, the gain per round trip should exactly cancehe cavity losses per
round trip. Hence it is important to take into account the cavity losgs. Propagation
losses inside the bers are usually negligible, but we need to considee losses at inter-
sections between di erent bers, and especially in the presence cbmponents such as
wavelength division multiplexers (WDMSs), couplers, isolators and sao In ber lasers,

a 10{20dB gain per round trip is reasonable, which is much larger thahe gain expected
in some kinds of lasers, such as solid state lasers. Hence much higlaeity losses are
acceptable in ber lasers. Cavity losses should be minimized, as highdes 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 cavitength L. The
mode spacing4 v is given by

bv= —; (6.1)

where c is the velocity of light in vacuum ana is the refractive index of ber. Secondly, a
mode selection Iter or a combination of Iters are employed. Commomethods include
multiple subring-cavities combined with either an FBG([84] or with an intacavity FP
Iter [85], and a saturable absorber combined with either a tunable F8 [86, 87] or with
an FP lter [88] 89], and a tunable FBG FP etalon [90| 91]. If the mode $ection device
has a high SMSR, sometimes a stable solution can be found in a few @unps, but if
the e ect is weak, more round trips may be needed. Because the daospacing is dense
due to long cavity length, it is hard to nd an ultra-narrow bandpass lter. In order to
select mode e ectively, we need to increase the round trip numbefhe number of round
trips is limited by the ratio of uorescence relaxation time of the gain radium, 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 ber tip lter

6.3.1 Principle

A tapered SMF tip is fabricated from an SMF using a heating and fastretching tech-
nique ,]. As described in Chapter 2, a ber tip with a parabolic prte is formed
due to the surface tension of the fused silica. For tips with ratheregtle slopes, the
propagation process is adiabatiﬂ[l]. However, when the slopes df tips are steep due
to the fast drawing, the tapered ber tips are nonadiabatic. Figue[6.2 shows two repre-
sentative tapered ber tips used in the experiment. Tip A has a smallope, and tip B
has a large slope. Di erent tip pro les lead to di erent spectral chaacteristics and Iter
properties. The measured lengths of the tapered tips A and B areOBmm and 274mm,

respectively. The diameters of the tip ends are 3n and 34 m, respectively.
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Figure 6.2: (a) (b) Camera pictures of two representative tapetle ber tips A and B,
and their corresponding cladding diameter curves.
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The basic principle of tapered ber tip lters depends on multibeam opical inter-
ference. At the beginning of the taper, only the fundamental madlinearly polarized
(LP) mode, LPq;, propagates in the ber. When the core diameter is decreased dur
ing tapering, the e ective index ne;; of the core mode decreases continuously. When
Nair < Neit < Ng, the core mode is \cut 0 " [1, 29]. At this point, cladding modes are
generated, which propagate with the fundamental mode along tHength of the ber.
The transition value V cre=ciadding fOr the fundamental mode is obtained from Eq.[{217).
SMF-28"™ Ders with a core diameter of 8.2 m and a cladding diameter of 125m have
a ratio of cladding to core diameterS = 15:24. We haveV gre=ciaddsing = 0:82. Here,
we assume the ratioS remains constant under tapering. This means that the funda-
mental core mode is split into several cladding modes when the ber tapered down
to a cladding diameter of 511 m in the experiment. Intermodal beating among these
cladding modes has been observed in previous studies [17, 277, 92].

For tips A and B, the local taper angles are apparently larger thanhe critical taper
angle mentioned in Chapter 2. Therefore, signi cant mode couplingnd large power
transfer take place. Power is transferred from L§? to higher-order modes (LR, LPggs,
::1) by mode coupling e ects [[3]. As the end of the tip is approached, theumber of
cladding modes decreases, and some cladding modes are emittedidetof ber. Energy
in these modes eventually leaks out of the ber. When the cladding dizeter of the tip
D =5 m, seven cladding modes are generated in the ber tip. Whel is reduced to

4 m, the number of cladding modes is ve. WherD is 34 m and 33 m, the number
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of cladding modes varies in the L-band wavelength. Whel is less than 3 m, only
LPo1, LPg,, and LPg3 can be transmitted in the ber tip. As shown in Fig. [6.3(b), the
number of cladding modes remains constant in the short wavelengthnge. The number
decreases as the wavelength increases. The critical wavelendgtirsLPq, and LPys are
1604nm and 1596nm, respectively. Previous theoretical work aedperimental data have

both shown that the number of cladding modes reduces when a bes tapered down

29].
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Figure 6.3: E ective refractive index of LR),, mode in di erent tapered SMF tips with
diameters (a) 3 m and (b) 3.4 m, respectively.

If only considering two dominant modes, the interference is given by
[ QU
l=1;+1,+2 1I4l,c0s; (6.2)

with

_ 2 nL; (6.3)
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where is the phase di erence accumulated over a physical lengthy I, and I, are the
powers distributed in the lower-order and higher-order dominant odes, respectively;
n= n; n;isthe refractive index di erence of these two modes andis the wavelength
of light in vacuum.
The extinction ratio, ER, of the interferometer is de ned as

q_

1+ 2

I1

ER =10 Ig(—q?)z: (6.4)
1 12

I1

Figure [6.4 shows the extinction ratio as a function of the power rati(% of the two
interfering modes with :—i < 1. It can be seen that larger power ratio oﬁ gives rise to

a higher extinction ratio.

Figure 6.4: Extinction ratio as a function of the power ratio:—i of the two interference
modes.
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Since the interference spectrum is obtained over a wavelength gan it must be
described using the center wavelengthy and the deviation from it, ( 0)-
Taylor expanding of Eq. [6.2) at the center wavelength o and taking only the rst order

term gives

, 2

2 nL — —

0 0

4 nL 2 nL 4 nL

= > let 0=
0 0 0
2

= 0 5 nL: (65)

To be more general, the dispersion of the guided mode is taken intocaant and n

should be replaced with the di erential modal group index m [70], which leads to

= 0 2 5 mL; (66)
0
with
m= n O%n: (6.7)

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

guency value with units of nm 1, which is de ned as [93]

= : (6.8)
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Figure 6.5: Camera picture of a ber tip and an SMF acting as a probeThe left is one
free end of the probe ber with a cladding diameter of 125n; the right is the tapered
SMF tip B with a diameter of 3:4 m.

The spatial frequency is proportional to the interferometer lerth L and related to the
di erential modal group index m between two interference modes. The presence of
more than one peak in the frequency spectrum indicates that mamyadding modes are

involved in the interference.

6.3.2 Experimental results

To further investigate of multibeam interference, a broadband lighsource, the ampli ed
spontaneous emission (ASE) from an L-band EDFA over 1540{16#60, was connected
to a tapered ber tip and as shown in Fig.[6.b, a cleaved SMF was used a probe and
placed in front of the ber tip. The other end of this SMF was conneted to an optical
spectrum analyzer (OSA).

When the SMF is far from the tip, there is no obvious interference pi@rn. In
this case, Fig.[6.6 shows the broadband transmission spectra artteauation spectra

of tapered ber tips A and B. Tip A has highly wavelength-dependentoss. The long
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Figure 6.6: The broadband transmission spectra (a) and attenuan spectra (b) of ta-
pered ber tips A and B. The attenuation spectra are obtained by sbtracting background
ASE spectra.

wavelength component is found to have higher loss, which is over Bodt a wavelength
around 1620nm. Tip B has lower attenuation ( 13dB), which is only slightly dependent
on wavelength. As discussed in previous section, the long-wavelgngomponent in high-
order modes cannot propagate through the waveguide, but the figbelow the cuto
wavelength can still go through the tip. Therefore, in the transms&on spectrum, the
long wavelength light shows relatively higher loss. It is also noted thaby varying the
ber tip sizes, the cuto wavelength of higher-order cladding mode can be tuned. By
contrast, tip B has a larger tip end and more higher-order modes minue to propagate
through tip B. Therefore, tip B has weak long-wavelength loss.

Figure 6.7 show the transmission and attenuation spectra of tapat ber tips A and
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Figure 6.7: The reshaped comb-like transmission and attenuation esgra of tapered
ber tips A and B, respectively. The attenuation spectra are obtaed by subtracting
background ASE spectra.

B, respectively.The attenuation spectra of tips A and B hav&R of 5dB and 12dB,
respectively. As shown in Eq. (6.4), more energy is redistributedoim the fundamental
mode to the cladding modes in tip B because of larger taper angle oesper slope, and
hence higher ER is achieved.

When the relative position of the tip and the probe SMF is slightly adju®d, the

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

in Fig. 6.8(a) and part of its spectra is magni ed and shown in Fig. 6.8(0b The spectra
in Fig. 6.8(a) are normalized and Fourier transformed to get the spial frequency spectra
of the interference fringes. Interestingly, as shown in Fig. 6.8(@ne dominant peak and
a second peak are observed. According to previous discussion|tiipeaks in the spatial

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

6.4 Laser setup and results

Due to the multibeam interference in the near eld, tapered ber tips can be used as high-
resolution lIter device. A tunable laser using a tapered ber tip as awnable bandpass

Iter is built in a ber ring. The experimental setup is shown in Fig. 6.9. The laser
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consists of a tapered ber tip, an SMF, an optical ampli er, a 50 : 5@oupler and an
isolator. The isolator plays an important role, avoiding optical re etions at the interfaces
of optical components going into the optical ampli er. Since the ojtal ampli er provides
a signi cant amount of optical gain, even a small amount of opticale ection may result
in oscillation, and therefore degrade the ampli €s performance. An OSA is connected
to the output port of the coupler to monitor the output spectrum The ASE of optical
ampli ers propagated through the tapered ber tips and went intothe probe SMF. With
the help of translation stages, as shown in Fig. 6.5, the relative pasis of the ber
tip and the SMF can be adjusted. The broadband light was reshapdd the comblike
transmission peaks due to the characteristic of the ber tip. The ransmission loss
between the tip and the SMF was over 10dB. The total cavity loss waover 13dB, which
included 3dB loss due to the 50 : 50 coupler. When the gain of the am@r compensates
for the total cavity loss including coupling loss, 50% of the comb-likegaks are selectively
ampli ed each cycle. Thus, through drastic competition between cob-like peaks, the
highest intensity peak received the most gain from the ampli er anddcame the dominant
spectral component in the ring. The tuning range of the relative @itions of the ber
tip and the SMF is 7 min the X and Y directions in the experiment for spatial mode
selection of cladding modes. The wavelength of the laser shifts tasier wavelengths as
the center-to-center distance between the SMF and the tip in th¥OY plane increases.
In this way, a tunable ring laser can be obtained easily. Optimization dhe tunable laser

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



Tunable ber laser using a tapered ber tip 112

50/50
Coupler OSA Isolator
[ FI
( | I N\

\ r|\1 __.7/_ [ | Optical | y,

L Amplifier

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

Three kinds of optical ampli ers, an SOA, a C-band EDFA and an L-bad EDFA, were
used inside the ber ring.

The SOA (QSOA-1550, QPhotonics, Inc.) has a gain of 25dB at a biasreent of
400mA. Figure 6.10(a) presents the ASE spectrum of SOA bior=400mA. By adjusting
the relative position of the ber tip and the probe ber in the transverse direction (XOY
plane), the output of the light source is reshaped, resulting in ongeak, two-peak and
multi-peak output states, which are shown in Figs. 6.10(b){(d), repectively. This means
that there is erce gain competition between wavelength componen A 5m ber 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 su ers from the raladly fast response of the
SOA. This is why the highest intensity peak has little advantage due tonultiple cycle
ampli cation for comparison of low intensity peaks.

In order to build an e cient mode-selecting mechanism, an EDFA may b introduced

to the laser ring, instead of SOA. As a result, the uorescence redation time is extended



Tunable ber laser using a tapered ber tip 113

=

Figure 6.10: (a) ASE spectrum of SOA withl soa = 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 rig laser.
With precise adjustment of the relative position of the ber tip and the probe ber in
the transverse direction, a tunable laser is obtained. With the helpfahe C-EDFA, the
competition between di erent modes is gradual rather than dragt, as in the case of an
SOA with a shorter relaxation time. The highest intensity peak becoss the dominant
spectral component in the ring. This results from the relatively larg uorescence time

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

more round-trip time. The experimental results are summarized inable 6.1 and Fig.
6.11. The measurement of bandwidth is limited by the maximum resolutioof the OSA.
However, the tuning range of the ring laser is found to be only 1{2nmwhich is limited by
both the C-band ampli er and the tip's long wavelength characteridgts. This is because
the energy redistribution happens at the long wavelength range duto the cuto of
higher-order modes.

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

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

C-EDFA L-EDFA
Characteristics TipA 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-bbad EDFA for tips A
and B, respectively, withl gpra = 90mA. (c) The bandwidths of the laser are broadened
when the current of the L-band EDFA is increased.

of the ber tip and the probe ber, the wavelength of the laser wasmade to change
steadily from 1566nm to 1575nm, with a bandwidth less than 0.06nmhg L-band EDFA
wass at the threshold current of 55mA). The experimental reswdtfor tips A and B
are summarized in Table 6.1 and Fig. 6.12. Figure 6.12(b) shows thatjthvthe L-
band EDFA current of 90mA, the bandwidth of the laser increasessathe wavelength
increases. Figure 6.12(c) shows that, when the current of thedand EDFA is increased,
the bandwidth is broadened at a xed center wavelength. The bamwddth of the laser
can be tuned from @6nm to @17nm with a 35mA current change of the ampli er.

As listed in Table 6.1, comparing the characteristics of the ring lasersith tips A
and B, it was found that the laser including tip B, which has a larger slog, has a better
SMSR. As we discussed in previous section, tip B acts as a lIter with aigher ER.

Therefore, tip B builds a more e cient mode-selecting mechanism anthe laser obtains
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a higher SMSR.

When the 50 : 50 coupler was replaced with a 99 : 1 coupler, the SMSRitee laser
was improved by 2{4dB. If the total loss of the ring is reduced by @nging the coupler
ratio or the total gain of the ring is increased by increasing the cuent of the ampli er,

the SMSR of the laser will be enhanced.

6.5 Discussion on chemical polish technique

Two more methods are demonstrated experimentally to have resedt in an improved
setup. The rst one is the fabrication of tips. The tapered tip was ertically dipped into
the surface of 5% HF acid. Due to surface tension, the meniscuercan nearly perfectly
polish the surface of the tip, which can reduce the loss of the Itenb2dB. Secondly, the
Iter was placed in a tube with water. The smaller refractive index di eence between the
cladding and the liquid reduced the loss of the propagation of light in thdown-tapering
region of the tip by 2.5dB. In addition, the viscosity of water made th lightweight tip
insensitive to the disturbance of environment. As shown in Fig. 6.1y comparison
with previous work, the laser tuning range increases from 9nm to d® 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 EDA for chemically
polished tip B.

6.6 Conclusion

We have demonstrated that a ring laser using a tapered SMF tip cartliieve high SMSR,
and tunable narrow bandwidth over a wide tuning range. To optimizehe ring laser, we
choose ber tips with a steep slope and L-band EDFA with a long relaxion time. The
bandwidth was tuned from 006nm to @17nm by varying the gain of the ampli ers. The
tuning speed of the ring laser can be compared to the relaxation tinoé ampli ers, which
is 10ms for the L-band EDFA. With the same tuning range, the bandth of the laser
is more than ten times narrower than that of an FBG laser, and it is toable, while the
FBG laser and the FP laser both have a xed bandwidth. With the saméandwidth,
the tuning range of the laser is more than ten times larger than thaif an FBG laser and

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

multiplexing systems in sensing and communications.



Chapter 7

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

Mach-Zehnder interferometer Iter

In this chapter, a two-taper Mach-Zehnder interferometer (MB, is proposed as a mode-
selecting device in a ber ring laser over both C- and L-band waveletilgranges. Section
7.1 introduces the research motivation. Section 7.2 presents thengiple of a two-taper
MZI. Section 7.3 introduces the experimental setup and results. thermal annealing
treatment is also applied to the tunable Iter and substantially enhaces the performance
of the tunable laser. Section 7.4 discusses the bandwidth measueetrusing delayed self-

heterodyne detection.

119
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7.1 Introduction

Tunable lasers have a variety of applications, in particular for wavehgth division mul-
tiplexing (WDM), optical communication, and as optical sensors. Toable Iters are
often used as the wavelength tuning components of tunable laser&ll- ber-based I-
ters include ber Bragg gratings (FBGs) [30{32], in-line Fabry-Perb (FP) lters [33],
and Iters based on special bers, such as multimode bers (MMFs)35], few-mode
high-birefringence bers (FM-HBFs) [36], tapered bers [28], anddpered ber tips [94].
FBGs incorporated with piezoelectric stack actuators have a tunghrange of over 45nm
with a 3dB bandwidth of 0.7nm. In-line ber FP Iters are commercially available, but
they are rather expensive and their tuning ranges are limited to lesgean 1nm by the
piezoelectric stretching element. MMF Iters have a larger tuning rage of 60nm with
tuning steps of 2.5{3nm and a side-mode suppression ratio (SMSR)40dB [35]. A new
type of tunable laser, based on FM-HBFs, has also been reportegcently. This new
laser has a tuning range in excess of 40nm with a tuning step of abd&i2nm and an
SMSR of 40dB [36]. By stretching an SMF taper, an EDFRL has a tuningange of over
20nm, a tuning step of over 2nm, a bandwidth of 0.05nm and an SMSRtter than 45dB
over the entire tuning range [28]. For lasers based on tapered SMps, the tuning range

is less than 8nm with steps of 0.5{1.5nm and an SMSR of less than 35&&][
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Figure 7.1: lllustration of a ber MZI.
7.2 Principle

7.2.1 Principle of Mach-Zehnder interferometer

An MZI is a device used to determine the relative phase shift betwedwo collimated

beams from a coherent light source. The interferometer has beesed, amongst other
things, to measure small phase shifts in one of the two beams calby a small sample
or the change in length of one of the paths. In free space, an MA&rwsists of two optical
beam splitters (combiners) and two mirrors to alter the directions fothe beams. The
basic con guration of a ber MZI is shown in Fig. 7.1, and its basic compnents are
optical couplers and optical delay lines.

By cascading the transfer functions of two 3dB optical couplersd that of the optical
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delay line, the transfer function of an MZI may be found to be

32 32
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where ; = 2-n;L; is the phase delay of each delay line.

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

input port 1 to output ports 1 and 2 are

T = o . sin?—; (7.2)

11 — al 220 - 2 ] .
d, ?

T,o= —= = co€—; 7.3

0= > (7.3)
with
2
= 3 2= —(MmbL1  nyly); (7.4)

where is the di erential phase shift between two MZI arms. The transmigsn e -
cienciesT,; and T,, are functions of both the wavelength and the di erential optical

length | = niL; noL, between two MZI arms. Obviously, an MZI can be widely
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used as an optical lter. As long as the optical length di erence chages, the phase will
change, and so does the spectrum. Note that this optical length ekence may arise
either from a di erent path length L = L; L, or through a refractive index di erence

n=n; nNo.

7.2.2 Principle of two-taper Mach-Zehnder interferometer

Two abrupt ber tapers made of single-mode ber (SMF) are condanated to form an
in-line ber MZI [22], which is shown in Fig. 7.2(a). The abrupt tapers ae fabricated
by an Ericsson fusion splicer (FSU-995FA) using a customized tajey program. The
taper pro les are quite uniform, with a typical waist diameter of 33 m. A microscope
image of a representative ber taper is shown in Fig. 7.2(b). When aber is tapered
down to tens of micro-meters, it becomes more pliable and can be baha much larger
angle than SMF without breaking. By making use of this mechanical ahacteristic, a
simple and cost-e ective tunable MZI is built. The tapers are xed onthree positioning
stages, and the middle jacket-o ber is straightened. The curvaure of the rst taper
is adjustable in three dimensions, while the second taper is always kejraight. The
fundamental mode is partly coupled to the cladding modes (the twaobkd blue lines in
the cladding of the jacket-o SMF in Fig. 7.2(a)) by the rst taper [8]. The excited
cladding modes propagate along the jacket-o ber, which is assued to be a lossless
waveguide. The remaining energy is kept in the core mode (the singkedrline in the

core of the jacket-o SMF in Fig. 7.2(a)). Then, on passing throuly the second taper,
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Figure 7.2: (a) Schematic of a two-taper MZID: cladding diameter of SMF;d: cladding
diameter of the ber taper waist; L: the cavity length. (b) Microscope image of a
representative taper. The length of scale bar is 5@n.

part of the cladding modes are coupled back into the core. Accordirio Eq. (7.4), the
refractive index di erences between the core mode and the claddimodes give rise to
the di erential phase shift between two MZI arms and results in mulple interferences,

which are observable as a pattern of oscillation in transmission spex{95].

7.3 Experimental setup and results

First, the transmission spectrum of a two-taper MZI is inspectedAn ampli ed sponta-
neous emission (ASE) from an L-band EDFA was connected to a ttaper MZI and the
reshaped spectrum was monitored by an optical spectrum analyZ®SA). Because of

the interference between the core mode and the cladding modes live ttwo-taper MZI,
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the ASE is reshaped into a comb-like transmission spectrum [95]. Astaper is bent,
the deformed taper waveguide may excite more cladding modes amméiege the coupling
coe cients of the di erent cladding modes [96{98]. As shown in Figs7.3(a) and (b), the
total transmission loss is about 8{24dB, which increases as curua¢ of the bent taper
increases. The normalized attenuation spectra are Fourier traiosmed to get the spatial
frequency spectra of the interference fringes. The spatial fngency value is de ned as

[93]

= : (7.5)

The spatial frequency is proportional to the interferometer lerth L and related to the
di erential modal group index m between two interference modes. If there is more
than one peak in the spatial frequency spectrum, many cladding mes are involved in
the interference. The amplitude of the peak indicates the energy the cladding mode.
Comparing Figs. 7.3(c) and (d), the amplitudes of the peaks increagreatly. It means
that more energy is coupled from the fundamental mode to the cldohg modes when
the taper is bent.

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

The two-taper MZI is employed as a bandpass lter in a ber ring laserFigure 7.4(a)
shows the laser setup, which consists of a two-taper MZI lter, abh-band Erbium-doped
ber ampli er (EDFA), an isolator, a polarization controller (PC), an d a 99 : 1 coupler.

The optical ampli er provides the gain, while the isolator keeps the la&s unidirectional
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Figure 7.3: (a) The transmission spectra of a two-taper MZI Iter & z=0 and z=1mm
states. (b) The attenuation as a function of the position changel@ang z axis. (c) (d)
FFT responses of the normalized transmission spectra a¢=0 and z=1mm states,
respectively.

and the PC is used for suppressing the side modes. An OSA is conedcto the 1%
output port of the coupler to monitor the spectrum. The milliseconescale uorescence
time of the EDFA keeps the light going through a nanosecond roundip with high gain
millions of times. Only peaks with higher intensity can be ampli ed in thesé&rips so that,
after many passes, a one-peak output is achieved. When no ertdrstress is applied to

the taper region, the wavelength of the laser output is around 1866m. This wavelength
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decreases consistently as the taper bending angle is increasedthis way, the ber ring
laser can be tuned easily.

Thermal annealing was also used to optimize the two-taper MZI lIter The whole
MZI lter was put in a closed oven at a constant temperaturelT =120 C. After 24 hours,
the oven was switched o and then the Iter was allowed to slowly codb room temper-
ature. The transmission loss of the lter was thus improved by 2dBThis improvement
arose because the annealing treatment releaves internal medbahstresses, eliminates
interstitial defects, and stabilizes the MZI structure, while in tape fabrication, many in-
ternal stress points are formed and result in density nonunifornyit which creates many
local scattering centers. Figure 7.4(c) shows that, with an L-ED*current of 63mA and
an annealed 35cm MZI, the laser is tunable over the entire L-band584{1605nm) with
an SMSR of 50dB, a bandwidth of 0.1nm, and tuning steps of 0.8{1nnThe annealing
treatment allows the tunable laser to cover a larger range with smatléuning steps.

Instead of an EDFA, an Erbium-doped ber (EDF) was used to proide the gain for
the C-band laser. As shown in Fig. 7.5(a), the laser includes a 1m taper MZI lter,

a section of forward pumped 7m EDF (R37PM01, OFS Inc.), a 1480nkaser diode (LD),
a 1480/1550 wavelength-division multiplexer (WDM) coupler, an isolar, a PC, and a
99 : 1 coupler. The WDM is used to combine the short wavelength pumyth the longer
wavelength signal. The WDM combiner was used instead of a simple opticoupler to
avoid the combination loss. Figure 7.5(b) shows the relation betweéme SMSR and the

pump power; the threshold pump power is 17.68mW. The threshold v is related to
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Figure 7.4: (a) Experimental setup of the L-band tunable ring laseusing a two-taper

MZI lter. Tuning characteristics of the ring laser with lgppa =63mA and L=35cm (b)
before annealing and (c) after annealing.

the cavity loss. Once the pump power is over the threshold value,@alfSMSR of the laser
output increases nonlinearly and tends to be saturated. Figure 1¢) shows that, with a
pump power of 251.9mW, the laser can be tuned over the full C bandtivan SMSR of
50dB, a bandwidth less than 0.06nm (the maximum resolution of the @$, and tuning

steps of 0.3{0.7nm. It is shown that the output power di erence is ks than 0.5dB over
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Figure 7.5: (a) Experimental setup of the C-band tunable ring laseincorporating a

two-taper MZI lter. (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 i® ded as
the zero point in the coordinate systems shown in Fig. 7.2(a). The wature of the
taper can be changed by moving the stage along thez axis. This means that the

taper is bent or stretched. In this way, it was found that the laseoutput was shifted
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Table 7.1: Laser characteristics using MZIs with di erent 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 23
L-EDFA 20 45{50 0.1{0.14 1564.0{1602.4 12
35 50 0.1 1563.9{1604.1 0.8{1

35 45{49 0.06 1557.0{1565.6 0.4{0.7

7m EDF 100 42{50 0.06 1550.3{1564.6 0.3(0.7

to shorter wavelengths as the taper curvature was increased.igbres 7.6(a){(c) show
the relationship between the moving distances of the stage and theser wavelengths.
In order to cover the whole C-band range, slight adjustments algnthe x and y axes
were also needed. Our experimental results further indicate thatll tuning processes
are reversible. To evaluate the laser output stability, we operatethe laser in an open
environment at room temperature. The wavelength shift was lesqian 0.06nm after 10
hours.

The laser tuning range was found to be associated with the cavity gt of the
MZI. The results in Table 7.1 imply that the tuning range increases ase cavity length
increases. Since tuning is achieved by bending the taper, the ma&érfatigue of the
tapers is relevant to laser operation. Repeated tests were cowted before and after
annealing. There was no sign of degradation of the laser output diog these tests. We
thus believe that these tapers are operating within the elastic regimf their constituent

material.
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Figure 7.6: Laser tuning is realized by bending the taper along the y, and z axes.

The black square and the red circle symbols represent the laser ef@ngth tuning cir-

cles. While keeping (a) y=0, x=0, (b) y=0.5mm, x=0, and (c) y=0.5mm,
x=0.5mm, the laser is tuned by moving the stage along the 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 gratig-based OSAs do not
o er enough measurement resolution required for laser bandwidtmeasurement. Scan-
ning Iter methods are not able to achieve this measurement resolan either. Compared
with heterodyne detection, delayed self-heterodyne detectiomqvides a simpler method
to perform laser bandwidth measurement, because a large optidalay is used to replace
a separate local oscillator.

The schematic setup for the optical delayed self-heterodyne detion is shown in
Fig. 7.7. The laser output is split into two paths by the MZI. The opticd frequency of
the upper arm is o set by an acousto-optic modulator (AOM, Brimrese) with respect
to the other. The frequency shift is 200MHz. The length of the delaying ber is

2m, which must be longer than the coherence length of the laser, 8@t the two
combining beams interfere as if they originated from two independelasers. Thus the
system performs in a manner similar to optical heterodyne detectio The bandwidth
information is translated from optical frequencies to low frequeras, where electronics
instrumentation operates. The interference signal is detected lusing a photodetector
(PD, Thorlabs PDB130C-AC). The spectrum is measured by using alectrical spectrum
analyzer (ESA, Agilent E4446A). The measurement results are @ented in Fig. 7.8. 2m
delay line corresponds to a frequency rsolution of50MHz [2, 54]. The cavity length

is  23m, which corresponds to a mode spacing of 8.6MHz. When the ifi@ometer
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Figure 7.7: Schematic setup for optical delayed self-heterodynetection. C;, C,: 3dB
coupler; PC: polarization controller; AOM: acoustic-optic modulatg PD: photodetector;
ESA: electrical spectrum analyzer.

Figure 7.8: (a) (b) Laser bandwidth measurement using delayed sbKterodyne 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 sppessed and 100

modes are left.
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7.5 Conclusion

In conclusion, we have successfully demonstrated a C- and L-bandable ring laser using
a two-taper MZI Iter. The laser can be tuned in the 1550{1605nm wavelength range by
using two di erent gain media. The fabrication of the MZI Iter is simple, cost-e ective,
and repeatable. The material durability and operation stability are émonstrated in the
experiments. It is expected that the stable laser could be used etevely for WDM

systems in sensing and communication.



Chapter 8

Tunable Fabry-Perot Iter using
hollow-core photonic bandgap ber
and micro- ber for a

narrow-linewidth laser

In this chapter, a novel tunable ber Fabry-Perot (FP) lIter is pr oposed and demon-
strated experimentally. The ber FP lter is fabricated by using a hdlow-core photonic
bandgap ber (HC-PBF) and a micro- ber. The FP lter is incorporated in an Erbium-

doped ber ring laser (EDFRL) to build a simple and e cient mode selecton mechanism.
Section 8.1 presents the research motivation. Section 8.2 presehasic principle of FP

Iter and section 8.3 describes the fabrication and principle of this nel FP lter. Sec-

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

and experimental results con rm the single longitudinal mode (SLMpperation.

8.1 Introduction

Cost-e ective tunable Fabry-Perot interferometers (FPIs) hae been successfully com-
mercialized and widely used for measurement of various parametessich as strain,
temperature, pressure, vibration, etc., in many elds [99{102].nl the past decade, most
of the FPIs were based on splicing of dierent kinds of bers, suchsasingle mode
bers (SMFs) and multimode bers (MMFs) [103], SMFs and photonic tystal bers
(PCFs)[104], SMFs and hollow-core photonic crystal bers (HC-PEs) [105], SMFs and
hollow-core photonic bandgap bers (HC-PBFs) [106], SMFs and peered SMF tips [107].
However, these FPI sensor con gurations have a limited tuning rge on the order of
micrometers.

Tunable lasers are of considerable interest for many applicationsich as wavelength
division multiplexed (WDM) communications, ber sensors, high-redation spectroscopy
and optical coherent tomography. Linewidth is an important perfanance parameter.
Standard distributed feedback (DFB) lasers and external cavityasers (ECL) have typ-
ical linewidths of 5MHz and 100kHz, respectively. Tunable single-lomgdinal-mode
(SLM) lasers have the advantage of narrow spectral linewidth. @wplex mode selection
mechanisms have been used to achieve the SLM operation in erbiunped ber ring

lasers (EDFRL), such as multiple subring-cavities combined with eithea ber Bragg
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grating (FBG) [84] or with an intracavity FP Iter [85] or with a high n esse ring |-
ter [108], a saturable absorber combined with either a widely tunableB& [86, 87] or
with an FP lIter [88, 89], and a tunable FBG FP etalon [90, 91]. With a subeavity
which is complicated and di cult to control, the side-mode suppressio ratio (SMSR)
of a conventional SLM-EDFRL can reach 50dB [84] or higher [108]. itNW a saturable
absorber, the linewidth is reduced to 2kHz [84] or less [86, 88]. Due to the low nesse
associated with low re ectivity in the transmission mode, the lter is tsed as a mode
selecting element in ring laser, and has limited the linewidth5KHz) and tuning range

(hundreds of GHz) of the ber laser.

8.2 Principle of Fabry-Perot interferometer

A FPI consists of two parallel mirrors, having power re ectivities R and R;, separated by
a cavity of length L containing a medium of refractive indexn. The re ection process will
be repeated many times until the amplitude is signi cantly reduced dei to the multiple
re ection losses. An illustration of an FPI is shown in Fig. 8.1. The ex&s loss, which
corresponds to the portion of the incident power absorbed or stered out of the beam
by the mirror is neglected. The optical eld amplitudes of light rays 0,1, 2, and N are
listed, whereE; is the input optical eld, is the single-trip propagation phase delay in

the interferometer, which is given by

_ 2 nL; (8.1)
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Figure 8.1: Transmission model of an FP lter.

where is the wavelength of light in vacuum.

Adding all transmitted beams, the total transmission eld is

X
Er = Em
m=0
p p X p
=Ef 1 Ry 1 Ry ( RiR,e'2)m
m=0
p p - 1
=E; 1 R; 1 Ry¥ p——: 8.2
i 1 2 1 d R1R2 gi2 ( )
The normalized transmitted optical intensity T( ) can be derived as follows,
2
T( ): E_T — N (1 Rl)(ln RZ) : (83)

Ei 1 v RiR, 2 + 4}J R:R> Sin2
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WhenR; = R, = R, T( ) is simpli ed to

2
T()= .

"1 R)2+4R sin(Zmy’ (8.4)

From Eq. (8.4), when the cavity length varies, the phase will changand the re ection

spectrum will shift.

8.3 Fabry-Perot lter fabrication and principle

A schematic diagram of the tunable FP Iter is shown in Fig. 8.2(a). Thelter consists of
a section of HC-PBF (NKT Photonics, HC-1550) spliced with a standd SMF (Corning,
SMF-28) and a section of micro- ber. As shown in Fig. 8.2(b), the H®BF, which guides
light by the photonic bandgap (PBG) e ect, has an air-core surronded by a micro-
structured cladding comprising a triangular array of air holes in a silicdbackground.
The core and cladding diameters of the HC-1550 are:20m and 120 m, respectively.
The mode eld diameter (MFD) of the HC-1550 is 5 m, which is di erent from that of
the SMF (105 m). Fabrication of the etalon is straightforward and highly repeathle.
First, the cleaved end of a HC-PBF is spliced to the cleaved end of a N8 ber
using repeated arc discharges [109]. The micro-hole collapse e ecH&-PBFs should
be taken into account. An electric arc fusion splicer (Fitel, FSU995Awith special
parameters can repeat a low-loss fusion splice with good mechanisttength and a

smooth re ective surface. Fresnel re ection is generated at €éhsplicing point due to
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modal eld mismatch and refractive index di erence. Second, thepticed HC-PBF is
cleaved to a desired lengthL,, on the order of millimeters. Compared with the high
transmission loss in a conventional Fizeau cavity with an air gap, thergth of the
low-loss FP cavity could be extended to several centimeters [1030]. Third, the micro-
ber is fabricated by chemical etching. A section of cleaved SMF is dyed into 5%
Hydro uoric (HF) acid vertically for about 20 hours. The ber diameter, d, is reduced
to 8{10 m. The micro- ber with a uniform diameter of d and a length of = can be
designed to meet the requirement of the FP cavity. The end of micrber acts as the
other re ection mirror in the FP cavity. Fourth, in order to improve the fringe visibility,
a gold Im with a thickness of 20nm is coated at the end of the micro- br. The re ection
coe cient of the Imis  85%. A Fizeau-type etalon is formed by the re ection from the
splicing surface of SMF and HC-PBF and the gold-coated end of theigro- ber. The
spacing of the FP Iter can be changed over a large distance by adfing the position
of the micro- ber in the hollow core of a HC-PBF. Microscope imagesf &wo re ection
mirrors in the experiment are shown in Figs. 8.2(c) and (d). In thesexperiments,
d=9 m, =3mm, and L,,=2.74mm.

For the FP lter, free spectral range (FSR) can be tuned by chaging the longitudinal
displacement of the micro- ber, which is given by

FSR= ﬁ; (8.5)
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Figure 8.2: (a) Con guration of an FP Iter based on HC-PBF and micio- ber. Dgyf :
Cladding diameter of SMF,Dpgg : Cladding diameter of HC-PBF, L,: the length of
HC-PBF, L: the cavity length, ": the length of the micro- ber, d: Cladding diameter
of the micro- ber. (b) Cross section of HC-1550. (c) Microscopemage of a splicing
point between SMF and HC-1550. (d) Microscope image of a HC-15&1h an inserted
micro- ber.

whereL is the cavity length andn is the cavity refractive index. In the hollow core of
HC-PBF, the medium is air and hencen=1. The FP Iter with a long cavity length has
a small FSR. Therefore, the re ection spectrum with a sharp slopallows the FP Iter
to be an e cient mode selecting etalon.

The model of electric elds at the FP cavity is shown in Fig. 8.3R; and R, are the

power re ection coe cients of the splicing point and the end of micre ber, respectively.

R, is given by

2
R, = NHc pBr  NsmF , (8.6)

NHc per t+ NswmF
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Figure 8.3: Re ection model of an FP lter.

wherenyc pgr and nsyg are refractive indices of the HC-PBF and SMF, respectively.
R;is 3%. Before coating, the power re ection coe cientR, can be calculated similarly.
After coating, R; is the re ection coe cient of the gold Im, which is as high as 85%.

1 is the transmission loss factor at the splicing point. uc pgr IS the transmission loss
in the hollow core of HC-PBF. Here ¢ pgr Can be ignored [110]. < 1 is the excess
power loss of re ection on the mirror due to the non-ideal beam aligment.  is the
optical phase induced by the FP cavity, which is given in Eq. (8.1).

E; is the input electric eld and ER is total re ected electric eld at the detector,

which is given approximately by

hp - . o
Er = E; P Ry+(1 )1 Ri)(Rp )2€? +(1 )@ Ry(Ry )R el* 1 (8.7)
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The normalized re ective optical intensity Igr( ) can be derived as follows [54],
o= B0
R = E;
_ _ o2
= Ri+(1 DL Ri)(R; )2€2 +(1 DL Ri)(Ry )ZR, el*
=Ri+(1 )1 R)R; 21 ) RRR, ?
h 1 1 3 i
+2 (1 1) Ry)(RiRz )z +(1 )*(1  Ry)’RERZ ? cos4
+4(1 )1 RyRR, 2cog4: (8.8)

Eq. (8.8) indicates that Ig( ) would reach its maximum and minimum when and
cos4 =1 and cos 4 =-1, respectively. The fringe visibility is determined by [106]

| IR .
\ = _Rmax_ "Rmin . (8.9)

I Rmax + I Rmin

Inserting Eq. (8.8) into (8.8), we obtain

h i
~ 21 1)1 R1)(RR2)z2 2+(1 )1 Ry)R; 2

= > > T (8.10)
Ri+ (1 1)°(1 R1)"Rz +2(1 1)1 R3)RiR; 2
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and

L 21 (@ Ri)(RiRy)? :
f t>

Ri+(1 1)’ R1)’R; +2(1 1)@ Ry)RiRy ?

@
@

1
sRi7+(@ 'L RY’RS?
1
+(1 D R)'RIREZ S(1 ) R)’RIREZ: (811
Using the experimental data, we hav% > 0, which means that the fringe visibility
V will decrease as decreases. In addition, we know that decreases as the cavity length
L increases for a xed length of the HC-PBF. Therefore, we obtai% < 0, which means

that the fringe visibility of the FP Iter decreases as the cavity lengh increases.

8.4 Experimental setup and results

The EDFRL con guration is shown in Fig. 8.4. The gain medium, a 7m EDFR37PMO01,
OFS Inc.), is forward-pumped through a WDM by a 980nm laser diodd.D). The EDF
has a peak absorption of 18dB/m at 1530nm. Two polarization cordgllers (PC) are
used to adjust the polarization state of the light, which is used to dpnize SMSR for
each wavelength. An isolator (ISO) keeps the laser unidirectional. h€ laser output
is monitored by an optical spectrum analyzer (OSA) through the 1%utput port of a
coupler (C). The 99% output of the coupler is injected into the FP Iter via port 1

of a circulator. The re ected light of the FP Iter 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 orporating the
novel FP lter. C: 99:1 coupler; PG, PC,: polarization controller; 1SO: isolator; The
bottom MZI is schematic setup for optical delayed self-heterodgrdetection. G, C3: 3dB
coupler; AOM: acoustic-optic modulator; PD: photodetector; EA: electrical spectrum
analyzer.

through port 3 of the circulator. The main ring cavity generates arenormous number
of longitudinal modes. Suppression of side longitudinal modes is acleié by the novel
FP Iter with millimeter cavity length. The millisecond-scale uorescene relaxation
time of the EDF keeps the light going through a nanosecond roundipr several million
times to create high gain and long coherence length. In this way, amaw-linewidth

SLM operation is established by a simple combination of the novel FP dr and the
single-ring cavity.

Figure 8.4 presents the re ection spectra (1550{1560nm) of theP Iter with dif-
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ferent cavity lengths. These series of sharp fringes in wavelengtpace are used as a
mode selection mechanism. When the cavity length =0.36mm, 0.67mm, 1.23mm and
2.57mm, FSR=3.22nm, 1.72nm, 0.94nm and 0.45nm, respectively. Witlioand with
gold coating, the insertion losses of the FP lter are 16.5dB and 12.Bd respectively,
with a cavity length of 0.36mm. The main loss is due to 3% Fresnel re ection at the
splicing point between the HC-PBF and SMF. As shown in Fig. 8.5, the iestion loss
increases as the cavity length of the FP Iter increases due to nadeal beam collimation
in the HC-PBF and micro- ber section. With the help of a 20nm gold Im mated at
the end of the micro- ber, the contrast is improved from 2.9dB to 2dB with the cavity
length of 0.36mm. The corresponding fringe visibility increases from32 to 0.88. When
the cavity length is increased to 2.57mm, the contrast is improveddm 1dB to 5dB.
The corresponding fringe visibility increases from 0.08 to 0.39. Bec&u decreases as
the cavity length L increases, the fringe visibility of the FP Iter decreases as the cayit
length increases. Her% < 0 is veri ed experimentally. Comparing the slope of re ec-
tion spectra within a xed wavelength range, the longer cavity lendt is associated with
a sharper slope, which provides more e cient mode selection as an HEer.

Tuning characteristics of the SLM-EDFRLs are shown in Figs. 8.6(agnd (b). The
characteristics of the SLM-EDFRLs are listed in Table 8.1. With a shorcavity length
of 0.25mm and a tuning range of 0.14mm, the FP Iter has a larger FSR with a
slow changing slope. The laser has a large tuning range over 15546@tm with a large

step 0.2{0.3nm. The corresponding resolution of the translation age is 0.004mm
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Figure 8.5: The re ection spectra of an FP lter (a) without and (b) with gold coat-
ing, respectively. When the cavity lengthL=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 t®.37mm and the
tuning range increases to 0.37mm, the FP lIter has a shorter FSR with a sharp slope.
The tuning range of EDFRL is decreased to 1557.3{1560.2nm, whileethuning step
is decreased to 0.06{0.1nm. The corresponding resolution of thearslation stage is
0.002mm during laser wavelength tuning. The minimum resolvable tunirgtep of the
laser is limited by the 0.0813802m resolution of the motorized translation stage and the
0.06nm resolution of OSA. In practice, two accurate piezoelectri¢RZT) can be used
for coarse and ne adjustment of the cavity length. The charaetristics of the SLM-
EDFRLs can thus be further improved. The power stability is also ina&igated. When
the injected pump power is 190mW, the output power of the lasergea-8.0 0.4dBm
and -7.6 0.1dBm, with the short and long FP cavities, respectively. Therefer the high

power stability of the proposed laser has been con rmed.



Tunable FP Iter using a HC-PBF and a micro- ber 148

Figure 8.6: (a) Tuning characteristics with cavity lengthL = 0:25 0:14mm and pump
power Pepr =190mW. (b) Tuning characteristics with cavity length L =2:37 0:37mm
and pump powerPgpr =190mW.

As shown in Fig. 8.4, the linewidth of the laser output is measured by éhself-
heterodyne method. The laser output is launched into a MZI which isoostructed by
two 3dB couplers G and C;. 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 ber is 100km, which corresponds to a 1kHz frequency odstion [54]. The in-
terference signal is detected by using a photodetector (PD, THabs PDB130C-AC). The

spectrum is measured by using an electrical spectrum analyzer @&SAgilent E4446A).

Table 8.1: Laser characteristics.

Cavity length (mm) 0.25 0.14 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) 32{36 44{51
Linewidth (kHz) 5.1{9.1 3.0{6.5

Power (mW) 0.16 0.015 0.17 0.004
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Figure 8.7: (a) Electrical spectra measurement of SLM-EDFRL witlirP 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 lter. (b) 3dB linewidth mea surement by
ESA.

The electrical spectrum of the beating signal of the main EDFRL cday without the
FP lter is inserted into Fig. 8.7(a). The measured FSR is 5.9MHz. Figures 8.7(a)
and (b) indicate the SLM operation and the narrow 3dB linewidths. FoL=0.36mm,
the SLM-EDFRL has an SMSR of 36dB and a linewidth of 5.1kHz. Fok=2.51mm,
the SLM-EDFRL has an SMSR of 51dB and a linewidth of 3.0kHz. Sevéreesidual
side modes are highly suppressed and the spacing of the nearest siddes is 5.9MHz.
The experimental results con rm that the FP Iter with a longer cavity has much better
side-mode suppression.

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

selecting e ciency determined by the FP cavity length. ForL=0.36mm and 2.51mm,
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the threshold pump powers are 22mW and 20mW, respectively. Asastn in Fig. 8.8(a)
and (b), when the threshold pump current is reached, the EDFRL ith a longer-cavity
FP lIter 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 thasting longi-
tudinal mode increases quickly, as shown by the curve BEpr =20mW in Fig. 8.8 (b).
Therefore, the SMSR increases as the pump current increasesheTSMSR reaches a
maximum at the optimum pump current of Pepg =102mW for both lasers. In the high
pump current range, the side modes are partly suppressed and wiltrease as the pump
current increases. Hence the SMSR decreases as the pump curirecreases. As shown

in Fig. 8.8(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) measurementh&n the pump
power increases from the threshold value to 249mW. (b) Electricapectra 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 Iter, w¢h is formed by a
section of HC-PBF spliced with an SMF and a section of gold-coated nue ber. The
hollow core of a HC-PBF is used as the interference cavity. The FP mirs is comprised
of a splicing point between a section of HC-PBF and a SMF and the gotated end of
an inserted micro- ber inside the HC-PBF. The repeatability of the &brication process
is proved in the experiments. The tunable FP Iter with a millimeter cavity length
constitutes an e cient mode selection mechanism in an EDFRL. With a avity 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 andimewidth
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 6f06nm. The

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



Chapter 9

Conclusion

9.1 Conclusion

This research proposes an e cient distributed birefringence measement method{optical

frequency-domain re ectometry (OFDR) technique{to continuausly analyze the mode
coupling process along tapered single-mode bers (SMFs) and théfrermal and me-
chanical properties. Based on the thermal properties study, it fund that annealing

treatment is an essential step for the fabrication of ber taperswhich can improve their
optical properties. This is because the inhomogeneous refractivelex character, due
to residual stress induced by tapering process, can be distinctlynginated by annealing

treatment.

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

preserving character of tapered polarization-maintaining bersKMFs). The reduced

152
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thickness of stress-applying components results in the stressas@tion and reduces the
birefringence in the tapered PMFs. Another factor is the generimin of higher-order
modes. Compared with cutback method, polarization extinction ra (PER) and po-
larization dependent loss (PDL) measurement, the measured digtnted birefringences
along tapered PMFs reveal the accurate polarization maintaining dlty. Because ta-
pered PMF have various applications, the e ective method to evalue polarization pre-
serving character is a matter of great signi cance.

This thesis also makes contribution to narrow-linewidth tunable Erbim doped ber
ring lasers (EDFRL). Instead of expensive ber Bragg gratings (BGs), Fabry-Perot
(FP) lters and other complicated mode selecting devices, we build sppte mode selecting
mechanisms using micro- ber devices. The fabrication is much easg@rd at a lower cost.
First, in the EDFRL, the basic factor, the uorescence relaxatiortime of gain medium,
Erbium doped ber (EDF), is studied. Compared with SOA, EDF has loger carrier
lifetime, which bene ts the formation of a ring laser and reduces thstrict requirements
for the mode selecting Iters. Secondly, tapering is widely used as anective mode
conversion technique. Higher-order modes are easy to be excitethe tapering process.
By exciting di erent higher-order mode, the refractive index di erence is tuned. Based
on this principle, a cost-e ective two-taper MZI is built in a section ofSMF and forms
a tunable EDFRL over both C- and L-band wavelength ranges. Comaped with tapered
ber 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 SRS
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and bandwidth. Thirdly, the hollow-core of a hollow-core photonic badgap ber (HC-
PBF) is used as an FP cavity for the rst time. Both low transmission I@s and high
nesse of such a tunable FP Iter can implement stable single longitudad mode (SLM)
operation in a ring laser and obtain an SMSR of 51dB and a linewidth of KHz. The
low transmission loss in the hollow core [110] makes it possible to exdem tunable FP
cavity length to several millimeters, or even centimeters. Hencetber 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 @asurement
using OFDR system, there is a tradeo between spectral resolutioand spatial resolu-
tion due to nite rates of the TLS and the DAQ. The tunable laser's claracters, such
as coherent length, the frequency sweep range as well as theegpwspeed, are related
to the achievable spatial resolution and measurement range. Thelations are shown in
Egs. (3.8) and (3.9). If we employ a tunable laser with better coheree, lower phase
noises, wider frequency sweep range and faster tuning rate, ORWill have better perfor-
mances. In addition, the rate of DAQ should be improved. Therefer the improvement
of OFDR system will result in better spatial resolution for the distrituted mode coupling
measurement of ber devices.

Using the proposed OFDR method, we can e ciently evaluate polarizeon preserv-
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ing character of tapered PMFs. In this way, it is able to nd a taperd PMF with
smaller waist size and good polarization-maintaining property. One manake use of
its high sensitivity and high birefringence to build sensors. First, tagred PMFs with
asymmetric structures including two stress-applying componentge highly sensitive to
twist angle. If a light is launched to the axis of a tapered PMF at the inpt port, the
transmission loss, PDL or other parameters may be measured asuadtion of the twist
angle. Then these tapered PMFs could be used as torque sensdtsother application
of taper PMFs is to be electrical current sensors by twining a taped PMF around a
straight copper wire. A tapered ber becomes more pliable and caretbent at a much
larger angle than SMF with very low losses. The ability of ber tapersd guide light
over bend radii of the order of a few micrometers has been expladiteo minimize the
sensor size [111]. Magnetic eld sensors utilizing low-birefringenceBL bers have some
disadvantages because LB bers appeared to be very sensitive @gternal exposures,
such as bending and squeezing. That means that, in order to acleegood accuracy
for " eld circumstances” (particularly in abroad temperature range), one have either to
protect the optical scheme from external parameters changesto install additional sen-
sors to compensate correspondent errors. Although the binefgence in tapered PMFs
is reduced, the value is still at a level of 1¢. The high birefringence change could be
useful for magnetic eld detection. It is noted that a thin Te on Im may be coated
on the tapered PMFs to reduce the thermal e ect. Furthermorgbased on the ther-

mal and mechanical properties of SMF tapers and PMFs, taperedvs will have same
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thermal response and several hundred times higher force sergiy than that of PMFs.

The tapering process may results in more inhomogeneous index eweristic in tapered
PMFs than that in tapered SMFs, but the annealing treatment is helful to signi cantly

reduce the inhomogeneity, which may reduce polarization-maintairgnproperty as well.
We need to prove this tradeo in the experiments. The autocorretéon wavelength shift
indicates the refractive index di erence between the fundamentanode and higher-order
modes through mode coupling process; the cross-correlation alangth shift indicates
the refractive index change of the dominating mode (such as fastslow mode in PMFs).
Both the refractive index di erence and the refractive index itselare linear functions of
temperature and force, respectively. Using these parametetapered PMFs are able to

simultaneous temperature and force sensors.



Appendix A

Cladding mode calculation in
tapered ber

For the cladding modes,n;;y < her < Ng, We consider the bounded solutions with
the core-cladding and cladding-air interfaces. A three-layer stepdex ber model with
dispersion relation is proposed [37] and a list of clearer and readyfiogram relations
is included [39].

The electromagnetic elds , propagating in z-direction along the ber, must satisfy
the scalar wave equation, which is expressed in cylindrical coordieat(; ;z ) as follows,

1 1

@4- __@)+ _@4- k2n2 2 =0; (A.1)
@f r@r r2@?

where represents electric or magnetic eld, the wavenumbek = 2 in terms of the

free-space wavelength, n is the refractive index pro le and the propagation constant,

= kneff .
With de ned modal parameters

2 2 3

up =k ng, ng ?; (A.2a)
1

u=k ng  ng ?; (A.2b)
1

ws=K ng Ny 2 (A.2c)
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the solution of Eq. (A.1) is as follows,

8
SA) (up)é ifo r

= §[BJ (up )+ CY (uz )€ if r ol (A.3)
DK (w3 )€ if r ol

where A, B, C and D are constants) , Y , andK are the th-order Bessel functions of
the rst kind and the seconde kind, and the modi ed Bessel functio of the second kind,
respectively. For the linearly polarized (LP) modes, LR, modes and LR, modes, =0
and =1, respectively. Therefore, the electric eld and magnetic eld components are
given by 8

%Al\] (up )€ ifO r
= [B1J (u; )+ CiY (uyp )] € if r ol (A.4)
" DK (ws )€ ifr o
and 8
ZA2J (up)é€ ifo r
= §[Bz‘J (up )+ CoY (uz )€ if roo (A.5)
" DK (ws )€ ifr o

where A, Bj, C;, and O; (j =1,2), are constants. The electric eld and magnetic eld
are expressed as

. h i
"E = EP+E "+ E;2 2 '), (A.6a)
h i
| .
"H= Hf+H "+ H,2 02 1), (A.6b)
with
_ @ Q@ .
Er - @ ﬁ@r, (A?a)
@ 1@ .
1

E,= —(knf ?): (A.7¢)
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and
_ @ @ .
H, = @"‘ T ar
H = Q+ _}@,
@r ! r@
Ho= (2 ?)
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(A.8a)
(A.8b)

(A.8c)

Substituting Egs. (A.4) and (A.5) into the above Egs. (A.7a){(A.8c) all components

are given by

8 h i
§ lTAlJ (Ulr) !U—CT)AZJO(U]_I’) e
L [B1J (uar) + CiY (uar)]
% .u—zl[BzJO(Uzr)+ CoYuar)] €
h ¢ i
. h‘TDlK (war)  2DoK%(war) €
i
% ulAlJO(ulr) ,—ITAZ\] (ulr) el
8
3

co

E:
U-> [B]_J O(Uzr) + ClYo(Ugr)]
E

) —5[B2d (uar) + CoY (uar)] €
i

2
uiy

COAzJ (Ulr)ei
% [B2J (uar)+ CoY (uar)] €
- Wir D2K (W3r)ei

il

E. if

wzD 1 K O(Wgr) |—ITD2K (Wgr) e

if 0

if r

ifO r
(A.9a)
if r cls
if r cl-
ifO r ;
(A.9b)
if r cls
if r ol
r
r cly (A.QC)

cl-
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8h i
§ LART (uir) + £2A3%ugr) € ifo r
L [B2J (uar) + CoY (ugr)]
H, = (A.10a)
% Y2 [BI%UN)+ CYYWr)] € i 1 g
h i
. hiTDzK (war)  {-2D1K%wsr) €  ifr g
i
% U1AJ%usr) + —Aqd (uir) € ifo r :
Uso [BZ\] O(Ugr) + CQYO(Uzr)]
H = | | (A.10b)
§h+ LB (W CY (wr)] € i g
i
8 ws3D oK 0(W3I')+ ,—ITD]_K (Wgr) e' if r cl-
3 AL (uar)e ifo r
H, = §”u_%[513 (Uar)+ CiY (Wr)]€  if T g (A.10c)
- iY"—%DlK (war)€ ifr o
where | = (n?.

According to the boundary continuity condition at the core-claddig interface, where
r= , we have

i
ud(us A —J (U1 )A2= ud%uz )B:r  uYq{up )Gy

! ongo
i i
I 5 —J (U2 )Bz ' 5 —Y (Uz )Cg (Alla)
*ooNng Poohng
Yy A 3 B %y, )C (A.11b)
il onZ, R on? 27720 ong 2 .
i
ud(ug YAz + ——J (U1 )AL = ud%uz )B2  uYYu, )Cs
+ 10 (U2 )Br+ — Y (uz )Cy (A.11c)

u? u3 u3
il—lJ (U )AL= “—J (U2 )By1+ “—Y (U2 )Cy (A.11d)
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We rewrite these equations in
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the following matrix form

<y 1= <5 5 (A.12)
where
2 3
J%uz ) Yquz ) ﬁgl—J (U2 ) gn%—Y (U2 )
<q. g 1 0 1 0 J (()Uz ) Y (U2 ) (A13)
ZJd (u2) Y (u2) J%(uz ) YYuz )
J (uz) Y (uz ) 0 0
2 3
Bi1
clz
) A.14
: §Bz (A.14)
C
2., 5 3
I (Un)  gred (ug)
2
< g 0 gwxd (W)
2
- (u)  23%uy)
3J (u) 0
2 2 3
J u%n—zz
U2 0 n
=13 (u;) uznZ, (A.15)
uz U%l_ J
1
- w 0
Ay
, A.16
TN (A16)
(A.17)
with
J%uy )
J, A.18
ud (ug ) (A-18)
i I Neff
, — = A.19
N e (A.19)
[
2, 7 = 1 Nefs Zo (AZO)
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(A.21a)

(A.21b)

with Zg = -~ =377
According to boundary continuity condition at the cladding-air intefface, wherer =
o, We have
[
ud%(Uz )B1 UY YUz )Cy ———J (U2 a)Bo
. Onc| cl
[ [
———Y (U2 )Co= WsK%(ws ¢)D1  ——=——K (W3 a)D>
) 0nC| cl . Onair cl
u3 u3 w3
. J (u B - J (u C,= - K D
T o2 (U2 ¢)B2 o2 (U2 o)Co T onZ. (ws ¢)D2
[
%z )Bz  UY Uz o)Co+ ——J (U2 )B:

|
. cl

i i
+ '——IY (Uz Cl)Cl = W3K O(W3 C|)D2+ '__IK (W3 CI)Dl
. c ) c

u2 u2 w2
“_23 (uz ¢)Br + i,—ZY (uz a)Cq = “—3K (W3 ¢)D1

(A.21c)

(A.21d)

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

<3 1= <4 3;

(A.22)
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where
2
J (Uz o) Yo(Uz ol) uZ_ng_dJ (uz a) Uz_n2|_| Y (U2 o)
g 0 J (u2 cl) Y (U2 cl)
oY (U2 o) J%uz o) YYuz o)
2 ‘] (UZ cl) Y (UZ cl) 3 0 0
W3KO(W3 o) UZ—C'nzza—K (Wsz o)
SEEK (Ws o)
Uz £ (W3 cl) VL\,IZSKO(W3 cl)
u2 K (W3 cl) 0
’ 2
K W3nai2r cl
W3 g 0 g %
= 2K (W ) uznalr
U, 3 cl ngcl K
1
- ™ 0
D;
3, D,
with
K KO(W3 cl) .
CowsK (W )

With Egs. (A.12) and (A.22), we have
<3<11<2 2= <4 3

where<, ! is calculated and expressed as

- 1
TP )Y () I (U YL, ) ;
Y(uz) Y () 0 Yquz )
J(U2)  Ged (u2) 0 I%uz )
0 YYuz ) Y (uz) Y (u2)

0 I%u2 ) J(uz) I (uz2)
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(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)
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Eq. (A.28) is rewrited as
2 1 1 3
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g 0 q p o P
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2 3 2 3
u%ngo " H# K W%”azlirz d—-" #
n2 nZ
g UZE'gé Ar _ g 0 uz_n'2_§ Dy (A.30)
Tl J A2 WZl_ K D2
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m 0 m 0
with
P, J (U2 )Y (Uz) J(u2)Y (U2 a); (A.31)
q, J (U a)YXuz ) JI%Uu2)Y (U2 ); (A.32)
ro, 3%z )Y (U2 ) J (U )Y%uz a); (A.33)
s, J%uz o)Yquz ) 3%uz )YHu2 o); (A.34)
u3J (U )
: A.35
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Eq. (A.28) is calculated, which is given by
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with
1 1
Uy, — —5. A.37
21 U% U% ( )
1 1
, — + — A.38
U32 % W% ( )
The solution is
— 0.
0~ o (A.39)
where
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