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Tapered Splice for E cient Power Coupling

to Small-Core Nonlinear Fibers

Sameer Arabasi

(ABSTRACT)

There is continued interest in nonlinear devices for di enet types of optical signal processing,
such as Raman or parametric ampli ers. The small nonlinedyi of conventional single-mode
bers sets a major limitation for these devices. A large nomearity can be achieved by
having a large nonlinear coe cient, a small e ective area, oboth. Having a small e ective

area, however, requires e cient coupling to very small corebers.

A novel technique for splicing conventional single-mode drs to small core bers is pro-
posed and demonstrated. The coupling e ciency obtained byhis technique is considerably
improved over that obtained by the butt-joint splice. This technique uses a highly tapered
splice in which the eld leaves the core and propagates as anflamental cladding mode
before it couples back to the core mode of the small core beAt the beginning of the taper
the fundamental core mode carries most of the power. Over tlde®wn-taper region, the core
mode couples to the fundamental cladding mode for which théadding-air interface plays
a major role in guiding the light. Over the up-taper region, he cladding mode is coupled
back to the core mode. Fabrication of such a device involvesamy constraints. Alignment
of the cores, the slope of the taper, and the taper length armportant issues to ensure that

excessive radiation loss does not take place.

The theory of tapered single-mode ber is discussed includi adiabaticity criteria, length
considerations, mode coupling and wavelength dependen®®e use a computational simula-

tion to examine how the eld changes from one part of the tapeto the other. Variations of



the ber and the eld properties along the taper are studied.In this simulation, the tapered
region is approximated as a su ciently large number of cascked uniform ber segments of
decreasing or increasing diameters. Another analysis bdsen the conservation of power

ow is also provided.

Tapered splices were fabricated using two di erent experiemtal setups. The experimental
setup to verify our theoretical results is shown. The tapenig process is thoroughly discussed.
The spectrum of a tunable laser passing through a splice showow modes interact with
each other during the tapering process. We successfully fadated very low loss tapers with
extremely small diameters. Tapered splices showed a lowesd than their butt-joint coun-

terparts. Experimental measurements of these tapered spdis are presented and discussed.
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Chapter 1

Introduction

This chapter presents the motivation and the scope of invaghation for this research. We
start with providing some background information on high nalinearity bers and address
the di culties associated with coupling optical power into these bers. Then, we introduce
tapered splices and discuss their potential applicationparticularly in reducing the splicing
loss between standard bers and high nonlinearity small cer bers.

Tapered optical bers have found many important applicatims, particularly in ber optic
communications, instrumentation and sensing, optical sigl processing and conditioning,
solar energy technology, and more recently in nonlinear apal ber devices. A brief discus-
sion of some of these applications will be presented in su@gent sections of this chapter.
However, coupling to small core bers by means of a taperedlge will be the main investi-
gation and the core interest of this research. Some backgrmlinformation on development
of optical bers, its advantages, and its main applicationm communication systems is pre-
sented rst. This is followed by a literature survey on high wnlinearity bers. Then, several
important and state-of-the-art applications of tapered bers will be discussed. The scope of

investigation and the research tasks of the dissertation Ivbe outlined in the last section.



1.1 Background information

The use and demand of optical bers has grown tremendouslynsie their invention. Appli-
cations that use optical bers today are numerous, such aselecommunications, medicine,

military, automotive, and industrial applications.

Telecommunications applications are widespread, rangirigom global networks to local tele-
phone exchanges to subscribers' homes to desktop computéreese involve the transmission
of voice, data, and or video over distances of less than a mete hundreds and thousands

of kilometers.

Optical bers have attracted extensive research activitie in the past two decades due to
their many attributes. The low attenuation of optical bers allows much longer distances
of signal transmission than metallic-based cables. Whilengle-line, copper-based systems
with cables longer than a couple of kilometers require inAlé signal repeaters for satisfactory
performance, it is not unusual for optical ber systems to gaver 100 kilometers with no

active or passive signal processing and regeneration.

Large bandwidth is another advantage of optical bers. Optal bers can provide huge
information-carrying capacities. While today's applicaions require an ever-increasing amount
of bandwidth, it is important to consider the space constraits of many end-users. It is com-
monplace to install new cabling within existing duct systems. The relatively small diameter

and light weight of optical bers makes such installations &sy, cost e ective, and practical.

Long, continuous lengths also provide advantages for indiexrs and end-users. The small
diameters of optical bers make it practical to manufactureand install much longer lengths
than metallic cables. Optical ber cables can be installed ith the same equipment that is
used to install copper wires and coaxial cables, with some di@ations due to the small

size and limited pull tension and bend radius of optical caes.

Non-conductivity is another advantage of optical bers. Tleir dielectric nature makes optical
bers immune to electromagnetic interference and hence nmedesirable in noisy and elec-

tromagnetically congested environments where conventiahradio and microwave systems



are unable to provide high quality signal transmission. Fuhermore, unlike metallic-based
systems, the dielectric nature of optical ber makes it impssible to detect the signal being
transmitted within the cable. The only way to do so is by actully accessing the optical ber
itself. These circumstances make bers extremely attracte to governmental o ces, banks,

and other institutions with major security concerns.

Another equally important advantage of optical bers is thd they are cost e ective and
a ordable. Fiber solutions are less expensive than coppethis is a very important factor
that network designers take into consideration when desigmg large networks. As bandwidth
demands increase rapidly with technological advances, agl bers will continue to play a
vital role in the long-term success of telecommunicationsThe recent enhancements of all
optical ampli ers, light sources, and photodetectors havenade optical bers a more suitable
medium for high capacity communication systems. [1, 2, 3].

1.2 High nonlinearity bers

Optical bers are attractive for nonlinear interactions because of the strong beam con ne-
ment that they provide over long propagation distances [4]JOn one hand, nonlinear e ects
of optical bers are part of the limitations that impair the p erformance of optical commu-
nication systems. Nonlinearity of the ber material can beome a serious problem at high
intensities in high bit-rate systems using long ber lengte [5]. On the other hand, ber
nonlinearity can play a vital role in optical signal procesag and have a signi cant impor-
tance in advanced optical communication systems. Fiber ntmearity has paved the way
for development of crucial devices in optical communicatiosystems such as multiplexers,
demultiplexers, wavelength converters, directional colgrs, and all optical ampli ers. The
direction of future advances in optical communication systms nowadays points to the use
of one or more devices that operate based on phenomena asgedi with ber nonlinearity
[6, 7, 8].

The trade-o between the two aspects of nonlinear e ects, terefore, should be examined



carefully, with the aim of achieving a system of desired tramission capacity, performance,
and function. One of the primary concerns of the optical bercommunication system is
the ultimate capacity of transmission that can be attained.The transmission capacity crit-
ically depends on the temporal and spectral characterisioof light, whose applications lead
to time-division multiplexing (TDM) or wavelength-division multiplexing (WDM). The ca-
pacities of TDM and WDM techniques are fundamentally limitel due to inherent physical
limitations associated with these techniques. In TDM systas, for example, it is known
that the chromatic and polarization-mode dispersion e e are the primary limiting factors
of the transmission capacity. In WDM systems, however, nonkar e ects can become the

limiting factor of the optical transmission performance ad capacity [9, 10].

Nonlinear ber devices have attracted considerable atterdn in recent years due to their
fast response time and their numerous applications in opat communication systems. Con-
ventional bers, however, usually require long lengths to@nerate su cient nonlinear phase
shifts since the nonlinearity of silica-core silica-cladbers is low. Long bers, on the other
hand, limit the response time, switching bandwidth, and maixnum transmission bit-rate for
optical communication systems. To shorten the nonlinear br length, the ber nonlinearity

should be increased [6].

The refractive index of the ber consists of two parts, a linar term and a nonlinear term. The
nonlinear part is directly proportional to the optical peakintensity and inversely proportional
to the e ective mode area. Therefore, the nonlinearity in kers depends on the nonlinear-
index coe cient, the optical peak power and the e ective ar@. The e ective mode area is,
in principle, the area which the power inside the ber would ocupy had the power been
homogenously distributed over the cross section. The e eagé mode area depends on ber
parameters such as core radius, core and cladding refraetimdices and their di erence. For
instance, the e ective area of the fundamental mode in a steppdex ber can be de ned
using the mode eld radius (MFR), which for Gaussian beams islightly larger than the
core radius because of the penetration of the elds in the dding region. The e ective area
is then ! 2, where! is the MFR. The e ective area of single mode bers is in the rage of
20 to 100 m 2 depending on the design of the ber [11, 12].

4



Nonlinearity can be enhanced by using materials with high méinear coe cients. The nonlin-

ear coe cient of the ber can be expressed as =2 n=A ; . wheren is the nonlinear-index
coe cient, is the wavelength, andA is the e ective area of the ber. A highly nonlinear

ber has a high index of refraction. Hence, to have a single rde operation in such bers
require a small core diameters in the order of 1 2 m . Nonlinearity is greatly enhanced
by using such a small e ective area [11, 12]. However, havirggnall cores makes splicing
these bers to standard bers a practical challenge. Therefe, taking advantage of such

high nonlinearities requires e cient coupling to extremey small core bers.

One of the most signi cant practical problems in the develoment of optical communications
system is optical connections [13, 14, 15]. There is a coreiable di culty in achieving a
low-loss cost e ective joint between bers with di erent cae sizes. For example, Erbium
doped bers (EDF) are commonly used for light ampli cation purposes. High e ciency EDF
ampli ers have been achieved by using a small core and highmerical aperture (NA) doped
ber. Both parameters improve the power density in the core fothe EDF. A decrease in
the ber diameter will increase the mismatch between the maal eld diameter of the EDF
and that of the standard ber, leading to a large splice loss.Laser diodes and photonic
circuits also have a variety of mode eld diameters. All thes optical devices require e cient
coupling to standard single-mode bers. Cost will be reduckif lens-less coupling between
dissimilar cores (or MFD's) can be achieved [16, 17, 18, 19].

1.3 Coupling to small core bers

This section explores the common techniques used for couglito small core bers. The

technique proposed in this research is introduced and compd to other techniques.

1.3.1 Core expansion technique by thermal di usion

This technique is widely used in splicing standard bers toreall core Erbium ampli er and

dispersion compensating bers. In this technique, the colipg loss between a small core



ber and a standard single-mode ber can be reduced by thernhali usion of dopant ions
from the core into the cladding of the small core ber. The mod eld diameters of the
small core ber are, therefore, expanded to match those of ¢hstandard ber. The thermal
di usion changes the refractive index pro le while maintaning a fairly constant V-value
(normalized frequency) [19, 20, 21, 22].

Thermally di usion can be achieved by applying heat direct} to the small core ber for
a long time with microburners. The di usion technique has tle advantage of keeping the
outside diameter of the bers constant. On the other hand, mitiple heat treatments must

be applied to the ber to achieve the desired low loss.

1.3.2 Null couplers acousto-optic devices

Acousto-optic devices based on the null fused taper coupl@éemonstrate many applications
as frequency shifters, splitters, switches and tunable dérs. Acousto-optic Bragg di raction
is an interaction between two light waves and an acoustic wavin an optical material. By
periodically straining the material, an acoustic wave ca@s a periodic change in refractive
index that acts as a di raction grating. If the Bragg condition is satis ed, the grating causes
resonant coupling between two light waves. An acousto-optdevice can be made to act as

an optical switch by turning the acoustic wave on or o [23, 2}

A null fused taper coupler is made by stretching a pair of bes together in a heat source,
resulting in a fused glass structure with a narrow waist coratting the two bers [23]. A null
coupler fabricated using a standard ber and a small core krecould be specially designed
to couple the mode between the two dissimilar bers. Mode cgling can be accomplished
by writing a grating in the coupling region such that the ligh that enters the standard ber

exists in the small core ber.

Null couplers, however, are di cult to fabricate due to the snall size of the tapered coupling
region. The small size makes the adjustment and the handlirgf the coupling region prac-

tically di cult. Another disadvantage is that the coupler i s not environmentally stable. As



the coupling region expands and contracts at slightly di eent rates, the coupling e ciency

and the resonant frequency of the Bragg grating written on th coupling region will change.

1.3.3 Highly tapered splice

This technique is the core interest of this research. A simplbutt-joint splice between a
standard single mode ber and a small core ber, as shown in ure 1.1, has a high loss due
to the size mismatch of the two ber cores, resulting in a misatch of the eld distributions
and mode eld diameters in the two dissimilar bers. Figure 12 shows the geometry and
parameters of a tapered splice. A tapered splice has a muctvéw loss than a butt-joint splice

in which the radiation loss is signi cant if the core diametes are considerably di erent [25].

125p0m 125m
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Figure 1.1: Geometry and parameters for a butt-joint splice between a standard ber and a small

L

core ber.

As the ber tapers down, its diameter decreases and so doe&t ective refractive index (also
referred to as normalized propagation constant) of the furaagnental mode until it becomes
less than the cladding refractive index. At that point the ber is no longer in single-mode
regime and hence the fundamental core mode couples to one @mrencladding modes guided
by the cladding air interface. If we assume that the taper isxaally symmetric, then the

fundamental modelLPy; can couple only to the higher order modes with the same azintnal
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Figure 1.2: Geometry and parameters for a tapered splice beteen a standard ber and a small

core ber.

symmetry; that is, LPo,, modes. Since we are interested in minimizing the coupling taeen
the fundamental mode and higher order modes, we can assumattithe coupling mainly
takes place between the fundamental mode and the next axilsymmetric higher order
mode whose propagation constant is closest to that of the fdamental mode. Accordingly,
we will focus our attention on the interaction betweenLP,; and LPy, modes and try to
understand how this interaction evolves along the taper. Gnof the aims of this research is
to understand the interaction between modes inside the taped region and to minimize the

coupling of the fundamental mode to higher order modes in cedto achieve low loss tapers.

Tapered splices are easily fabricated. The tapering prosesan be completed in a fairly
short time. The setup is a ordable and can be made using commuogally available devices.
Tapered splices provide a low-loss and cost e ective jointsetween standard bers and
small core high nonlinearity bers. Since there is no gratig written on the tapered region,
tapered splices are environmentally stable, in contrast tthe null fused taper couplers. Also
this technique does not depend on thermally fusing any dopamaterial in the core of either

ber. Therefore, it can be used to splice any two dissimilar bers in contrast to the thermal



di usion technique. In other words, there are no restrictios on the types of the bers to
be used in this technique. All these advantages make the tapeg technique a desirable and

practical solution for e cient coupling of light to small core bers.

1.4 Applications of tapered optical bers

Besides coupling to small core bers, tapered bers have beeised for many other applica-

tions. A brief discussion of these applications is presedtén this section.

1.4.1 Tapered optical ber sensors

Optical ber sensing is one of today's fastest developing ¢bnologies. Optical ber sensors
have many applications including automated factories, mes, o shore platforms, air, sea,
land, space vehicles, energy distribution systems, medigatient surveillance systems, food
and pharmaceutical industry. Optical ber sensors have seval advantages over conventional
sensing technologies. They have the advantages of smalksiight weight, high sensitivity,

high temperature capabilities and immunity to electromagatic interference. Optical com-

ponents that are widely available can be used in optical besensor systems as well, which

contributes to reduced optical sensor system costs [26].

Most optical ber sensors are based on evanescent interamts or Bragg gratings. Evanescent
elds are accessed by partial or total removal of the ber cldding. In tapered optical bers,
the graduate change of core and cladding diameters makes #nanescent elds spread out
more into the cladding as the ber tapers down and thus reachhe external environment.
Tapered optical ber sensors employ di erent properties ofapered bers to measure changes
in the external medium. Some sensors are based on non-adiabdadiabaticity will be
introduced later) ber tapers, others employ taper waste dgimeter adjustment. In general,
tapered optical bers are more sensitive, compact and simgal to make than conventional
sensors [27, 28].



1.4.2 Coupling to photonic crystal bers

Photonic crystal waveguides use the photonic band-gap guiagy mechanism for light guiding
in addition to the index guiding mechanism used by the convéinnal waveguides. Introduc-
ing a line defect in photonic crystals, as shown in Figure 1.allows localized modes whose
frequencies are in the photonic crystal band-gap to be supped by the waveguide. The
defect acts like a cavity surrounded by the photonic crystathat acts as a mirror re ecting
light. Hence, if the cavity has the proper size, light will betrapped inside the defect and
guided along the axis of the waveguide. In a conventional weguide, if the waveguide is
bent at a sharp angle a huge loss can occur. However, in a phatocrystal waveguide,
the light can remain trapped inside even at sharp curves. Inddition, since propagation is
largely con ned to the defect, which is usually made of air, aterial loss can be substantially
reduced [29].

Coupling between standard bers and photonic crystal wavegdes can be very ine cient
when conventional splicing techniques are used. The modeope mismatch between the
fundamental modes of the dielectric waveguide and the phatm crystal waveguide is one
of the reasons of poor coupling e ciency. However, a major iptovement in the coupling
e ciency was reported using a tapered dielectric waveguideserted into the air defect of
the photonic crystal waveguide as shown in Figure 1.4. A colipg e ciency of 96 % was

achieved with tapered couplers as opposed to less than 60 %doat splicing [30].

Figure 1.3: Geometry of a Photonic Crystal Fiber.

10



Figure 1.4: Coupling to Photonic Crystal Fibers through a tapered ber.

1.4.3 Coupling to optical microcavities

Optical microcavities are resonant structures with extreraly small cavity dimensions in the
order of small multiples of light wavelength. Spherical mrocavities are the most common
structure. They have been studied extensively because ofeth optical properties. Their

applications range from optical system devices to very lownhteshold lasers and nonlinear
processes in solid silica microspheres. Silica microspgégecan be fabricated by heating the
end of an optical ber, the end re ows to form a spherical volme under the in uence of

surface tension. An optical silica microsphere is shown inigure 1.5. The sphere is still
attached to the ber from which it was formed [31, 32, 33].

While there are many ways of coupling light into microcavits, a tapered ber is one of the
most e ective methods. Because of the extremely low loss ober and the high coupling
e ciency to optical microcavities, a tapered optical ber is ideally suited for coupling of
light to microcavities [31, 32, 33].

1.4.4 Long-period gratings

Another application of tapered bers is long-period gratigs (LPG), which can be used as
a spectral Iter. LPGs can be made by periodically microtapeng an already tapered ber.
The beris rsttapered to a 15 m diameter over a 20nm length. The taper is then heated

using aCO, laser beam to construct a microtaper structure that is repaad periodically.

11



Figure 1.5: Optical micrograph of a silica microsphere witha diameter of approximately 30 microns.

The transmission spectra of the grating shows a notch at 149Bn. As further periods of

grating were added another notch appeared at 1618n [34].

1.5 Scope of investigation and outline of the dissertation

The aim of this dissertation is to address fabrication, measement, theoretical analysis and
simulation of tapered splices for applications in e cient pwer coupling to small core high
nonlinearity optical bers. The advantages of tapered spties over butt-joint coupling will be
elaborated on. The validity of our technique is substantiad and con rmed experimentally.
The outcome of this research will pave the way for practicahiplementation of nonlinear
ber devices which so far have been awaiting a satisfactorylsition for coupling light in

such devices. This research will facilitate the expansiorf all-optical networks and other

emerging technologies such as high power ber lasers.

In the second chapter, a brief discussion of wave propagatiin optical waveguides is pre-

sented. Starting with Maxwell's equations, modal solutios in cylindrical optical waveguides
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are derived. Weak guidance condition is considered and theresponding waveguide char-

acteristic equations are derived.

In chapter 3, the theory of tapered bers is reviewed. This thory will be used as the
corner stone for the taper analysis presented in this dissation. Adiabaticity criteria, mode
coupling, and wavelength dependence, which are all criticessues in understanding light

propagation along the tapered waveguide, are addressed.

Chapter 4 is devoted to modeling and simulation of tapers. Tehtapered ber is modeled
using a segmentation technique. An approximate analyticaolution for the propagation of
the fundamental mode in an adiabatic taper in both two-layerand three-layer ber models
is also developed. Simulations are performed to illustrate propagation of light inside the

taper. Constant-V bers are also introduced and discussea ithis chapter.

Chapter 5 is dedicated to the experimental work. Experimeat setup, fabrication of tapers,

and measurement results are presented and discussed.

The conclusions of this research and the main contributionsf the dissertation are summa-

rized in chapter 6. Directions for future work are also outfied in this chapter.
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Chapter 2

Wave propagation in optical

waveguides

Let us consider a cylindrical dielectric waveguide whose iaxcoincides with the z axis. Most
dielectric waveguides have a permeability equal to the vaom permeability o. It is more

P

convenient to characterize the dielectric by its refractie indexn = ", where , = =g is

the relative permittivity. The aim is to determine electromagnetic elds representing guided

light energy in the waveguide. These elds are solutions of &well's equations [35, 36, 37].

2.1 Maxwell's equations and wave equations

Maxwell's equations for a charge-free, lossless, lineardaisotropic medium are expressed as

|

@B

r E= G (2.1)
|
I, _ @

r |H = @t (2.2)
r D=0 (2.3)
r | B =0 (2.4)

I I I I
whereD = E and B = H.
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We will be interested in elds in source free regions. In adtion, it is su cient to consider
time harmonic elds that has a time dependence expressed d$ , where! is the angular
frequency. For time harmonic elds in source free regions Hgtions (2.1) and (2.2) in phasor
form become [2, 35],

r E= il H (2.5)

r H=ilE (2.6)

A mode is a set of elds! CE| H) which may be expressed as
E(y:2) = e(aye ' 2.7)
HOcyiz) = hcy)e '* (2.8)

and satisfy Maxwell's equations (2.5) and (2.6). In (2.7) ah(2.8), is called the propagation
constant or eigenvalue and it can be real, pure imaginary oomplex. Modes that carry the
electromagnetic energy along the axial direction only andeday exponentially to zero far
away from the axis of the guide are called bound or guided magland have real . On the

other hand, radiation modes have imaginary or complex progation constants.

To determine the modal elds, Maxwell's equations need to bgolved subject to appropriate

boundary conditions. However, Maxwell's equations are cpled together and hence we need
[ !

to eliminate E or H from Equations (2.5) and (2.6). This will yield the wave equiéons. To

eIiminate! H from (2.5) we take the curl of both sides.
rr E= il of W= o(i!!E) (2.9)

Using the vector identity

rr A=r|2A+r(r!A)
in Equation (2.9), results in

r |2E+r(r !E)zlzoon'?E (2.10)
Using Equation (2.3) and the vector identity

r (!A): r !A+!A r
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to obtain
[ [ [

r D=r (E)=r E+E r =0 (2.11)
[

Solving forr " E, yields

Substituting (2.12) in (2.10), we have

| | |
r’E+k’n?E=r E — (2.13)

-

where, k, = ! P o o IS the free space wave number. If the medium is homogeneounsis

constant and henca =0 and (2.13) reduces to

r lQE + k§nl2E =0 (2.14)
Similarly, we can eliminat!eE from Equation (2.6) and obtain an equation in terms (!)1H

r |2H + k§n'2H =0 (2.15)

Equations (2.14) and (2.15) are called the wave equationsofFmodal elds as in (2.7) and
(2.8), @=@=z i . Therefore,

r=r¢ ihb
and Equations (2.14) and (2.15) become

r2e +(k2n?

N
®
I
o

(2.16)

! !
rzh +(kin> 9

-0
1
o

(2.17)

2.2 Modal solutions of cylindrical optical waveguides
The objective of this section is to describe the electromagtic elds in a step index cylin-

drical dielectric waveguide. We consider two structures afielectric waveguides: A two-layer

structure and a a three-layer structure.
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2.2.1 Two-layer dielectric waveguides

We study a two-layer dielectric structure consisting of a @e of radiusa and an in nitely thick
cladding, as shown in Figure 2.1. We assume that the core artketcladding are homogenous,

lossless, isotropic and characterized by the refractiveditesn; and n,, respectively.

X

A

Figure 2.1: Two-layer dielectric waveguide

A cylindrical coordinate system ¢; ;z ) will be used. Thez andtime dependence of the elds
take the form €t 2) which is common to all eld components and thus can be dropped
from the eld equations. The general procedure of solving thwave Equations (2.16) and
(2.17), will be by rst solving for the axial components ,e, and h,. Then the other transverse
components can be determined using Maxwell's equations. &hvave equations are solved
in the core and the cladding regions separately then the bodary conditions are applied to

connect the solutions [35].
For axial components, Equations (2.16) and (2.17) maybe ¢ettively expressed as

rz +(kin? 2 =0 (2.18)
where is eithere, or h, and n will be n; for the core region anch, for the cladding region.

17



Equation (2.18) in cylindrical coordinate system takes théorm of the following second order
linear partial di erential equation
¢ 1@, 16 .

@ r@r @’ +(k3n? % =0 (2.19)

Equation (2.19) can be solved using the method of separatiaf variables. Taking into
consideration the properties of the eld in the waveguide,he general solution to Equation

(2.19) can be expresses as follows

0 1
sin
% A.J (Ur=a) @ A for r<a
cos
e )= 0 1 (2.20)
% ALK (Wr= a)@ A for r>a
cos
and 8 0 1
cos
% BiJ (Ur=a) @ A for r<a
sin
0 1 (2.21)
cos
% B,K (Wr=a) @ A for r>a
sin
h
where q
U=Ko,a n? 2 (2.22)
q
W=Kea 2 nj (2.23)
with = =k,. As shown in Equations (2.20) and (2.21), the dependence of the eld

can be expressed as sin, cos or a linear combination of both. A;; A;;B; and B, are
amplitude constants. Three of them can be determined in tersnof a fourth one using
boundary conditions. With the knowledge ok, and h,, the transverse components; ;e ; h;

and h can be determined.

Boundary conditions require the continuity of tangential eld componentse,; h,;e andh
at the core cladding interfacer = a. Applying boundary conditions yields four equations

with four unknowns which are the amplitude constants og, and h,. is yet unknown as
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well. This system of equations can be expressed in a matrixiio as follows
2 3

[Di ] =0; iandj =1;23 4 (2.24)
A

To have a nontrivial solution for this system, the determinat of the coe cient matrix must
vanish.

iDjj=0 (2.25)
Equation (2.25) is known as the characteristic equation orhe dispersion equation. For

given waveguide parameters and a given frequency, this etjoa can be solved for and

the amplitude constants can be determined afterwards.

2.2.2 Three-layer dielectric waveguides

Three-layer dielectric waveguides consist of a core of radia and a nite cladding of radius
b surrounded by a third layer of air with a refractive indexnz=1, as shown in gure 2.2.

Figure 2.2: Three-layer waveguide and its index pro le

Solving Equation (2.19) for this structure yields a di eren set of solutions and hence a
di erent characteristic equation. The general solution fothe axial eld component in this

structure is expressed as follows
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g Ady(aur) ;for r<a
(r)= _ Bly(gr)+ CK,(qr) ;for a<r<b (2.26)
-§ DK () ;for r>b
for >n , and 8
E Ady(aur) ;for r<a
(r)= _ BUy(qr)+ C¥(qr) :;for a<r<b (2.27)
-§ DK, (gr) ;for r>b
for <n ,, where ,
g=— nf 3

Here we only show the dependence of the eld since we already know that the z and time
dependence is the same as before. Having the axial composestermined, the transverse
components can be obtained. Boundary conditions are thenled to give the characteristic
equation. Therefore, once the eld solutions are availablall the transmission properties can
be found afterwards.

2.3 Weakly guiding bers

In most of the standard bers, the core and the cladding refretive indicesn; and n, are
very close. Introducing the index di erence

nZ n3 ny np
2n? n,

then havingn; n, will lead to 1. This condition is referred to as theweak guidance
condition. The analysis of weakly guiding bers, although it is not exat, provides simpli ed
results and has important implications that are easier to ifer than the more complicated
exact solution. For guided modesn, < < n ; where = =k, Therefore, the weak
guidance conditionn; n, implies that n, n,. The exact solutions of the wave
equations and the characteristic equations can be signi otly simpli ed using the condition

of weak guidance.
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Imposing this condition on the exact characteristic equatin will lead to approximately de-
generate modes that can be combined together to obtain a seft mew modes. Since the
modal elds of these modes are everywhere polarized in thensadirection, this set of modes
is called linearly polarized [P ) modes. On the other hand, it is possible to nd the eld
and characteristic equations of.P modes directly from the scalar wave equation. Since the
Laplacian in the Cartesian coordinate system is simply thedaition of the second patrtial

derivatives of the eld components, that is,
r |“ZE =(r 2Ex)b + (r 2E\)by + (1 %E,)h,
then all six eld components satisfy the scalar wave equatio
rZ +(kn> % =0 (2.28)

where is Ey; Ey; E;; Hy; Hy; or H,. To calculate theLP modes directly, we postulate the
transverse elds as Ex; Hy) or (Ey; Hx) and assume that the electric and magnetic elds are
related through the impedance of the medium. Solutions, h@wer, are expressed in terms of
cylindrical coordinates §; ;z ). To satisfy all boundary conditions it is su cient to require
the continuity of and @ =@&at the boundaries [35].

The fundamental LPy; mode andLPg, of a circular waveguide are formed from the scalar
wave equation solution with no azimuthal variation. Hence, depends only on the radial

position r and there is no preferred axis of symmetry [36].
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Chapter 3

Theory of tapered optical bers

In this chapter we discuss the theoretical background nesesy to characterize a tapered
ber. We discuss adiabaticity criteria in section 1. Mode copling is covered in section 2.

Wavelength dependence follows in section 3.

3.1 Adiabaticity criteria

A tapered ber can be considered adiabatic if most of the poweemains in the fundamental
mode and does not couple to higher order modes as it propagai@ong the taper. The
importance of adiabaticity criteria is to provide an undertanding by which we can explain
the power loss in tapers and other observed experimental ptmena and to give insights

into the mechanism of light propagation inside tapered bes.

As a ber tapers down, its diameter decreases and so does theative refractive index
of the fundamental mode until it becomes less than the claduj refractive index. At that
point, the fundamental core mode couples power to one or markadding modes guided by the
cladding air interface. If we assume that the taper is axiallsymmetric, then the fundamental
modeLPy; can couple only to the higher modes with the same azimuthal rsynetry, that is

LPon modes. Since we are interested in minimizing the coupling taeen the fundamental
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mode and higher order modes then we can assume that the conglimainly takes place
between the fundamental mode and the next higher order modéase propagation constant
is closest to that of the fundamental mode. So we will be padilarly interested in the
interaction between theLPy; and LPy, modes and understanding how their coupling evolves
along the taper. Coupling to the continuum of radiation mods will be ignored since as
mentioned above our objective is to minimize the loss from ¢hfundamental mode which is
predominantly coming from coupling to the next higher ordemode for which coupling to

radiation modes is negligible [38, 39].

The adiabaticity criterion can be explained based on a physl argument. To avoid coupling
between the fundamental mode and higher order modes the tagecal length scale has to
be much larger than the coupling length between these two mesl [38]. In other words, we

require that the relative local change in the taper radius hato be very small [36]. That is,

- <1 (3.1)
wherer is the radius of the core, and,
dr
r = Z& (3.2)

We should keep in mind that the two modes in the ber will beat ad the shape of the total

eld will change as they travel along the guide. Because of dir di erent phase velocities the

relative phase keeps changing as a function nfand only after a distance of one beat length
the original phase relationship and hence the shape of theldewill be restored. The beat

length between the fundamental mode 'mode 1' and the dominanoupling mode 'mode 2'

is de ned as [37]

2
1 2
So if we take z to be the beat length and substitute that back in Equation () then the

Zy = (33)

adiabaticity criterion can be recast in the form [46, 47]
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dr rr(a 2)
E<Z—b_27 (3.4)

Equation (3.4) suggests that the taper has to be gradual engh in order to not allow any
coupling from the fundamental mode to higher order modes. Wean also see from (3.4)
that the closer the propagation constant of the fundamentamode is to that of the next
higher order mode, the harder it is to make a taper since itsagde has to be very small. This
condition can be written in terms of the apex angel of a cone wose base is the local core

cross section. Accordingly, the "slowness" or adiabatigitcriterion can be written as [38]

r r( 1 2)

< — = - - =7 .
Z > (3.5)
which is the same as (3.4) if we keep in mind that for small tan and
dr dr
— 1Y e
tan t o = (3.6)

3.1.1 Matched-cladding bers

To further explore the signi cance of the adiabaticity criterion, let us examine the graph
of the e ective refractive index ness or  versus normalized frequency for a three layer

waveguide shown in Figure 3.1. Recall that

q
V= 2r@7 n§=V(0)% (3.7)

At the beginning of the taper the fundamental mode propagateas a core mode and its
e ective index is above the cladding refractive index. As th ber tapers down its e ective
index decreases until it reaches the cladding refractivedax and at that point the transition
happens from the core mode to the cladding mode. The V-valug which this transition

happens is calledV,. referring to ‘core to cladding mode transition'. In Figure 31 this
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Figure 3.1: E ective refractive index of the rst ve LPgn modes versus the normalized frequency.

transition corresponds to the vertical dashed line. We canummarize the nature of the

fundamental mode as follows,
8

< Core mode ;for V (z) > Ve
Fundamental mode

Cladding mode (one or more);for V (z) < V¢

As we can see in Figure 3.1, once the transition happens beérnea core mode and a cladding
mode, the waveguide now can support more than one mode and s longer a single mode
guide. We can see also that at the transition the e ective inides or normalized propagation
constants of mode 1 and mode 2 are as close as they could gethia tladding mode region.
If we go back to the adiabaticity criterion in (3.4), we note hat when the di erence between

the propagation constants is small, the slope of the taper bao be even smaller for the
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taper to be adiabatic. So the ber has to be tapered slowly engh to allow the adiabaticity
criterion to be satis ed. In other words, at V.. and the corresponding core radiusg, it is
more likely to have coupling between mode 1 and mode 2 sincetlat point the propagation

constants are closer than those at any other values of V ledsan V.

3.1.2 Length considerations

Let us consider the case of linear tapers for simplicity. Fdinear tapers, the local taper
angle is constant along the taper. First, let us discuss theestrictions that stem from
volume conservation. We will start with a ber of an initial length L, and initial radius r.
Tapering will stretch the ber and reduce its waist, as showrin Figure 3.2. The tapered
ber consists of two symmetric parts, a down-taper and an upaper. The taper has a total

length L and its waist has been reduced to a nal radius; .

The volume before tapering isV; = r ,°L,, Whereas the volume of the tapered ber is
Vo= L (ro?+ rofs + 1 2).

: : L 1 r r? :
The volume is conserved, i.eV; = V.. Hence,f0 = :—%(1 + r—f + rf—z)' Introducing two new
(0] (0]

variables, radius tapering ratio :L = 1 and elongation ratio LL = 1. Then,
1_ 1 2
= 5(1 + o+ 9 (3.8)

or

+ +(1 3 H=o0

Solving for gives P

1 34 1T 1)
2

Keeping in mind that 0, the negative sign in (3.9) should be excluded. Thepn 34 1 1)

(3.9)

1 which leads to 3. Therefore, 1 3orL, L 3L,. When =1, it means no

elongation, =1orr,=r;. When =3,wehave =0or r; =0.

This simple linear taper model suggests that, based on congdion of volume, there is a

restriction on the taper length. It is also useful in predidng the nal length of the taper, L,
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Figure 3.2: Linear taper model
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knowing the nal radius, r¢, or vice versa. For instance, If we know,.., the ber radius at
which the fundamental core mode reaches the core-claddingnsition point, we can predict

the length of the taper at that point before mode coupling stds.

For adiabaticity considerations, consider the down-tapepart of the ber shown in Figure
3.3. The local taper angle is constant along the taper and gen by

lo K

tan ' =
L=2

If we recall the adiabaticity condition from (3.5)

<r 0( 12 2)
then,
(ro 1) 2 2
L=2> =(1 —_— 3.10
o (1 2) ( )( 1 2) ( )
Consider the following two cases,
2
=0) L=2> —«
) (x>

=1) L=2>0

When =0 or r; =0, the adiabaticity condition is reduced to the one we discssed earlier.
That is, the taper local length scale has to be much larger timathe coupling length between
mode 1 and mode 2. On the other hand, when=1 or r; = ry, which means that the ber

has not been tapered, there is no restriction on the length dmo coupling will take place.

3.1.3 Depressed cladding bers

Depressed cladding bers have two layers of cladding, an ien cladding and an outer
cladding. Their refractive index pro le is shown in Figure 34. Having a two-layer cladding
moves the e ective indices of.Py; and LPg, closer to each other especially at the transition
point. This e ect becomes even stronger as the depth of thener cladding increases. This
closeness in the e ective indices and hence the propagatioonstants will make the slope of

the taper required by the adiabaticity criterion extremelysmall. This is why having a lossless
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L/2

Figure 3.3: Geometry and parameters for a linear taper

taper from these bers is very unlikely unless the taper slapor its angle is extremely small.
Because it is very di cult to control the taper shape to the required tolerances, tapers and

fused ber couplers made from depresses cladding bers sheery high losses.

Dispersion compensated ber (DCF) is an example of depreskeladding bers. In our early

experimental work, DCF was used as a small core ber for tapieg purposes. However,
tapering a DCF shows a high loss immediately after the tapemy starts. This high loss is
attributed to the closeness of the propagation constant ohe fundamental mode to that of
the next higher order mode. Immediately after the taperingtarts, the fundamental mode

couples to the next higher order mode and most of its power gelost [38, 39].

Because of this high tapering loss of the depressed claddibgrs like DCFs, from now on we
will only consider matched cladding bers in both theoretial and experimental discussions.
So unless otherwise mentioned, it is assumed in the followithat the waveguide of interest

is of matched cladding type.

It should be mentioned that there is another adiabaticity citerion that takes into account
the coupling coe cient. It is refereed to asweak power transfer criterion[38]. However, the

adiabaticity criterion that we have discussed should be adeate for the purpose of explaining
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n3:

Figure 3.4: Index pro le of depressed cladding ber

the propagation of modes inside the taper. We will discuss e¢he ect of tapering on mode

coupling from a coupled-mode theory point of view in the nexsection.

3.2 Mode coupling and coupling evolution

The behavior of the eld inside the tapered ber can be desdned by the coupled mode
theory. At any point along the taper, we can nd the modes propgating in a waveguide
that locally coincides in radius with the taper at that point. These modes are called local
modes. We can express the eld along the taper as a superpasit of local modes. For

instance, the eld can be written as

X . .
= c(2)Velo (& (3.11)

wherec is the expansion coe cients, " is the local mode eld and is the propagation

constant of that mode. Inside the taper, all modes are coupleto each other so that the
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expansion coe cientsc are dependent of each other. The expansion coe cients sditysthe

coupled wave equations [42, 38]

X
X_T R g

(3.12)

By expressing the eld along the taper as a superposition ohé fundamental and cladding
local modes and then solving the coupled wave equations whielate the amplitude of each
mode to others, we can quantify the loss for the fundamentalade. However, if the power loss
for the fundamental local mode is small, then these equatisinave an approximate analytical
solution. Furthermore, if we assume that the coupling is paominantly to the mode with a

propagation constant closest to that of the fundamental mael then the amplitudes of these

two modes are well approximated by

Ai(z) = Ay (0) € o 1(209° . (3.13)
4 _

Ax(z) = A(0)€ o 2279%2°  R.(Z9d 7 °dZP (3.14)
0

where  is the average accumulated di erence in propagation consts along the taper

length, L, and is de ned by
z

L 1(2)  2(29d2° (3.15)
0

@)=

|~

The coupling coe cient Ry, is given as

a1t @
Po( 1 2)dznp , @r

where P, is the mode power that will be normalized to unity and given by
S

R = 1 zrdr (316)

-2

Z7 £
Po=2 2rdr 2rdr (3.17)
0 0

Keep in mind that mode 1 one and 2 will start interacting with ech other after the core to

cladding mode transition point (v = V,). The coupling coe cient for cladding modes can
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be expressed as [42] q

. 2 k(i (1 2 1 @
2o (1 2 ra @z

(3.18)

If we assume that the fundamental mode is initially excited wh unit power, i.e. A;(0) =1,

the power fraction excited to the second mode is [36]
z VA

z - z R
P,(2) = R1x(z9€ 7 "d2° Rix(z%e ' 2 °dZ° (3.19)
0 0

Assuming that the taper is slowly varying, the integral in ( 319) can be solved and rearranged

in the form

Py2) = 1)+ 1(0) 2 1@ O)cof T ) (3.20)

wherel (z) = Rl_lz_(z)

The power coupled to the second mode has an oscillatory belav The function | is

proportional to the coupling coe cient Ry, and the average beat length 2 . Therefore,
the fundamental mode propagates with negligible loss [f(z) 1 everywhere along the
taper. In other words, if the coupling length is much largertian the beat length, negligible
coupling would take place. This is basically equivalent tohte adiabaticity criterion we
discussed earlier. That is, the radius must change over a @iace that is large compared to
the local beat length [36]. Equation (3.20) will be discusden more details taking wavelength
dependence into consideration. The core to cladding modetsition point is of signi cant
importance. As mentioned earlier, the second mode will plag role after the core mode
becomes a cladding mode, i.e. whewi = V... At that point the propagation constants of

mode 1 and mode 2 are as close as it gets and coupling is morelyiko happen.

3.3 Wavelength dependence

In this section we discuss the wavelength dependence of tsamssion in tapered bers. If
we go back to Equation (3.20), afteV,. is reached, the fundamental core mode becomes a

cladding mode guided by the cladding-air interface. The cercladding mode interface e ect
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is negligible. We can sen; = n, in the core. In other words, we approximate the nite-
cladding three layer waveguide with a two layer waveguidef gilica rod, that has a core of a
refractive index n, and an in nite cladding of a refractive index 1. For this new vaveguide,

we de ne the new modal parameters [38]:

q
krq n3 1 (3.21a)
q__
krg n3 nZ; (3.21b)

Vcl

UcI

Using these parameters, it follows that after crossing theoce-cladding transition V

1, even thoughV < V. 1. Accordingly, the values of the modal parameters can be
approximated by their asymptotic forms asV, ! 1 . Therefore, Uy, and Uy, can be
approximated by the rst and the second root ofJy, respectively. That is, Uy, = 2:405
for LPo; mode andU,, = 5:520 for LPo, mode. The approximationV, ! 1 means that
all the modal power is con ned to the cladding of the taper. Tks approximation is very
reasonable considering that the refractive index di ererebetween the cladding and the air
is very large, which makes the depth of penetration of the dl intensity into the air very
short. Using these approximations, the di erence in propagion constants of mode 1 and

mode 2 can be written as [38]

T = T 2nz(5:5202 2:40%) (3.22)

cl

Equation (3.20) is similar to the two-mode transmission preess, i.e.

| = I1+I2+2ID 1,1, cos (3.23)
where | 1., is the transmitted factor resulting from coupling betweenLP;., modes, and
is the phase di erence that theLPy; and LPy, cladding modes accumulated in the beating
region. This transmission is similar to that of a Mach-Zehner or Michelson interferometer
[53]. Therefore, We can consider tapered bers as modal interometers. The interference
is a result of the spatial beating of two modes in the same ways @ does in couplers and

twin-core, two-mode or birefringent bers. Equation (3.23 represents the transmission of
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all two-mode interferometers. In our case, the phase di enee takes the form
= L, (3.24)

whereLy, is the beating region length. The beating region is the regiafter the core-cladding
transition point (V = V) has been reached. From Equations (3.22) and (3.23), we caes
that the waveguide transmission is a sinusoidal function dfie wavelength [46, 47, 48, 49, 50,
52]. This is a very important feature of tapered bers. As we Wl see later we can use this
property experimentally to determine the quality of the tapered ber. A tunable laser light
will be passed through the ber of interest and the transmisen spectrum will be recorded
after passing through the tapered region. By investigatinghe output, one can determine
when mode coupling starts. Thus we can determine the adialiety of the tapered ber
during the tapering process in real time by monitoring the spctrum. While tapering, we
can observe how modes interact and whether the adiabaticityiterion is violated or not. By
monitoring the output spectra, we will obtain a great deal ofinformation about the taper
regarding the slowness of the tapering process and how adiib the taper is. We can also
determine the loss of the tapered ber. In other words, thisdature can be used as a tool to

monitor the tapered region experimentally in real time.

For instance, if we pass a tunable laser light through a taped ber, depending on the

behavior of the spectra at the output we can deduce the follomg information:

Spectrum is level during the tapering process: the fundamental mode propagates

without coupling to higher order modes indicating an adiakiic taper.

Spectrum starts to oscillate: the waveguide is tapered to a radius < r o, The
fundamental mode passed the core-cladding transition poimith a V-value < V.
The fundamental mode propagates as a cladding mode. The tap#oes not satisfy
adiabaticity criterion and, therefore, the fundamental chdding mode starts coupling to

higher order cladding modes.

Spectrum oscillations change in amplitude and frequency: the phase di erence

(3.24) between the fundamental mode and the next higher ondenode changes as
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the propagation constants di erence (3.22) varies with waslength and cladding radius

variations.

LPo, mode cut-o

With the exception of the fundamental LP,; mode, every mode is cut o below a certain
value of V and cannot propagate. Below cut-o , these modes gpagate with loss and become
leaky modes. Near cut-o,U! V; W ! 0. Therefore, if we continue tapering, the V-value
of the ber will reach the cut-o value of the LPg mode. The cut-o value of theLPy mode
is J1(V) =0, which givesV = 3:832. For a silica rod,

q
V:Q n% 1

Substituting the cut-o V-value gives the radius at which LPy, mode reaches its cut-o.

2pd
3:832=—b n 1) b=0:986 m

This feature can be observed experimentally. As the ber tagrs down to very small diame-
ters, mode coupling eventually stops due to thePy, mode cut-o and only the fundamental

mode propagates in the ber from then onward [54, 56].
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Chapter 4

Theoretical and computational

analysis

Tapered optical bers have been analyzed using dierent mébds and techniques [58]-
[75]. Some researchers use a generalized coupled-moderyhieo propagation in nonuniform
dielectric waveguides [42, 64]. Others solve the wave egoat in such a way that the trans-
verse eld con gurations at any cross section is independef its longitudinal coordinate
[65]. Conformal mapping method is used to convert a taperedhb to a constant thickness
slab in Reference [72]. Others use the computational grid thed to calculate the variations
of the eld along the taper [60]. A list of numerical and semanalytical methods to analyze
the eld propagation in irregular dielectric waveguides igprovided and discussed in Reference
[66]. In this chapter, we use the segmentation technique toadel the taper. The amplitude
of the elds along the taper is found using two di erent methals. The rst one uses the
amplitude of the eld in the previous segment to nd the ampliude in the current segment.
In the second one, the modal power is assumed to be constardra) the taper, and hence
the amplitude of the eld as it propagates along the taper carbe found. An approximate
analytical solution for the propagation of the fundamentalmode in an adiabatic taper is

developed. Constant-V bers are also introduced and discssd in this chapter.

36



4.1 Taper modeling

The taper can be approximated as a su ciently large number otascaded ber segments
of increasing or decreasing diameters, As shown in Figurel4.The problem can then be

treated as a coupling problem between consecutive segments

Figure 4.1: Simulation model of a tapered ber.

Consider a three-layer cylindrical ber waveguide. The el in the i"" segment can be

represented as follows

8
% Al,(qur)e 1 2 . for r<a,
i = 2 (Bl (pr)+ CK(qpr))e iz :for a<r<b; (4.1)
: DK (cgr)e | i ;for r>b;
here,
where , 4
G=— nf 2

Using the weak guidance approximation, the boundary condliins require the continuity of
the scalar eld and its radial derivative at the boundaries. This requirement leads to the

characteristic equation from which the propagation constda = =k can be obtained. The
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Table 4.1: Standard ber speci cations

Refractive Index Di erence () 0.34%
Numerical Aperture (NA) 0.12
Design Wavelength 1550 nm
Core Diameter 9.6 m
Cladding Diameter 125 m

imposition of boundary conditions results in the followingcharacteristic equation

(1 3)(e 4 (6 s(1 2=0 (4.2)
where , ,
_ qad(wd) . _ @bl(gb
J(@a 7 (b
_ %ali(@a) | _ gbK(gb)
(@a) * °7 Ki(gb
_ @aKi(@a) . _ GsbK(gsh)
T Ki(ad) T Ki(wb
_ Li(ea)K(gb
M7 1 (ebK (@a)

The standard ber used in the simulations has the speci catins listed in Table 4.1.

Solving for the characteristic equation (4.2) in each segmie results in  values for di erent
segments with di erent core radii along the taper. As the radis of each segment gets
smaller along the taper, so does. The e ective refractive index keeps decreasing along
the down-taper. At one point the e ective index reaches thealue ofn, which is called the

core-cladding transition point.
Core-cladding transition

The fundamental mode propagates as a core mode guided by th@escladding interface.
However, when becomes equal tm,, we reach the core-cladding transition point. At that
point, the core radius isa = a,c and V = V.. As the taper continues witha a., the

fundamental mode mode propagates as a cladding mode guidegdlie cladding-air interface
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[36, 38, 42, 54, 56]. For cladding modes the eld in thid' segment is expressed as follows
8

% Al,(qur)e | i2 for r<a,
i = 3 (BJy(er) + CYy(cpr))e ! iz ;for a<r<b;
' DK \(csr)e | 2 for r>b;

Applying boundary conditions, as derived for core modes,elds the characteristic equation

for cladding modes which is expressed as follows

(1 3)(e 4) (6 s5(1 2=0 (4.3)
where 0 0

_ qadi(qa) . _ eb(eb

Tod(@a YT J(eb
_ ®adi(a) . _ gbY(ab

J(ga) ° Yi(h)
_ @aYi(®a) . _ GbK(gh)

Yila) ' °T Ki(ab

_ Ji(xa)Yi(ab)
Ji(eb)Yi(%a)

Solving (4.3) results in values for each segment beloa... Figure 4.2 shows the e ective

and

refractive index for the fundamental modelLPy; for radii larger (core mode) and smaller

(cladding mode) thanag.

The transition from core to cladding mode happens at a coredaus 1.735 m . Once the
taper passes the core-cladding transition point, There arether cladding modes that are
allowed to propagate in the waveguide. Figure 4.3 shows theeetive index for the rst
ve LPo, modes. Past that point, the fundamental cladding mode can ieract with other
cladding modes. If any coupling betweehP,, and LPg; is to take place, it will be at or
after this point. This point is of special interest, since agpling is more likely to happen

there than at any other points along the taper.
Adiabatic length

As mentioned in section (3.1), for the ber to be adiabatic tle taper length has to be larger

than the beat length between the fundamental modePy; and the next higher order mode
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Figure 4.2: E ective refractive index versus core radius fo the fundamental mode.
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Figure 4.3: E ective refractive index versus core radius fo the rst ve LPgy, modes.
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LPo,. The beat length between these two modes is

The di erence of e ective index between theLP,; and the LPy, modes is smallest at the
transition point, as shown in Figure 4.4. Substituting the derence in e ective index into
the beat length results into the minimum length the down-tagr should have to be adiabatic.
That is,

Lmin >Lp,=7:08mm

The taper should be made longer tham ., in order for the taper to be adiabatic and to
avoid coupling betweenLPy; and LPy, modes.

LPo, mode cut-o

As we continue tapering to very small diametersl.Po, modes reaches its cut-o at a core
radius of Q0455 m , as shown in Figure 4.5. The cladding radius then is®92 m . This
value is more accurate than the one predicted by the two layenodel in chapter 3 which is
0:986 m . If we continue tapering to a nal taper diameter equal or les than 1:185 m , the
LP g, will reach cut-o and leaks out of the waveguide. The fundanmal LPy; mode will be
the only mode propagating in the waveguide and whatever powearried by the LPo, mode

at that point will be lost.
The up-taper part

As the ber tapers up again, the cladding mode becomes a coreode in the small core ber.
We can do a similar analysis for the small core ber which is #up-taper ber. The small
core ber speci cations are listed in Table 4.2. The small ae ber has a large refractive
index of 1.59 which is typical for materials with high nonliear coe cient. For single-mode

operation we need,

24U
V=— n? n3 2405

Solving for the core radius gives
a 089 m
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Figure 4.4: LPo1 and LP g, modes near core-cladding transition.
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Table 4.2: Small-core ber speci cations

Refractive Index Di erence () 8.7%
Numerical Aperture (NA) 0.66
Design Wavelength 1550 nm
Core Diameter 1.7 m
Cladding Diameter 125 m

So a core radius of 85 m guarantees a single-mode operation. The ber also has a larg
refractive index di erence and a large numerical apertureirsce the core refractive index is

large.

The e ective refractive index versus core radius for th&P ;.o modes in the small core ber
is shown in Figure 4.6. The core-cladding transition for themall core ber happens at a
core radius ofa,. = 0:246 m . The di erence in e ective index between theLP,; mode and
the LPo, mode at the transition point is 365 10 *. Therefore, adiabaticity length for the
up-taper part is

Lmin >Lp= — =4:25mm
So the minimum length the whole taper(down-taper and up-tagr) should have to be adia-

batic is

Lmin = (Lmin )down taper T (L min )up taper — 7:08mm +4:25mm =1:13cm

4.2 Field simulation

In this section we use the two layer model, assuming that thdadding is in nitely thick, to

nd the eld amplitude in each segment. Considering the two &yer structure of the ber,
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Figure 4.6: E ective refractive index versus core radius fo LP 1.2 modes in the small core ber.
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the eld in the i"" segment can be represented as

A & iz f O0<r«< .
% IJo(U) e or r<a,;

" _eliz forr>a;
o(W) I

where, q
. —2
U = 2a; n% i
q —2
| = k(I) ’ko = 2_

For weakly guiding bers, the characteristic equation in the i segment is expressed as

K1(Wi)Jo(U)  UJa(U)Ko(Wi) =0

(4.4)
To nd the coe cients A; for the di erent segments we use the following equation
Rl 2
Ai — r:ORl :qlzzzi 1(r) i(r)rdrd (45)
o 2o f(r)rdrd
_ Oai Icoae(r) Icore(r)rdr + Rajl- claddlng (r) Icladdlng (I’)rdr
- Ra' 2 Rl RZ cladding (46)
2o e (P (yrdr+ R *(ryrdr
From (4.6) we nd:
a Jo LA JO% Z1 K, Wt KOWa—;f
Ui Jo(U; . W, Ko(Wi
AizAilo (Iul) (Il) a.U(ll) (Il) (4.7)
YA a; J Uir YA 1 K Wir
1 (o] a (o] a
A rdr + @ _A rdr
0 Jo(Ui) aj Ko(Wi)
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We introduce the following parameters

i = U=a
i = Wi=g
We evaluate the following integrals [57]:
R,
o Jo( i 1r)Jo( ir)rdr =
= i 1do( i@)Ja( i @)+ iJo( i 1@)Jda( &)
R,
o Ko( i 1r)Ko( ir)rdr =
-7 i 1Ko( i@)Ka( i 1)+ iKo( i 1&)Ka( &)

R. '
& Jo2( ir)rdr = &2 32( ir)+ J13( ir)

R .
o Ko?(inrdr = =22 Ko?(ir)  Kq2( 1)

and substitute the results back in theA; formula keeping in mind that

A T N A
The result is (
2Ai 1 i 1Jdo(ia)Jdi( i aa)+ ido(i a&)Jdi( &)
a( 2 7)) Jo(Ui)Jo(Ui 1) )
+ i aKo(ia)Ka( i 1a)  iKo( i 1a)Ka( ia)
Ko(Wi)Ko(Wi 1)
A = . # (4.8)

AU | KaEW)
Jo?(U)  Ko?(Wi)
Now having the eld amplitude and propagation constant, we an plot the eld in each
segment along the taper. Fields in the down-taper are shown Figure 4.7 while elds in
the up-taper are shown in Figure 4.8, keeping in mind that theéaper radius is decreasing
in the down-taper and increasing in the up-taper. We can drawome important conclusions

from the these graphs. At the beginning of the taper the eld tarts spreading into the
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Figure 4.7: Field propagation in the down-taper

cladding but gets more intense in the core since its radius getting smaller. However, after
reaching very small values of the core radius the eld starteaking out and most of its power
propagates in the cladding. The eld spreads out and becomasarly a plane wave resulting
in very weak guidance. As the ber tapers up again we notice #t the eld starts refocusing
again in the up-taper and nally propagates in the small radis ber. This simulation is
very important in the sense that it provides us with an insighof how the eld changes along

the taper.

4.3 Fundamental mode in adiabatic ber taper

In an adiabatic ber taper, the fundamental LPy; mode does not couple to higher-order

guided modes and/or to radiation modes. This property is matained while the core radius
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Figure 4.8: Field propagation in the up-taper

is gradually reducing. The requirements for core radius redtion while maintaining the
adiabaticity condition were discussed in section (3.1). Téh analysis of the fundamental
mode in an adiabatic taper was carried out using segmentatianodeling in section (4.2).
Here, an alternative analysis is presented that is based oartservation of power of theLP g,

mode.

The characteristics of the fundamental mode at any locatioalong the taper are the same as
those of the local fundamental mode. Local modes refer to tteodes which would exist if
the ber has a constant core radius equal to that of the tapertathe location of interest. In
mathematical terms, this means that the transverse eld sations and the eigenvalue equa-
tion become slowly varying functions ok, and are essentially the same expressions derived
for a constant-core ber in which the core radiusa becomes a slowly varying function ot,
a(z). Furthermore, in order to satisfy conservation of power @, a z-dependent amplitude

coe cient, denoted asA(z), needs to be incorporated into the eld expressions. Cormgring



a two-layer model for the ber taper, the eld expressions a thus written as:

8
‘J [U(Z)I’] il (2)z
% A ( o(U( )) ,forO<r<a (2
(rz)= E (4.9)
K [W(Z)I’] il 2]z
A ( O(W(z)) ,forr>a(z2)
where
q_
W2 = > ong [ (@F
2 d—F——
w(z) = — [ (@] nz?
U(z) = a(2)u(2)
W(z) = a(z)w(z)
(2 = (2=

Continuity of and %r for an arbitrary value of z on the taper results in the eigenvalue

equation which can be expressed as:

U(2)3U(2)] _ W (2)KJW (2)]

U@ - KW@ (4.10)

4.3.1 Conservation of power ow

When adiabaticity is maintained, the modal power at any poihalong the taper remains
constant and equal to the power of the mode at the input of theaper. Apart from a
constant, the modal power can be obtained from

VAP

P= i ( "z )jcrdrd (4.11)
0 0

Substituting for in the core and cladding region from (4.9), we can write
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T s @ K@ 2
2 0 2 0 '
o MOE T WM P Rawa

2(z2) N S
232U Jo U]+ Jo [P(Z)]

|
KPW(2)] KoAW(2)] g

U@, KIW(2)]
U@L KW (2)]

U
1

2 A %(2)f

a(2)

2K °[W (2)]
A 2(2)a%(z)

(4.12)

However, from the eigenvalue equation (4.10) the ternd gz[W(z)]:Koz[VV(z)] in (4.12) can
be replaced withU2(z)J ®[U(z)]=W?(z)J,2[U(z)]. Doing so, we obtain

VZ(z) IT1U(2)]
W2(2) 3,5[U(2)]

P= AZ22)a%z) (4.13)

solving (4.13) forA(z), yields

" P W@IU@)

AD= V@R

(4.14)

whereV (2) = P U2(z) + W2(z) = 2—a(z)IO ni?2 ny? and P is the power input to the taper.

Using this analysis, the e ective refractive index can be fnd at di erent distances along

the taper. The fraction of modal power in the core is expressas [36]

_ V) WX2) , KE(W(2)
T Vi) Uz KAW(2)

(4.15)

The fraction of power in the core and the e ective refractiveindex versus the core radius
are shown in Figures 4.9 (a) and (b), respectively. Most of éhmodal power is con ned to
the core at the beginning of the taper. However, as the tapeets narrower, the mode starts
spreading into the cladding. Eventually, toward the end of e taper, most of the modal

power is propagating in the cladding rather than the core.
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Figure 4.9: Fraction of power in the core and e ective refradive index versus core radius: (a)

Fraction of power in the core versus core radius. (b) E ective refractive index versus core radius.
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Figure 4.10: Field propagation along the taper.

The elds along the down-taper are shown in Figure 4.10. Theelds behavior is similar
to the one obtained using the segmentation technique in Figei 4.7. However, the recent
method has the advantage of relating the amplitude directlyo the position of the mode

along the taper. No segmentation is needed to carry out thensillation using this technique.

4.3.2 Three-layer model

In order to examine at what point along the taper adiabaticiy stops being satis ed (cor-
responding to transition of core mode to cladding mode) a tee-layer model is required.
In this model, in addition to the core and cladding regions, ith refractive indices n; and

n, respectively, the air region surrounding the cladding layeis considered a part of the
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structure of the taper. Based on this model, the scalar eldfothe core mode is expressed

as:

8
JolU@)r] i e
% A(Z) JO(U(Z)) © | ’for r<a (Z)
=5 AG 1(Z)I|Z([://V\/((Zz))r)] i 2(2)% eIL@2 for az)<r<b(z) (4.16)
%/wa dﬂiiigg e Il (@2 for r>b(2)

whereu(z), w(z), U(z) and W (z) follow the same de nitions given for the two-layer model,

and

qi
2 @r 1

b(z)s(2)

s(2)
S(2)

The terms 1(z), »(z) and 3(z) in (4.16) as well as the eigenvalue equation are obtained by

imposing the boundary conditions (continuity of and %r) atr = a(z) andr = b(z). The

results are:
1(2) = (2 (1 3) (4.173)
202) = (1 2= 1 3) (4.17b)
@ = @+ @) (@.170)
(1 3)(e 4 (1 2(s 15=0 (4.18)
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where,

1(z) = U(@)3U(2)]=3[U(2)]

2(2) = W(2)IW (2)]=1[W (2)]

3(2) = W(2KW (2)]=Ko[W (2)]

A2) = W(2)I W (@)]=16[W (2)]

5(z) = W(2)KW (2)]=Ko[W (2)]

6(z) = S(2KIS(2)]=K.[S(2)]

(2) = 1oW(2)IK[W(2)]=1[W(2)]Ko[W(2)]

with W (z) = w(z)(z).

The z-dependent amplitude coe cient A(z) is determined by requiring that the power ow
remains constant. This constant, as in the case of two-layerodel, is the power input to the
taper, P. Using (4.16) in (4.11), we obtain

La320 ] L]

P 2A St L, 5w
Ko[W(2)r], ! Kols(2)r] °

Dwa) L, PREe

carrying out the integrations in the above expressiori(z) is obtained as

s
A(z) =

0D (4.19)

where
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Q@) = aX2) (1=U@)2+1 + X(D)fa%(2) (=W (2))? 1
(2) 1o(W(@)=1s(W(2) * (4W(2)? 1g
+ @) Ko(W(2)=Ko(W(2)) * (s2W(2)? 19
a(z) (=W(2)? 1g+ @K@ (6=5(2))2 1

b(z)

+ 4 1(2) 2(2)=1(W(2))Ko(W(2))] lo[W(Z)r K o[W(2Z)r Jrdr

a(z)

where

Z )
lo[W(Z)r]Ko[w(z)r]rdr = %flo[W(Z)b]Ko[W(Z)b] I JIw(z) K glw(z)blg
a(z)

a; flow(z)alK o[w(z)a] |Jw(z)alK Jw(z)alg

4.3.3 Core-mode to cladding-mode transition

Core-mode to cladding-mode transition occurs at a value ohé¢ core radiusa(z) for which
the normalized propagation constant (z) becomes equal t,. When this happens,W
and W both approach zero and the characteristic equation (4.18educes to a much simpler
form. In order to obtain the simpli ed form of (4.18), small agument approximations of ,,

3, 4 and s are used. It can be shown that

) éW2 (4.20a)
s | 1=In(W) (4.20b)
1 1
| W2 — T 22
4 ! 2W 5 2w (4.20c)
5 | 1=In(W) =1=In( W) (4.20d)
11 (4.20e)

where = b(z)=a(z).

57



Substituting (4.20) in (4.18), yields

W2 1., - 1 6 sW? _
oWy 2V (ot 9T peny mwy F 2wy 0 42D
Multiplying both sides of (4.21) by In(w), we obtain
In(W) 1,2, In(W) 1.5 2 _
|n( OW) 1 6t 2W o) In( Ow) 2W In(W)( ol 6)_0 (422)
Now, noting that when W ! 0, we have
In(W) | |
n( oW) ' 1 asW! O
W2In(W)! 0; as W! 0
Then (4.22) reduces to
1 6=0 (4.23)
or
Uos(2)J1[Uo(2)]  So(2)K 1[Se(2)]
=0 4.24
W@ KdS@)] (.24
where
p
U@ = 2-a@ n? ny
p
So(z) = Z—lXZ) n2 1

Equation (4.24) is only a function ofz. Solving (4.24) forz determines the location where the
adiabatic propogation of theLPy; mode is considered to come to an end. This also de nes

the maximum taper length through which propogation olLPy; mode remains adiabatic.
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4.4 Constant-V tapers

In the previous sections, all ber parameters stayed congthalong the taper except for its
diameter. This results in a change of the V-vlaues along thaper. If we allow other ber
parameters to change, we can control the change in the ber Values along the taper in a

way to keep the modal power con ned to the core.

recall that

q
V(2) = 2a(z2)

n n3

For instance, we can change the core refractive index alorggttaper to keep V constant. In
this case,

q
V = 2a(z)

n2(z) n3= V(0)= constant

Along the down-taper, the ber diameter decreases and hentiee core refractive index should

increase to keep a constant V-value according to
S

ny(z) =

2

2
K222 (2) + nj5 (4.25)

where, k = 2-. As we can see from (4.25), the core refractive index shoulitiease as the

core radius decreases along the down-taper as shown in Fgdrll.

This could be achieved experimentally by concatenating derent bers of di erent diameters

and di erent core refractive indices as shown in Figure 4.12

Now that V is not changing along the taper, the core mode staya the core region and does
not become a cladding modes. Therefore, coupling to otherghier order cladding modes is

prevented.

The fraction of the power in the core and the e ective refragve index versus core radius
for constant-V bers are shown in Figures 4.13 (a) and (b), pectively. Since the eld

stays con ned to the core along the taper, we see that the fraon of power in the core
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Figure 4.11: Core refractive index change along the taper leping a constant V.
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constant-V bers: (a) Fraction of power in the core versus cae radius. (b) E ective refractive

index versus core radius.

stays constant along the taper as expected. The elds' prod along the down-taper is shown
in Figure 4.14. The eld remains con ned to the core even as thdiameter of the taper
becomes small. Since the power ow is constant, the amplitedof the eld increases for
smaller diameters. This feature could be exploited to optiree coupling to high nonlinearity

bers.
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Chapter 5

Experimental results and

measurements

In this chapter we present the experimental data and discugee measurement results. In
section 1, two di erent experimental setups are describedlhe experimental data and results

are presented in section 2. The signi cance of these resuissdiscussed in section 3.

5.1 Experimental setup

In this section, the experimental setups that were used to rka ber tapers and measure
their tapering loss is described. We used two setups that asémilar in principle of operation,

yet they employ di erent measurement techniques.

5.1.1 First experimental setup

The schematic diagram of the rst experimental setup is shawin Figure 5.1. Here we have
a laser source with a wavelength of 153#n and an output power in the order of ImW. The
laser source is coupled into a single mode ber that passesdhgh the pulling stages and the

power is monitored throughout the tapering process using aopermeter at the receiving end
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of the ber. In between the pulling stages, heat is applied téhe ber using a torch that is
mounted on a moving stage allowing the movement of the ame b pulling the ber with

the pulling stages. The apparatus for the rst experimentaketup is shown in Figure 5.2.

Controller

Tapered |
Laser Pulling | region | Pulling Power-
source stage 3 m_._‘ stage meter

Optical fiber

Controller

Figure 5.2: Tapering apparatus of the rst setup

The starting point will be stripping the region to be taperedof any protective layers to expose
the core and the cladding layers in that region. After strippng the ber protective jacket

and stretching it between the pulling stages, the ame is ag@d to the ber to soften it.
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After a time of about 2 seconds the ber will soften then we sta moving the pulling stages
away to pull the ber while moving the ame in very small stepsalong the tapered region.
We keep heating and pulling while monitoring the output poweon the powermeter. Then,
we remove the ame away from the taper and keep pulling for a sht time after removing
the ame. Sometimes the taper is tilted a bit which reduces té output power. However,
pulling too much might break the ber. The tapered ber is then glued on a transparent
plastic slide. The taper is observed with a microscope thasg iconnected to a camera and to

a computer where the magni ed image of the taper is recorded.

5.1.2 Second experimental setup

One of the major disadvantages of the rst setup is that it mortors the power at one partic-
ular wavelength, and thus it does not provide information rgarding the mode interactions.
As discussed earlier, during the tapering process the fundantal mode could couple to
other modes along the taper. We have to employ a technique thguarantees that there is
no mode coupling along the taper. In other words, the taper $3 could be fairly small at
one particular wavelength but still non-adiabatic. We havedo scan a range of wavelengths to
make sure that there is no mode coupling. An adiabatic taper ust satisfy the adiabaticity

criterion and hence does not allow mode coupling to take pkc

In the second setup, we use a tunable laser as an input sourcethe splice/taper region.
A High Resolution Swept Laser Interrogator (HR-SLI) (V5.1,MicroOptics, Inc.), which is
essentially a Component Testing System (CTS) is used. CTSasspectrometer with a built-
in tunable laser source and a detector. It covers a spectramge from 1520m to 1570nm
with a wavelength resolution of 2.50m. The spectral intensity is sampled from 152@m to
1570nm with a total number of 2000 samples at an equal wavelength ertval of 0.025nm.
Light from the CTS travels through the tapered region then bek to the CTS. We nally
measure the spectrum of the output. By comparing the outputd the input, the taper loss
can be calculated. The examination of the spectrum over thaainge reveals whether mode

coupling occurs or not. The schematic diagram for the secomckperimental setup is shown
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Figure 5.3: Schematic diagram for the second experimentaletup

in Figure 5.3.

Another advantage of the second setup is the use of a sapphitdbe to heat the ber.
Sapphire is one of the strongest and hardest materials aaile. The melting point of
sapphire is 2040 C in contrast to silica which melts at 1400 1600 C. Applying the torch
directly to the ber will melt the ber in a nonuniform patter n since various parts of the ber
will be heated di erently. Inserting the ber in a sapphire tube, however, and applying the
torch to the tube will heat the tube which in turn, by conduction, will heat the surrounding
air inside it. Since the air surrounds the ber, the heat willbe distributed uniformly to the

ber and therefore will be softened equally all around.

This setup is used to taper a splice between a standard ber dra small core ber. Corning's
SMF-28 Single-mode ber is used as a standard ber. SMF-28 kaore diameter of 8.2m ,
mode- eld diameter of 10.4 m at 1550nm, a numerical aperture of 0.14 and a refractive
index di erence = 0.36%. The small core ber used in our measirements was donated by
Fibercore Limited. SM1500(4.2/125) ber is used. It has a nae- eld diameter of 4.2 m
at 1550nm, a numerical aperture of 9 0:31, and a refractive index di erence = 1.1%.

A comparison between the two bers' speci cations is showmiTable 5.1.

First, SMF-28 is spliced to SM1500 using a splicer. The spdids inserted in the sapphire
tube. The CTS is connected to the SMF-28. The output of the SMIDO is connected back
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Table 5.1: Comparison between SMF-28 and SM1500 speci cains.

SMF-28 SM1500
Cut-o Wavelength 1260nm 1350-1500nm
Attenuation 0.22dB=km 3 dB=km
Mode-Field Diameter (MFD) 104 m 42 m
Numerical Aperture (NA) 0.14 0.29-0.31
Refractive Index Di erence () 0.36% 1.1%

to the CTS which is connected to a computer that records the sgtrum.

5.2 Taper pro le and measurements

5.2.1 First setup measurements

First, we start by tapering a single mode ber without splichg it to a small core ber.
The loss should theoretically be negligible if the ber remas adiabatic. After achieving an
adiabatic taper we will start tapering spliced dissimilar bers which is our nal objective.
SMF-28 is used in the rst experimental part. The ber beforetapering is shown in Fig-
ure 5.4. After tapering, it is noted that the ber starts narrowing down as seen in Figure 5.5.
The narrowest part of the taper is hard to see since that parsivery thin and very sensitive
to any air disturbance around it which makes keeping a stablecus very di cult. Scanning

Electron Microscopy (SEM) is used to image the taper narrowe point.

De ning the loss in dB to be

P
Loss(dB) = 10 log EO
i
we prepared many tapered bers samples and measured theis$es. Here , we report the
results of a few samples and their loss measurements at 1388 wavelength. Table 5.2
shows di erent samples' size and their respective loss. SEishages of sample 3 and 4 are

shown in Figures 5.6 and 5.7 respectively.
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Fiber with no taper

Figure 5.4: The image of SMF-28 ber before tapering.

Taper start

Figure 5.5: The image of the taper start.
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Figure 5.6: SEM image of sample 3 of the rst setup.

Figure 5.7: SEM image of sample 4 of the rst setup.
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Table 5.2: First setup tapers' size and loss

Waste size ( m) | Loss (dB)
Sample 1 40 0.30
Sample 2 38 0.75
Sample 3 3.0 0.34
Sample 4 1.3 1.08
Sample 5 1.0 0.70

Some samples have a lower loss than others depending on thaligy of the tapering process
and the adiabaticity of the nal taper. If the nal taper is no n-adiabatic, the fundamental
mode couples to higher order modes and hence, at this partiauwavelength, we can only
measure the remaining power that did not couple to other mode Sample 3 and 5 show
interesting results. In sample 3 the ber was tapered to 3.0 m with a loss of 0.34 dB,

whereas, sample 5 has a smaller taper waste o1 m with a bit larger loss of 0.7 dB.

Next, we splice a standard ber (SMF-28) and a small core be{SM1500) then taper the
splice. Using this setup tapering a splice between a standiaiber and a small core ber did
not result in a lower loss. The loss after tapering the spliceas still high. No considerable
improvement over the butt-joint splice was observed usindhts setup. This can be attributed
to the direct contact between the torch and the ber. Since irthis setup the torch is applied
directly to the splice, di erent parts of the splice are heatd di erently. In addition, the
torch temperature is higher than the melting temperature othe silica. Applying the torch
directly to the splice might cause a lateral o set of the corg due to forces of surface tension,
thus changing the alignment of the cores at the beginning ohé tapering process. The loss

of the splice before and after tapering is shown in Table 5.8rftwo of the samples.

Table 5.3: Tapered splices measurements using the rst sefu

Loss before tapering (dB) | Loss after tapering (dB)

Sample 1 2.63 4.23

Sample 2 2.50 2.74
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In an e ort to reducing the loss, we tried to taper the standad ber rst to reduce it's
core diameter to be fairly close to that of the small core bethen splice them together as
shown in Figure 5.8. The image of the nal splice is shown in ure 5.9. As we can see the
standard ber has been tapered to almost half its size (Claddg and core), then spliced to
the small core ber that has the same cladding size as that oli¢ standard ber but half the
core size. However, this technique showed large loss aftpligng. The loss after splice for
the sample shown is 3.33 dB. The high loss could be attributed two major factors. One
of them is the misalignment of the cores. The cores cannot bees on the splicer screen.
Typically, the splicer align the two claddings together sice they have the same size for the
two spliced bers. In this case, the claddings have di erensizes and thus the alignment has
to be done manually resulting in the misalignment of the coseof the two bers. The other
major contribution to splice loss is the lateral o set of thecores due to forces of surface

tension changing the alignment during fusion and alteratio of the index pro le [76].

So far, using this setup, coupling to small core bers did namprove with tapering. Never-

theless, we were able to produce low loss single mode ber &ap.

5.2.2 Second setup measurements

In this section, the spectra of di erent tapered splices wlilbe presented. Four splices were
tapered and examined. SEM images for the nal tapered splisevill be shown. The spectra
are shown at di erent times during the tapering process. Wedve 1000 frames with a one
second time di erence. At certain times during the taperingorocess, the spectra show some
interesting behavior from which speci ¢ information couldbe inferred about the fundamen-
tal mode propagation and interaction with higher order mode We will show only these

important parts of the spectra including:

The spectrum at the beginning of the tapering process.
When the spectrum starts to oscillate.
When the spectrum oscillations change in amplitude and fregncy.
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Small-core fiber Tapered standard fiber

Cladding
Cladding
Core Core
Cladding
Cladding

Figure 5.8: Schematic diagram of a splice between a taperedandard ber and a small-core ber.
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Small-core fiber Tapered standard fiber

Figure 5.9: Butt-joint splice between a tapered standard ber and a small-core ber. The cladding

of the small-core ber is approximately 125 microns.

When the spectrum stops oscillating.

The loss of each sample is measured after splicing. Postigply transmission will be set
as a reference. We will start tapering and monitoring the sg&um. The loss in the CTS

transmission spectrum, therefore, is due to tapering.

Tapered splice '1' spectra: The spectra of the this splice during the tapering process is
shown in Figure 5.10. The spectra are shown at di erent timeas the tapering process
progresses. The spectra at the beginning of the tapering pess (Spectrum 1) and when
mode coupling starts to occur (Spectrum 2) are shown in Figer5.10(a). During the early
stage of tapering, the spectrum stays level for some time. Aapering progresses, we start
to observe some oscillations in the spectrum. These osdith@s indicate that the core mode
has become a cladding mode and that the taper does not satighe adiabaticity criterion
yet and thus the fundamental cladding mode couples to higherder modes. As we continue

tapering, we observe that the oscillations change in amplitle and in frequency as shown
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Figures 5.10(b)-5.10(f).

Tapering changes the taper length and slope (or angle). By ahging the geometry of the
waveguide, we are changing the propagation constants of tppeopagating modes. Accord-
ingly, the coupled power and phase di erence between the meslichange, which explains the

change in amplitude and frequency of the spectra.

As we further continue tapering, we eventually reach a poimivhere we do not notice any
change in the spectrum. This situation indicates that the djre has been tapered to the
smallest diameter. Figure 5.10(g) shows the spectrum at thend of the tapering process.
We observe that mode coupling is still present. This indicas that the adiabaticity criterion

is still not satis ed and the tapered splice is non-adiabati with a measured average loss of
of 1.5 dB. The SEM image of this taper is shown in Figure 5.11.hE nal taper diameter at
the end of the tapering process is 94@m. The loss in the taper is attributed to the leakage
of some of the higher order modes. Also surface roughness ammeter uniformities are

di cult to control at such small diameters [78, 79].
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Spectrum of sample "1"
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(a) Spectrum 1: Beginning of the tapering process. Spectrum 2: Mode coupling

starts. The fundamental cladding mode couples to higher ord er modes.

Spectrum of sample "1"
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Spectrum 4

4 A T
-0.5 - W‘W

Transmission (dB)

1 1 1 1
1520 1530 1540 1550 1560 1570
Wavlength (nm)

(b) Mode coupling continues indicating a non-adiabatic tap er at this point.
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Spectrum of sample "1"
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(c) Variations of the spectra due to change of the waveguide geometry. Con-

sequently, the coupled power and the phase di erence among the propagating

modes change.
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(d) Variations of the spectra.
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(f) Variations of the spectra.
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Spectrum of sample "1"
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(g9) End of the tapering process. Mode coupling is still present indicating

a non-adiabatic taper.

Figure 5.10: Spectra of tapered splice "1".

Figure 5.11: SEM image of tapered splice "1" of the second sep.
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Tapered splice '2' spectra: The Spectra for tapered splice 2 are shown in Figure 5.12.
There is much resemblance between the spectra of this samaled those of the last sample.
The spectrum at the beginning of the taper is level then stast oscillating indicating mode
coupling between the fundamental mode and higher order magleAs we continue tapering,
the transmission changes in amplitude and frequency of d&aion. Figure 5.12(a), however,
shows a very interesting and important di erence. Spectrun2 has actually a lower loss than
spectrum 1 by 0.1 dB. In other words, tapering has actually ceiced the loss of the splice
by 0.1 dB.

This happens during the early stages of the tapering proces#\s the ber tapers down,
the fundamental mode becomes a cladding mode inside the tage part of the waveguide
after the core-cladding transition point (/.;). If the taper satis es adiabaticity criterion at
that point, the fundamental cladding mode does not couple tdigher order modes. The
fundamental cladding mode propagates along the tapered paf the splice and becomes a
core mode in the other small core ber as the splice tapers umdhe other side. In this
splice, we were successful in reducing the loss as opposethéo rst tapered splice. Many
factors play a role in achieving a lower loss with a tapered lsge. The quality of the splice is
very important. The alignment of the two cores by the spliceduring the splicing process is
a major factor in lowering the loss. Any small o set betweenhe two di erent cores of the

bers results in large misalignments when the splice is head.

The nal diameter of the taper is 854nm as measured by the SEM image shown in Figure

5.13 with a taper loss of 1 dB at the end of the tapering process
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Spectrum of sample "2"
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(a) Spectrum 1: beginning of the tapering process. Spectrum 2: still level after

tapering with a higher transmission (lower loss) and no mode coupling.
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(b) Mode coupling starts. The fundamental cladding mode cou ples to higher

order modes.
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Spectrum of sample "2"
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(c) Mode coupling continues indicating a non-adiabatic tap er at this point.
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(d) Variations of the spectra due to change of the waveguide geometry. Con-
sequently, the coupled power and the phase di erence among the propagating

modes change.
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Spectrum of sample "2"
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(h) End of the tapering process. Mode coupling is still present indicating a

non-adiabatic taper.

Figure 5.12: Spectra of tapered splice "2".
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Figure 5.13: SEM image of tapered splice "2" of the second sep.

Sample '3' spectra: The spectra of tapered splice 3 are shown in Figure 5.14. Welpn
show the part during which loss is reduced. In this sample, p&ring has reduced the splice
loss by an average of 0.3 dB. The SEM image of this sample is\whoin Figure 5.15. The

nal diameter of this tapered splice is 950m.

Tapered splice '4' spectra: The spectra of tapered splice 4 are shown in Figure 5.16. We
observe that tapering has reduced the loss by 0.78 dB right foeee mode coupling starts.
Mode coupling continues with di erent amplitude and frequacy as we continue tapering.
Finally, LPo, mode reaches its cut-o and mode coupling stops as shown ingkre 5.16(d)
implying an adiabatic taper with a nal loss of 0.6 dB. The nal diameter of this tapered

splice is 754nm and the SEM image is shown in Figure 5.17.

As mentioned earlier, to reduce the loss in the splice we hateetaper it to a point where the
fundamental core mode becomes a cladding mode keeping thedhélticity criterion satis ed.
Once we violate the adiabaticity criterion, mode couplingtarts to occur and some of the

higher order modes do not couple back to the fundamental coreode on the other side.
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Spectrum of sample "3"
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Figure 5.14: Spectra of tapered splice "3" at the beginning bthe tapering process. Spectrum 2 is

still level with a higher transmission (lower loss) and no male coupling.

Figure 5.15: SEM image of tapered splice "3" of the second sep.
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Therefore, It is important during the experiment to know whe to stop the tapering process.
That is, tapering should be continued as long as the loss isibg reduced and there is no
mode coupling. For example, in this sample, the loss decredsby 0.78 dB then increased
again to 0.6 dB at the end of the tapering process due to the ege of some of the higher

order modes. The tapering process should be stopped beforeda coupling starts.

5.3 Discussion of the experimental results

As we discussed is section 3.3, tapers can be considered aslahmterferometers. Mode
interference is a result of the spatial beating of two modes onore. Recalling Equations
(3.22), (3.23) and (3.24)

|:|1+|2+2 |1|2COS
= L,

(5:52¢ 2:40%)

4r 2n,
we can explain the change in the spectrum during the taperingrocess. The fundamental
mode will propagate as a core mode in the two spliced bers. #&f the splice has been tapered
for some time, the fundamental core mode reaches the coraeing transition point (V),
and becomes a cladding mode propagating in the cladding okttwo spliced bers guided by
the air-cladding interface. If the waveguide satis es adlaaticity criterion at that point, The
fundamental cladding mode propagates without coupling toigher order cladding modes.
Since the the fundamental cladding mode propagates in theadding of the two spliced ber,
the e ect of the mismatch of the two cores is reduced. Consegutly, the loss due to the cores
mismatch is lowered. As seen in Figures 5.12(a), 5.14 and &4d), the fundamental mode
has already passed the core-cladding transition poinV/{;) and now propagates as a cladding
mode without coupling to high order modes and that resultedni a higher transmission or
a lower loss. The aim during the tapering process is to ach&wa taper which shows this
behavior of wavelength independence for as long as possilidace the ber couples to high

order modes, some of these modes will couple to radiation nesdand be lost.
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Spectrum of sample "4"
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(a) Spectrum 1: beginning of the tapering process. Spectrum 2: still level after

tapering with a higher transmission (lower loss) with no mod e coupling.
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(b) Mode coupling starts. The fundamental cladding mode cou ples to higher

order modes indicating that the taper at this point is non-ad iabatic.
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Spectrum of sample "4"
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(c) Variations of the spectra due to the change of the waveguide geometry.
Consequently, the coupled power and the phase di erence ammg the propa-
gating modes change.
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(d) End of the tapering process. Mode coupling is not present indicating an

adiabatic taper

Figure 5.16: Spectra of tapered splice "4".
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Figure 5.17: SEM image of tapered splice "4" of the second sep.

If the ber at the transition point ( V) does not satisfy the adiabaticity criterion, the fun-
damental cladding mode starts coupling to higher order clalihg modes. The propagation
constants of the fundamental mode and higher order modes Mghange upon changing the
wavelength and cladding diameter. The phase di erence bet&n these modes changes ac-
cordingly. The change in the phase di erence explains the ahge in amplitude and frequency
of the spectra. This wavelength dependence of the spectrumadbserved as long as the taper

is non-adiabatic.

If we continue tapering, the tapered splice would reach theP,, mode cut-o diameter and
become adiabatic again toward the end of the tapering proceand the transmission becomes
independent of wavelength implying no mode coupling as shown Figure 5.16(d). Some of
the power, however, will be lost due to the loss of the powerdh LPy, mode carries before
it leaks out of the taper. This cut-o happened at a cladding tameter of Q754 m . The

predicted value from our simulation was 1 m.

Our aim, therefore, should be to achieve an adiabatic tapeilalong the tapering process

and to stop once mode coupling starts to occur. The behaviof the spectrum during the
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Table 5.4: Spectrum observations and explanations

Observation

Explanation

Beginning of the tapering process.

The spectrum is level.

The fundamental mode is a core mode
propagating in the core guided by the

core-cladding interface.

Transmission increases but still

level.

The fundamental core mode has becomg
a cladding mode guided by the cladding-
air interface without coupling to higher

order cladding modes.

D

Spectrum starts oscillating.

The taper does not satisfy the adiabatic-
ity criterion. The fundamental cladding

mode is coupling to higher order modes

Spectrum oscillations change in

amplitude and frequency.

Cladding modes are changing their prop-
agation constants, changing the amount
of coupled power and the phase dier-

ence between them.

Oscillations stop. End of the ta-

pering process.

The LPg2 mode reached its cut-o and

mode coupling is no longer present.

tapering process summarized in Table 5.4.

Finally, we report the loss of the four splices before and &fttapering in Table 5.5. Tapering
has reduced the loss in the spliced bers in three of the fouasiples. The loss has been
reduced by 0.78 dB in the fourth sample. The length of the tape (down-taper and up-taper)
is in the range of 1 1.5 cm. The adiabaticity length predicted by numerical simulatios is

1:13cm. Accordingly, tapers whose length is larger than the adialtiaity length are adiabatic

(sample 4) and those whose length is less are non-adiabasarfiples 1-3).
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Table 5.5: Second setup samples' loss before and after tapeg

Loss before tapering (dB)

Loss after tapering (dB)

Sample 1 2.45 3.95
Sample 2 2.36 2.26
Sample 3 2.25 1.95
Sample 4 1.98 1.20
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Chapter 6

Concluding Remarks and Future
Work

6.1 Conclusion

There is continued interest in nonlinear ber devices for udous types of optical signal
processing applications. The major limitation for most of iese devices is that the nonlin-
earity is too small to achieve e cient practical operations Nonlinearity can be enhanced
by using materials with high nonlinear coe cients. In geneal, materials with large non-
linear coe cients also have large refractive indices. To @ssuch materials as the core of a
silica-cladding ber requires that the core diameter to be @y small (1 2 m) for single-
mode operation. Having a small core enhances the nonlinggaiut realizing that advantage

requires e cient coupling of light to the highly nonlinear small core bers.

This research explored a novel technique for coupling to sthaore bers. A highly tapered
splice to couple light from standard bers to small core bes is used. This dissertation
addressed theoretical analysis, numerical simulationghrication and measurement of a ta-

pered splice made of a standard ber and a small core ber.

The aim was to make an adiabatic tapered splice. A tapered lean be considered adiabatic
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if most of the power remains in the fundamental mode and doe®tcouple to higher order
modes as it propagates along the taper. We discussed adiabiy criterion and determined
a limit between adiabatic and non-adiabatic tapers, relatig the length of the taper to the
modal propagation constants. Mode coupling between the fdamental mode and higher
order modes was discussed and the e ect of mode coupling oretpower carried by the
fundamental mode was explained. Wavelength dependence viiscussed and it was shown

how this feature can be exploited experimentally to examinte adiabaticity of the taper.

Numerical simulations were performed based on two di erenhodels. In the rst model, the
taper was approximated as a large number of cascaded segrsesit decreasing or increasing
diameters. The second one presumes a constant power ow aadihe taper, in other words,
the power in the fundamental mode stays constant and does noouple to any of the higher
order modes. Variations of propagation constants along theper were obtained and the
adiabaticity criterion was applied. The mode propagationnside the the taper was tracked
as the waveguide diameter is reduced. Applying the adiabaity criterion, the minimum
length a tapered ber should have, in order to maintain adiahticity, was calculated. Fields
were numerically simulated for the down-taper and the up-f@er parts. Simulations show
how the eld stayed con ned to the core at the beginning of thdaper and spreads into the
cladding as the ber tapers down and reverses course for th@-taper part. In constant-V
bers, the core refractive index was changed to keep the V-kee constant along the taper.

Therefore, the power stays con ned to the core and couplingtigher order modes is avoided.

In the experimental part of the work, we used two di erent exgrimental setups to make
tapered splices. In the rst setup we used a laser at 153#tn wavelength as the input to
the tapered region. Low loss tapers were fabricated usingishsetup but tapered splices
showed high loss due to core misalignments and nonunifornstlibution of the heat on the
tapered part. The second setup has the advantage of using gphire tube to heat the
ber by heat conduction mechanism and using a tunable laserght as the input to the
tapered splice region. We make use of the fact that waveguid@nsmission is a sinusoidal
function of wavelength. A tunable laser light is passed thrigh the tapered region and

the transmission spectrum is recorded at the output. The belvior of the output spectra
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provides important information about the adiabaticity of the taper and modal interactions.
This technique produced a considerable improvement in thegpling e ciency over that of

the simple butt-joint splicing by as much as 0.78 dB.

6.2 Contributions

The major contributions of this dissertation can be summazed as follows:

A new technique to couple a standard ber to a small core ber as described and
investigated [80, 81].

The new technique was studied and numerical simulations veeperformed to provide
insight into the performance of the taper based on which expmental results can be

explained.
An experimental setup was built to verify and con rm the theaetical predictions.

For the rst time, it was experimentally proved that using a highly tapered splice
between a standard ber and a small core ber reduces the losnd improves the

coupling e ciency.

6.3 Suggestions for further work

The lack of availability of high nonlinearity bers was one @& the hurdles of this research.
Small core bers like the ones we used in the experiment weregaod replacement for the
sake of substantiating the proposed technique. However,pring high nonlinearity bers
has to be eventually investigated experimentally. For exapte, Pure GeO, core bers in
a silica cladding would be a good candidate. These bers care lfabricated by depositing
GeG, in a substrate silica tube before the ber is drawn [82]. Thes bers have a high

core refractive index of 1.59. Hence single-mode operatig@quires a core diameter of about
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1.8 m [83]. Using the proposed technique described in this distdion, e cient coupling

to these high nonlinearity small core bers can be obtainedral evaluated.
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