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Preface

Significant advances in optical fiber technology have created a need for an
up-to-date book about optical fiber fusion splicing. Over the past 15 years,
a variety of new optical fibers including rare-earth-doped fiber, dispersion-
compensating fiber, dispersion-matched fiber pairs, and microstructured fiber
have been introduced. These fibers are currently used extensively in both
research and commercial applications. Fusion splicing of these fibers has a
significant impact on their performance but the relevant technical informa-
tion has hitherto only been accessible by sifting through numerous technical
articles published over a span of several decades. This book consolidates this
scattered knowledge base into one coherent reference source.

This text is intended to serve as a reference for an audience that is both
diverse and rapidly growing. This audience includes academic researchers in-
vestigating the latest optical fiber technology, designers of commercial optical
fiber, fiber splicing equipment engineers, and product development engineers
designing optical fiber devices from commercially available components. Man-
ufacturers of optical fiber, optical fiber components, optical fiber devices, and
optical fiber splicers all require a sophisticated understanding of optical fiber
fusion splicing.

Optical fiber fusion splicing is a multi-disciplinary topic that combines
concepts from diverse fields including optical waveguide theory, heat transfer,
materials science, mechanical engineering, reliability theory, fluid mechanics,
and even image processing. This book is unique in that it includes rigorous
analyses from all of these very diverse fields. Scientists and engineers inter-
ested in optical fiber splicing who have a background in one or two of these
fields will benefit from relevant knowledge in an unfamiliar field.

In order to appeal to the broadest possible audience while permitting
a thorough treatment of the subject matter, the reader is assumed to be
comfortable with higher mathematics including calculus and undergraduate
physics. An abundance of citations from the technical literature enables in-
terested readers to readily locate primary sources. Finally, this book contains
a discussion of the future of optical fiber fusion splicing as well as the trend
toward increasing automation.

This book is intended to serve as a complete reference for optical fiber
fusion splicing, ranging from fiber preparation to the packaging and long-
term reliability of the completed splice. The material is organized into ten
chapters, including an initial introductory chapter.
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Chapters 2 discusses fiber preparation including stripping, cleaving, and
alignment. Chapter 3 introduces mechanical concepts relevant to fusion splic-
ing. Chapter 4 is a theoretical discussion of the optical characteristics of fu-
sion splices. Chapter 5 discusses loss estimation and fiber imaging. Chapter 6
provides an overview of splice strength, reliability, and packaging. Chapter 7
introduces techniques for splice measurement and characterization. Chapter 8
is a toolbox of general strategies and specific techniques for optimizing fusion
splice quality. Chapter 9 specifically considers fusion splicing of contempo-
rary specialty fibers including dispersion-compensating fiber, erbium-doped
gain fiber, and polarization-maintaining fiber. This chapter also contains an
up-to-date and detailed discussion of the latest and most exciting recent de-
velopment in optical fiber technology: microstructured fibers, also known as
photonic crystal fibers or holey fibers. The final chapter is an overview of
contemporary hardware for fusion splicing.

The first portion of the book (Chaps. 3-6) is more theoretical in nature
while the latter portion (Chaps. 7-10) is more practical, demonstrating the
practical implications of the fundamental concepts presented earlier. A reader
wrestling with a challenging fusion splice can go directly to the specific strate-
gies presented in Chapters 8 and 9, but will better understand the physics
underlying those strategies by reading the relevant sections in Chapters 3
through 6.

This project could never have been completed without extensive support
and assistance from my colleagues and my management at OFS Laborato-
ries (formerly the Optical Fiber Research Department of Bell Laboratories,
Lucent Technologies). I thank Baishi Wang, Harish Chandan, Susan Flesher,
and Rodney Casteel for their close reading and constructive criticism of var-
ious parts of the manuscript. I am indebted to Stephen Mettler, one of the
pioneers of optical fiber fusion splicing, for his stimulating discussions and
important advice. Angela Lahee and Claus Ascheron at Springer-Verlag were
tremendously helpful in composing and editing the manuscript. I am also
indebted to David J. DiGiovanni for encouraging me to pursue this effort
from its earliest stages to its completion. Man F. Yan was been exceedingly
generous with his time and provided much valuable advice. Special thanks
to Latha Venkataraman, Ken Nelson, Michael Harju, Bob Swain, and Bjorn
DeBear of Vytran Corporation and Tom Liang at Furukawa America, Inc.
for their helpful discussions and excellent digital images of splicer hardware.
John Krause, another important pioneer of optical fiber fusion splicing, pro-
vided me with a wealth of information and knowledge. Justin Ging was a
great resource for compiling and preparing digital images. I owe a debt of
gratitude to Eric W. Mies for first introducing me to the field of optical fiber
fusion splicing during my time at Vytran Corp. Finally, I would like to ex-
press my gratitude to my wife Dalia whose generous support has enabled me
to complete this book.

Murray Hill, New Jersey, August, 2004 Andrew D. Yablon
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1. Introduction

1.1 An Overview of Fusion Splicing and Its Applications

Optical fiber fusion splicing is the process by which a permanent, low-loss,
high-strength, welded joint is formed between two optical fibers. If an optical
communication network can be thought of as a roadway system for transport-
ing information, then optical fiber fusion splices can considered the joints that
connect pavement sections together. Just like joints in a roadway, ideal op-
tical fiber fusion splices are imperceptible to the traffic passing across them
and are reliable for decades or more at a time. Optical fiber fusion splices
may not play a glamorous role in the optical network, but they play a crucial
one nonetheless.

The ultimate goal of optical fiber fusion splicing is to create a joint with
no optical loss yet with mechanical strength and long-term reliability that
matches the fiber itself. Ideally the splicing process should be fast, inexpen-
sive, and should not require excessive skill or expensive equipment to exe-
cute. Achieving all these ideals is generally impossible so the details of the
fusion splicing process involve trade-offs among the various requirements. For
some applications, such as laboratory “hero” experiments, the quality of the
splice is determined exclusively by the optical loss, regardless of the splice’s
mechanical strength or reliability. For other applications, such as undersea
telecommunications, optical loss may actually be less important than long-
term reliability.

There are many important advantages of optical fiber fusion splicing
over competing approaches for interconnecting optical fibers, which include
connectorization, mechanical splicing, or free-space optical coupling. Fusion
splice joints are very compact, and when recoated they exhibit a cross-
sectional area no larger than the original optical fiber. The optical loss and
reflectance of a fusion splice are typically much lower than alternative optical
fiber connecting technologies. Fusion splices are permanent, and can exhibit
mechanical strength and long-term reliability that approaches the original
fiber itself. Optical fiber fusion splices are very stable so their alignment, and
hence their optical transmission, does not change over time or with tempera-
ture. Optical fiber fusion splices can withstand extremely high temperatures
or extremely high optical power densities. Additionally, fusion splices do not
allow dust or contaminants to enter the optical path.
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Nearly all contemporary optical fibers are fabricated from high-purity
fused silica glass. The silica glass comprising the fiber is deliberately doped
with small amounts of other substances to provide desirable optical or me-
chanical characteristics. The physics of optical fiber fusion splicing depends
in large part on the nature of these materials.

Optical fiber fusion splicing is practiced in a variety of environments by
a diverse group of professionals using a wide variety of equipment. This di-
versity is described by three general categories of fusion splicing: (1) field
splicing, (2) factory splicing (also termed original equipment manufacturing
(OEM) splicing), and (3) laboratory splicing. An example of field splicing is
a fiber installer fusion splicing multi-fiber ribbon cable with a commercial
ribbon splicer high on a telephone pole. Another important example of field
splicing is the assembly of undersea fiber optic cables aboard fiber deploy-
ment ships. An example of production or OEM splicing is the assembly of
fiber devices such as erbium-doped optical fiber amplifiers (EDFA) in a pro-
duction environment. Laboratory splicing is performed by researchers using
the latest technology optical fibers, frequently with the aid of specially de-
signed or modified fusion splicing equipment. Although the setting as well
as the fibers themselves are very different in these three categories, the basic
underlying scientific principles are the same. This book instructs the reader
in those basic principles so that they may be effectively applied to all varieties
of optical fiber fusion splicing.

Optical fiber fusion splicing is a multi-disciplinary topic that combines
concepts from many subjects including optical waveguide theory, heat trans-
fer, materials science, mechanical engineering, fluid mechanics, and even im-
age processing. This book serves as a reference for those readers who lack a
background in some of these diverse fields. Those readers who desire an even
more in-depth treatment from primary sources will be pleased to find copious
references throughout this monograph.

The advent of optical fiber devices such as optical amplifiers and dispersion-
compensating modules has elevated the significance of optical fiber fusion
splicing. The design and performance of these optical fiber devices depends
on, among other things, the quality of the splices within the device. Achiev-
ing low-loss fusion splices between the different fiber types comprising such
fiber devices poses daunting technical challenges. Splicing difficulties are in-
creasingly influencing the design of the fibers themselves. This book provides
a detailed understanding of the physics of optical fiber fusion splicing so that
the reader can apply this knowledge to the optical fibers of the future.

We begin this chapter with a detailed discussion of the fusion splicing pro-
cess. Subsequent sections describe relevant optical, materials, and mechanical
characteristics of optical fibers. Fusion splices are compared and contrasted
with fiber connectors and mechanical splices. The role of fusion splices in the
optical network is also presented and a brief history of optical fiber fusion
splicing is included. We conclude with a discussion of the frontiers of optical
fiber fusion splicing technology.
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1.2 The Fusion Splicing Process

Optical fiber fusion splicing can be broken down into a series of basic tasks
summarized in Fig 1.1. First, the polymer coating protecting the fiber must
be completely stripped. Next flat fiber end faces must be achieved, typically
by cleaving the fibers. The fibers must then be laterally aligned to each other
including, in some cases, rotational alignment about their axes. The fiber tips
must be heated to their softening point and then must be pressed together to
form a joint. This press stroke is termed a hot push. Some sort of quality check
such as loss estimation is typically performed. The splice may be proof tested
to help ensure its long term mechanical reliability. Finally, the completed
splice must then be protected from the environment by packaging it. In some
cases, the splice is packaged before proof testing. Depending on the particular
application, one or more of these tasks can be omitted. For example, in the
laboratory, the long term reliability of a splice may not be important so the
splice may be neither protected nor proof tested.

Joint formation

(Loss estimation or measurement)

Splice packaging

CCompleted fusion splica

Fig. 1.1. Flowchart for the generalized fusion splice process. Note that some steps,
such as loss estimation or proof testing, may be omitted and that sometimes splice
packaging precedes proof testing

There is a wide variety of commercial hardware on the market designed
to accomplish the various tasks comprising the fusion splice process. Contem-
porary fusion splicing hardware is discussed in detail in Chap. 10. Figure 1.2
is a simplified depiction of a fusion splicer. At a minimum, a fusion splicer re-
quires a heat source and fiber chucks for gripping and aligning the fiber tips.
Modern fusion splicers incorporate microscope objectives, CCD cameras, and
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a microprocessor for performing tasks such as fiber alignment and loss esti-
mation. The cost of commercial fusion splicing hardware can range from less
than $10,000 (USD) for a basic, portable fusion splicer with a minimum of
features to over $100,000 (USD) for the latest technology fully automated
production fusion splicing equipment. Some commercial splicing equipment,
termed ribbon splicing or mass fusion splicing equipment, can simultaneously
splice all the fibers comprising a 24-fiber ribbon cable [1.1]. Different manu-
facturers have developed different solutions for the various tasks comprising
the fusion splice process. For example, some splicing equipment heats the
fiber with an electric arc discharge while other equipment uses a resistively
heated metal filament.

PN

chucks providing

chucks providing

X, Y, z, 0 alignment fiber tip | | fiber tip X, Y, z, 0 alignment
~ ~
heat

source

’ microprocessor

Fig. 1.2. Components of a simplified fusion splicer including heat source, imaging
lens, CCD, microprocessor, and chucks for positioning and aligning fiber tips. The
thin arrows denote the flow of control to or from the microprocessor

The first step in the fusion splice process, stripping the optical fiber’s
polymer coating, is important since it can introduce flaws to the surface of
the exposed glass thus weakening the strength and long-term reliability of
the fibers. In a laboratory or factory environment, aggressive solvents such
as methylene chloride or hot acids can be used to ensure a clean, defect-
free glass surface. In a field environment, thermo-mechanical or mechanical
stripping equipment is safer and more convenient, but is also more likely to
reduce the fiber strength than the aforementioned solvent stripping.

The second step of the fusion splice process, cleaving, is important because
very flat fiber end faces are required to minimize deformation of the fibers
when they are pressed together during the hot push. Fiber stripping and fiber
cleaving are both discussed in greater detail in Chap. 2.

Once the fiber tips are prepared, they must be aligned to each other.
Three types of fiber alignment are in common practice: passive alignment,
active alignment, and light injection and detection (LID). Older fusion splic-
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ing equipment and many ribbon fusion splicers use a fixed v-groove system
to passively align the fiber tips. More modern fusion splicers perform active
alignment based on a magnified image of the fiber tips. Specific features in
the fiber, such as the fiber’s core, may be used for alignment purposes. In
addition, light may be injected into one of the fibers and detected at the
other to provide a direct measurement of the alignment quality. If the fibers
are polarization-maintaining (PM), their rotational angles must be aligned
as well.

The heart of the fusion splicing process is the actual heating of the fiber
tips and the formation of the joint. Although different fusion splicers may
employ different heat sources and different terminology is used for the var-
ious stages of the actual joint formation, the basic principles are the same.
Figure 1.3 is a representative timeline of the splice process depicting all the
major steps that may occur during the heating portion of the fusion splice
process.

heat source A

intensity
gap width
between fiber tips 177" 7 hots
"""""" ush®  joint formation
elay
axial position of \
heat source with o ‘.‘o(,
respect to fiber tips 2 .% ,
- - 2 V2 \ fire polish
g ' 7\
& | / \
| / .
L \ -
* /  time
3 overlap \ /
k| S AU A EYORY AR
\/

(Fig. 1.42) (Fig. 1.4b) (Fig. 1.4¢)

Fig. 1.3. Schematic illustration of splice process depicting heat source intensity
(solid line), gap width between fiber tips (dotted line), and axial position of heat
source with respect to splice (dashed line). The heat source intensity is depicted here
as a sequence of step functions whose magnitude approximately corresponds to the
temperature at the splice. The hot push reduces the gap width between the fibers
from its initial value of about 10 pm at the start of the splice to a negative value.
Negative gap width represents overlap of the fiber tips. Joint formation commences
when the fiber tips make contact. In this depiction, the heat source position is held
constant until joint formation is completed at which time the final heating is applied
while the heat source is scanned back and forth along the splice to perform a fire-
polish. The timing of the fusion splice images depicted in Fig. 1.4 are indicated on
the horizontal axis
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A brief flash of heat at the start of the process, termed prefusion cleaning,
serves to clean the fiber tips by decomposing and vaporizing any debris. This
prefusion heating is important since any particulate contamination present
on the fiber tips during splicing can release volatile gases which produce bub-
bles at the splice joint. After alignment and prefusion are completed, the
fiber tips are subject to an intense burst of heat to raise their temperature
to the softening point. Following a brief delay, termed a hot push delay, the
fibers are fed together during the hot push. Unfortunately, some splicer man-
ufacturers have referred to the hot push delay as the prefusion time, which
confuses the hot push with the prefusion cleaning mentioned already. Some
manufacturers refer to the hot push as the press stroke or the fiber feed.
Usually the hot push exceeds the original gap between the fiber tips by an
amount termed the overlap, which is typically anywhere from 2 to 20 um.
While the fiber tips are pressed together at high temperature, phenomena
such as surface tension, viscosity, and dopant diffusion influence the develop-
ment of the splice joint. After a prescribed time, termed the splice duration,
the heat is removed and the completed splice rapidly cools down to room
temperature.

Figure 1.4 contains images of a fusion splice between two pieces of stan-
dard single-mode fiber (SMF) during different stages of the splice process.
A detailed discussion of the features visible in the images of the fiber, such
as the fiber’s core and cladding region, is presented in Sect. 5.1.2. Prior to
the splice, the fiber tips are aligned to each other as in Fig. 1.4a. Figure 1.4b
shows the fibers in the midst of a fusion splice, after the fibers have been
pressed together by the hot push. The vertical line in Fig. 1.4b is the incom-
pletely formed joint between the fibers. Surface tension has begun to round
the tips of the fibers and form the joint. Note how difficult it is to resolve
the splice location in the image of the completed splice, Fig. 1.4c. The asso-
ciated splice loss here is below 0.01 dB (>99.7% optical power transmission),
which is essentially unmeasurable. Techniques for splice characterization and
measurement are discussed in Chap. 7.

Sometimes, a post splice heat treatment is applied to improve the quality
of the splice. Depending on the situation, quality can refer to optical loss or
mechanical strength or both. For example, Fig. 1.3 shows a fire polish which
takes place after the splice is completed. A fire polish is a heat treatment in
which the heat source is scanned back and forth relative to the completed
splice joint as depicted by the dashed line in Fig. 1.3. This heat treatment
can clean the surface of the completed splice by burning off contaminants and
melting away surface cracks [1.2]. The fire polish increases the mechanical
strength of the splice and hence its long-term reliability. The fire polish can
also modify the refractive index profile of the fiber tips so as to reduce splice
loss between dissimilar fibers [1.3]. Fire polishing is discussed in more detail
in Sect. 8.2.1.

As is apparent from the preceding description of the splice process, there
are many different splicing parameters which control the quality of the splice
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Fig. 1.4. Various stages during a fusion splice of ordinary single-mode fiber. Core
and cladding regions of the fiber are visible and labeled. The timing of these images
during a typical fusion splice is depicted in Fig. 1.3. (a) Fiber tips aligned prior to
splicing. (b) Fiber tips following hot push during joint formation. (c) Completed
splice with a loss less than 0.01dB

including the amount of overlap, the hot push delay, the intensity of the heat,
the duration of the splice, etc. Finding the best choice of splice parameters is
called splice optimization and is discussed in Chap. 8. The optimum splicing
parameters sensitively depend on the fibers’ characteristics. Certain basic
physical relationships can provide insights as to how to optimize a splice.
However, finding the best splice parameters usually requires resorting to de-
sign of experiments (DOE) methods.

Following completion of the fusion splice, commercial fusion splicing
equipment usually provides an estimate of the optical loss. Loss estimation is
not always accurate and so it cannot substitute for accurate splice loss mea-
surement. However, loss estimation can be essential when it is inconvenient
or impossible to directly measure the splice loss. Loss estimation is discussed
in Chap. 5.
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A completed splice must be protected from the environment to ensure
its long-term reliability. Splice protection comes in many forms including
heat shrinkable tubing with integrated splints or hard plastic cases. For
many applications, recoating is an attractive option since it preserves the
dimensions and mechanical flexibility of the original fiber. Recoated splices
rely on the mechanical strength of the spliced fibers themselves, rather
than on a splint. The recoat material is an ultraviolet light curable acry-
late similar to the original fiber coating and is applied to the bare splice
in a special mold. Splice strength, reliability, and packaging is discussed in
Chap. 6.

The emergence of many novel fiber types such as erbium-doped ampli-
fier fiber (EDF), dispersion-compensating fiber (DCF), and microstructured
fiber (also termed “holey fibers”) have necessitated important innovations in
the fusion splicing process. As new specialty fibers are introduced and new
fusion splicing challenges are encountered, special fusion splicing strategies
are developed. Some important special fusion splicing strategies discussed in
Chap. 8 include

bridge fibers between dissimilar fibers
thermal diffusion of dopants
low-temperature splices

tapered splices

fattened splices

fire polishing

offset heating

A detailed analysis of the specific issues and optimum strategies for fusion
splicing specific specialty fiber types is provided in Chap. 9.

1.3 Essential Optical Fiber Concepts

1.3.1 Optical Characteristics

Optical fibers are waveguides designed to confine light beams so that they
may propagate long distances. The refractive index of an optical fiber is
designed to maximize the available bandwidth for signal transmission as well
as to maximize the signal propagation distance. In depth treatments of the
optical characteristics of fibers are available in monographs by Snyder and
Love [1.4], Neumann [1.5], Jeunhomme [1.6], Ghatak and Thyagarajan [1.7].
In this section, we will survey the optical characteristics of optical fibers that
are relevant to fusion splicing.

With a few notable exceptions discussed in Sect. 9.5, an optical fiber
guides light because the refractive index is higher in the interior, or core,
region than it is in the exterior, or cladding region. Contemporary optical
fibers have a cladding diameter of about 125 wm while the core diameter can
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be as little as 1 wm or more than 100 pm depending on the fiber design. The
refractive index difference between the core and cladding may be expressed
in absolute units as An where

An = Ticore — Mclad (11)

and Ncore represents the core index and ncjaq represents the cladding index.
The refractive index difference between the core and cladding of an optical
fiber may also be specified on a relative scale as A where

A= Ncore — Nclad ) (1.2)
Nclad
Most optical fibers have a relatively small difference, A, between core and
cladding, which ranges from as little as .1% (or 0.001) to as much as 3% (or
0.03).

Creating a low-loss fusion splice requires that the cores of the two fiber
tips be aligned to each other with micron-scale precision. The fiber cladding
is typically surrounded by a polymer coating with a refractive index higher
than the cladding in order to strip out light that is not confined by the core
structure. The cladding is usually undoped silica glass but some specialty
multimode fibers actually have a polymer cladding which must be stripped
off prior to fusion splicing.

In certain cases, the wave-guiding characteristics of an optical fiber can
be explained by total internal reflection. This interpretation is most accurate
when analyzing multimode fibers which have relatively large core diameters.
Total internal reflection occurs as a consequence of Snell’s Law for refraction
at an interface:

nysinf; = nosin by | (1.3)

where n4 is the refractive index of the original medium, 6; is the angle of in-
cidence in that medium, ns is the refractive index of the second medium, and
05 is the refracted angle in that second medium. This geometry is illustrated
in Fig. 1.5. It is not hard to show that when n; > no there is a set of incident
angles for which 6, > 90°. In this case, there is no physical solution for a light
ray to propagate from medium 1 into medium 2. The critical angle, .it, is
the angle at which #; = 90°. In an optical fiber, the core can be thought of as
medium 1 while the cladding can be thought of as medium 2 such that light
rays with 8 > 6., are trapped in the core region and cannot escape. Given
the range of A listed previously, the critical angle for a ray propagating inside
an optical fiber ranges from about 79° to 86°. Thus, the angle between the
critical ray inside the fiber and the fiber axis ranges from about 4° to 14° in
a typical optical fiber.

Due to refraction, the critical angle of a light ray incident on a fiber’s end
face is different from the critical angle for light rays propagating inside the
fiber’s core. The numerical aperture or NA is commonly used to characterize
the critical acceptance angle for a cone of light incident on the fiber’s end
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Fig. 1.5. Illustration of Snell’s law

face. The NA is the sine of the angle between the fiber’s axis and the critical
ray impinging on the end of the fiber and may be expressed as

NA = \/ ngorc - nzlad ) (14)

so the NA of an optical fiber is typically 0.1 to 0.3. When A is much smaller
than unity, as is the case for most optical fibers, the NA may be equivalently
expressed as

NA = NecladV 2A . (15)

This ray analysis of optical fiber is overly simplistic, especially for the
case of single mode fibers. The actual propagation of an optical signal in a
fiber is most completely described by Maxwell’s equations, which govern the
behavior of electromagnetic waves. Maxwell’s equations, and the central role
they play in describing the optical characteristics of fusion splices, will be
presented in Chap. 4.

A mode is a spatial distribution of optical energy that propagates un-
changed through a waveguide. Depending on the precise nature of the re-
fractive index structure of the fiber, the fiber may guide a single mode or
simultaneously guide multiple modes. The single, guided, mode of a single-
mode fiber usually resembles a Gaussian function in that its amplitude is a
maximum at the center of the fiber core and drops off rapidly in the cladding
region. The various guided modes of a multimode fiber have more complex
structures, often with many maxima and minima, but the amplitudes of these
modes also approach zero in the cladding region of the fiber. The core diam-
eter of a single mode fiber designed for 1550 nm propagation is usually less
than 12 um while the core diameters of multimode fibers are usually larger
than 20 um. Generally, it is more difficult to achieve a low-loss splice with
single-mode fibers compared with multimode fibers since their smaller core
diameters make fiber alignment more critical.

The refractive index profile of an optical fiber is a representation of how
the refractive index varies as a function of radial position in the fiber. Fig-
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ure 1.6 depicts index profiles for two common types of multimode fiber. Step
index multimode fiber typically has a core radius anywhere from 50 pm to
100 um depending on the application. In a graded-index multimode fiber
(GIF), the refractive index profile of the core is approximately parabolic in
shape. In a multimode fiber, different modes travel at different speeds and
this can reduce the fiber’s available bandwidth. GIF has the advantage that
the velocity difference between its various modes is relatively small, so GIF
can be used for relatively high bandwidth communications applications.

Graded-index
Step-index

Fig. 1.6. Index profiles representing main multimode fiber designs. Horizontal scale
represents radial position in fiber. Vertical scale represents refractive index

Figure 1.7 depicts index profiles for several contemporary single-mode
fiber types. Standard matched clad single-mode fiber (SMF) has a core in-
dex about 0.005 higher than the surrounding cladding index and a core
diameter of about 8 um. Non-zero dispersion-shifted fiber (NZ-DSF) is a
single mode fiber designed to have much lower dispersion than SMF in
the 1550nm communications window lying between 1530 and 1580 nm.
Dispersion-compensating fiber (DCF) is a single-mode fiber designed to have
a dispersion that is opposite to that of a transmission fiber so that it can
“undo” the deleterious effects of dispersion. The central core diameter of
DCF can be as small as 2 um. Figure 1.7 shows how small the central core
of DCF is relative to SMF which partly accounts for the difficulty of splicing
DCF fibers. Specific information relevant to fusion splicing these and other
fibers is presented in Chap. 9.

NZ-DSF
SMF DCF

Fig. 1.7. Index profiles representative of several single mode fiber designs. Vertical
scale represents refractive index. Horizontal scale represents radial position in fiber.
SMF = matched clad single mode fiber, NZ-DSF = non-zero dispersion-shifted fiber,
DCF = dispersion-compensating fiber
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The normalized frequency of an optical fiber, V, determines the number
of modes guided by an optical fiber:

277Rc0rcNA _ 2\/5 W\/Z Rcorc Tclad
A B A ’

where Rcore is the core radius and A is the wavelength. For V' < 2.405 an
optical fiber is single-mode, otherwise it is multimode. The wavelength at
which V' = 2.405 is termed the cutoff wavelength, A., since that is the wave-
length at which the first higher order mode is cutoff from propagation. As V'
increases, the number of guided modes increases as well. A single-mode fiber
with a large normalized frequency can be thought of as a strongly guiding
fiber while a fiber with a small V' can be thought of as a weakly guiding fiber.
From (1.6) we see that the light is guided more strongly by fibers with a
larger core radius, larger A, larger NA, or smaller A..

The mode field diameter (MFD) is a measure of the diameter of the optical
beam propagating in a single-mode fiber. The MFD of a single-mode fiber
typically scales with the core diameter. Standard SMF has an MFD of about
10.5 um at 1550 nm. NZ-DSF typically has a smaller MFD while the MFD of
EDF is smaller still. A fiber with a smaller MEFD is more vulnerable to core
misalignments than a fiber with a larger MFD. The MFD of some fibers, such
as DCF, is wavelength dependent in order to achieve desirable wave guiding
characteristics.

Polarization-maintaining optical fibers are similar to standard SMF ex-
cept that their refractive index profile is birefringent. In other words, light
with one particular linear polarization state propagates at a higher speed
than light with the orthogonal polarization state. Some fibers have an el-
liptical rather than circular core to achieve this birefringence. More of-
ten, the cladding contains regions of glass, termed stress-applying mem-
bers (SAM), with very different mechanical properties from the rest of the
cladding. The stress-applying members create a stress field in the fiber
which in turn causes birefringence. There is an added burden of aligning
the SAM when fusion splicing these fibers to ensure that there is no en-
ergy exchanged, or crosstalk, between the orthogonal polarization states
traveling through the fiber. Fusion splicing of PM fibers is detailed in
Sect. 9.2.

Microstructured fibers are recently developed fibers containing air holes
or voids running along the length of the fiber. Air- or vacuum-filled voids
provide a very large contrast in refractive index compared to silica glass
(A ~ 33%). The voids can even be filled with a polymer or a metal to pro-
duce waveguides with unique characteristics. Some microstructured fibers
also contain dopants as in a conventional fiber. Fusion splicing these fibers
can be particularly challenging since the heat from splicing can locally col-
lapse the voids which can have a significant impact on the splice loss. Fu-
sion splicing these revolutionary new types of optical fibers are detailed in
Sect. 9.5.

V =

(1.6)
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1.3.2 Material and Mechanical Characteristics of Silica Fibers

The material properties of optical fibers are central to the physics of fusion
splicing and result from their molecular structure. With a few notable excep-
tions, all contemporary optical fibers are fabricated from high-silica glasses
also termed vitreous silica. Glass is an amorphous material meaning that it
is a material that does not exhibit any long-range structural order in the
manner of a crystalline material [1.8]. Silica glass is comprised of tetrahedral
molecular structures linked at their vertices to form a three-dimensional net-
work [1.9]. This ordered arrangement of tetrahedra extends for only a few
molecules: over long distances the material appears randomly ordered.

Some physical characteristics of high-silica glasses that are particularly
important to optical fiber fusion splicing include viscosity, surface tension,
dopant diffusion, thermal expansion/contraction, and brittleness. Unlike a
crystalline substance, glasses do not exhibit a well-defined transition between
their solid and liquid states. Instead, the surface tension, viscosity, density,
and other physical properties of a glass vary smoothly over a large tempera-
ture range. Moreover, the physical properties of a glass depend, in part, on
its thermal history.

The viscosity of high-silica glass decreases exponentially with increasing
temperature. In order to form a fusion splice, the fiber must be softened,
meaning that its viscosity must be reduced to a certain value (typically about
10° Poise) by heating it above 2000° C. Very few heat sources can raise a silica
fiber to such high temperatures while confining the heat to the very tips of
the fibers. The so-called “electric arc discharge” is the most prevalent heat
source used in commercial fusion splicers. Alternative heat sources include a
resistively heated tungsten filament, a CO5 laser, or an oxy-hydrogen flame.
Some discussion of these various heat sources appears in Chap. 10.

At splicing temperatures, surface tension is the dominant force driving
the flow of glass, and it is resisted primarily by the viscosity of the glass. Sur-
face tension can act as either friend or foe during the splice process. It tends
to align the cladding of the two fibers to each other, which in many cases
improves the alignment of the fiber cores and thus reduces splice loss. How-
ever, in some cases the fiber tips may be deliberately offset to compensate for
eccentricity between the core and cladding in which case surface tension will
attempt to suppress the offset, thus misaligning the fiber cores and increasing
splice loss. The role of surface tension during fusion splicing is discussed in
Sect. 3.2.

The refractive index of an optical fiber is primarily determined by the
concentration of chemical dopants. The most common optical fiber dopants
are germanium (Ge), which raises the refractive index of the silica glass and
fluorine (F), which lowers it. Other common dopants include phosphorus (P),
erbium (Er), aluminum (Al), and boron (B). Dopants not only alter the re-
fractive index of the silica glass, but also alter its thermal and mechanical
properties. At splicing temperatures dopants can diffuse through the silica
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glass host. Different dopant species diffuse at different rates: for example flu-
orine diffuses more rapidly than germanium. Dopant diffusion can radically
alter the refractive index profile of the fibers in the vicinity of the completed
splice. As with surface tension driven flow, this effect may be beneficial or
deleterious. In some cases, such as when splicing erbium-doped amplifier fiber
to standard SMF, the dopant diffusion can make the transition between dis-
similar fiber types more gradual, and thus reduce the splice loss. In other
cases, especially when splicing fibers heavily doped with fluorine, diffusion
can increase splice loss. This issue is explored in detail in Sect. 3.3.

Stresses and strains can arise in the vicinity of a fusion splice because
the viscosity and thermal expansion coefficient of the glass depends upon the
dopant concentration. These stresses and strains can affect the fiber’s refrac-
tive index profile as well as its mechanical strength. If the thermal expansion
coeflicients of two fibers are sufficiently different, a fusion splice between them
will fall apart as the fiber cools down from splicing temperatures. These issues
are discussed in detail in Sect. 3.4.

Glasses are brittle materials, meaning their primary failure mode is frac-
ture rather than plastic deformation as is the case for ductile metals or plas-
tics. The theoretical ultimate tensile strength of vitreous silica can be es-
timated from the amount of energy required to break the molecular bonds
holding the material together. Using this method, the theoretical maximum
strength of a vitreous silica sample with no cracks or surface flaws is about
20 GPa [1.8,1.9]. The practical fracture strength of silica fibers is primarily
controlled by the surface condition of the fiber [1.9]. Small imperfections on
the surface of optical fibers serve as nucleation site for crack growth. Hy-
droxyl ions (OH) are known to accelerate crack growth in silica so humidity
is thought to contribute to a reduction in the mechanical strength of optical
fibers and fusion splices [1.10]. Short lengths of most practical optical fibers
exhibit a failure stress of about 5.5 GPa, which is equivalent to about 800 kpsi
(kpsi=kilopounds force per square inch, a common unit in the optical fiber
industry). For a 125 pm diameter fiber, this failure strength corresponds to
an axial load corresponding to almost 7kg force, or a theoretical minimum
bend diameter of less than two millimeters!

Proper handling of optical fibers is an important and often overlooked as-
pect of optical fiber fusion splicing because even the tiniest surface scratches
can prevent a fusion splice from meeting strength requirements. The splicing
process itself can introduce new imperfections to the surface of an optical
fiber also reducing its failure strength. Moreover, failure strength can some-
times serve as an indicator of a fusion splice’s long term reliability [1.11].
For terrestrial applications, fusion splices are proof tested to ensure they can
survive a 100 kpsi proof test. Undersea applications demand more stringent
splice reliability requirements so a higher threshold, such as 200 or 235 kpsi,
is mandated. Splice strength and reliability is discussed in great detail in
Chap. 6. The brittle nature of optical fibers also has a significant impact on
how fibers are cleaved to obtain planar end faces for splicing. The details
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of optical fiber cleaving are discussed in the next chapter. Optical fibers are
coated with a polymer to protect their surfaces from scratches that would
reduce their strength and reliability. The removal and restoration of these
protective coatings are discussed in Chaps. 2 and 6 respectively.

In high power applications, such as in fiber lasers, small particles or dirt
and/or losses at a joint between fibers can initiate a peculiar phenomenon
termed fiber fuse [1.12]. During fiber fuse, the core of an optical fiber is
damaged in a spectacular vaporization phenomenon that propagates back
through the fiber towards the source at velocities on the order of 1 m/s. High
quality optical fiber fusion splices are critical to high power applications to
help suppress the likelihood of fiber fuse initiation.

The polymer coating protecting the glass fiber has certain mechanical
characteristics that can also affect fusion splicing. The polymer coating typi-
cally exhibits a phenomenon termed curl meaning that in the absence of any
applied forces, the coated optical fiber takes on a curved shape. This happens
because the polymer coating has a certain amount of shape-memory and coil-
ing the fiber around a spool imparts curl to the coating. The radius of fiber
curvature is a measure of the amount of curl. A curl radius larger than a few
meters has little impact on fusion splicing. However, when the curl radius
is on the order of a meter or less, fixturing and aligning the fibers will be
very difficult. Some manufacturers market equipment for straightening coat-
ing curl with a heat treatment. A typical minimum specification for fiber curl
radius is 4 meters. Such stringent curl specifications are critical to achieving
low-loss fusion splices between the fibers comprising a multiple fiber ribbon.

The glass fiber itself can exhibit a certain amount of curl which has the
same negative impact on fiber fixturing and alignment as coating curl. This
curl does not stem from wrapping the fiber around a spool but rather from
asymmetries in the fiber fabrication process. Encountering curl in the glass
is rare but can occur in prototype or research-grade optical fibers. Unfortu-
nately, curl in the glass cannot be repaired in the manner of coating curl.

1.4 Alternatives to Fusion Splicing

Fusion splicing is not the only way to join together two optical fibers: free-
space coupling, mechanical splices, and connectors are important alternatives.
Free-space coupling refers to using conventional bulk glass lenses and mirrors
to focus light down to a small spot and couple it into or out of optical fibers.
Free-space coupling is obviously not practical for telecommunications systems
in the field, but is extensively used in research laboratory environments. Free-
space coupling is very flexible and can readily interconnect dissimilar optical
fibers. However, free-space coupling can exhibit relatively high reflectance
and requires tedious alignment. Moreover, dust or other contamination can
find its way into the optical path and can lead to damage, especially during
high-power operation.
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A mechanical splices is a permanent connection between two optical fibers
that does not have thermally welded joint as in a fusion splice [1.13-1.16].
The lack of a thermally welded joint can be an advantage, for example when
splicing together fibers fabricated from two materials that are thermally in-
compatible, such as silica glass and fluoride glass fibers (Sect. 3.4.1).

In a mechanical splice, two cleaved fiber tips are mechanically aligned to
each other by a special housing. Usually, index matching gel is positioned
between the fiber tips to maximize coupling and minimize reflectance. Un-
fortunately, the refractive index of most index matching compounds varies
with temperature so the optical performance of a mechanical splice can be
sensitive to ambient temperature. Mechanical splices can be constructed rel-
atively quickly without the need for expensive specialized equipment such as
a fusion splicer. However, mechanical splices are not thought to be as reliable
as fusion splices over long periods of time and exhibit higher loss than fusion
splices. Partly for these reasons, mechanical splices are no longer widely used
in the industry [1.17]. Mechanical splices are generally used only in relatively
benign environments such as inside an office building.

Connectors are special devices attached to the end of optical fibers that
can easily be coupled or uncoupled to other connectors or devices. Connec-
tors are required when a fiber must be periodically disconnected, for example
for testing or switching purposes. Connectors are typically used at the ter-
mination points of optical fiber cables, such as at the transmitter or receiver.
They are also employed on test and measurement equipment, at the inter-
faces between networks, on patch panels where signals may be routed through
different pathways, and inside office buildings.

Many different connector designs tailored to the characteristics of specific
fiber types and their applications have been introduced over the years. Most
connectors require the fiber tip to be epoxied inside a ceramic ferrule and
then polished. Many connectors require the polished ferrule to have a special
geometry, such as an angle or a radius, in order to minimize reflectance
and maximize coupling efficiency. Installing a connector to the end of an
optical fiber is typically more time-consuming than either a fusion splice or a
mechanical splice [1.18]. Some connectors, such as polarization-maintaining
(PM) fiber connectors, are keyed to ensure that the rotational orientation
of the fiber is correctly aligned at the joint. There are even connectors for
twelve fiber ribbon cable.

Although they can be easily coupled and uncoupled, connectors typically
exhibit higher loss and reflectance than either fusion splices or mechanical
splices. Connectors can induce modal noise or multipath interference (MPI)
because of their higher reflectance and loss. Connector losses range from
about 0.05 dB to 0.5 dB between similar fibers and even higher if the fibers
exhibit different guiding properties. Connector loss can change with tem-
perature fluctuations or mechanical shock and they are less stable over time
than fusion splices. Finally, connectors are more vulnerable to damage during
high-power operation than fusion splices.
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In summary, fusion splices are generally more compact, exhibit lower loss,
lower reflectance, and are more reliable than free-space coupling, mechanical
splices or connectors. However, fusion splicing equipment is relatively ex-
pensive and consequently is only cost-effective when amortized over a large
number of fusion splices. In contrast to fusion splices which are permanent,
to some extent mechanical splices, and especially free-space coupled fibers
and connectors, can be readily disconnected and reconnected.

1.5 Fusion Splices in the Optical Network

The contemporary optical network is an engineering marvel. Recent research
has suggested that the ultimate carrying capacity of an individual optical
fiber is on the order of 100 Th/s [1.19] which is about 30 times higher than
the actual carrying capacity of the most advanced optical fiber systems at the
time of writing. There are many different types of optical networks, catego-
rized as single-mode or multimode, and as analog or digital. Optical pathways
can span thousands of kilometers as in an undersea optical network or just
meters as in a local area network. Although optical fiber fusion splices are
just one building block of these optical communication networks, they are a
ubiquitous one. Fusion splices are present throughout the installed base of
transmission fiber as well as inside devices and components such as dispersion-
compensating modules and optical amplifiers.

The location of fusion splices in a contemporary dense wavelength-
division-multiplexing (DWDM) long-haul optical fiber link is depicted in
Fig. 1.8a. A typical erbium fiber amplifier contains dozens of fusion splices
(Fig. 1.8b) connecting many different fiber types.

The large number of fusion splices in worldwide optical communication
networks is apparent from the large market for optical fiber fusion splices. The
total commercial market for fusion splicers was US$233 million in 2002 [1.20]
and is expected to grow robustly over the next decade. In 1999, about half
of the world’s fusion splicers were sold in North America while about one
quarter were sold in the European and Asian markets respectively. By 2007
this market is expected to grow to nearly half a billion US$. Much of this
growth is expected to occur in Japan and the Pacific Rim regions [1.20].

In high-bandwidth optical fiber transmission systems, multiple fibers are
packaged in protective cables, sometimes as many as several hundred in a
single cable. Fusion splices may be already included in the cabled fiber by
the cable manufacturer. Other fusion splices link cables together at intervals
that can range up to 10km. The constituent fibers of a cable must be ex-
posed in order to be spliced and the spliced fibers are fixtured in splice trays.
Up to several splice trays are protected in a splice housing which is often
designed to be weatherproof and waterproof [1.21] (Fig. 1.9). This enclosure
system organizes the fibers, facilitates identification, and provides convenient
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Fig. 1.8. Simplified illustration of the ubiquitous nature of fusion splices in a long-
haul DWDM optical network. Dark filled circles indicate fusion splice locations.
(a) Simplified view of entire system. MUX = wavelength multiplexer, DEMUX
= wavelength demultiplexer. (b) Close-up of simplified dispersion-compensating
module (DCM) and simplified erbium-doped fiber amplifier (EDFA) assembly. The
pump laser is the power source for optical amplification. A pump combiner mixes
the pump laser output with the optical signal. An isolator prevents optical signals
from propagating in the backward direction (to the left). Taps siphon off small
amounts of optical signal for monitoring and control. High quality fusion splices
involving erbium-doped fiber (EDF) can be particularly challenging to fabricate

access [1.17]. During an optical fiber installation, fusion splices may need to
be made in harsh environments under adverse conditions.

The emergence of ribbon fiber has significantly increased the efficiency
and lowered the cost of field fusion splicing. Modern ribbons consist of up
to 24 individual fiber strands, which can all be simultaneously fusion spliced
by a ribbon fiber fusion splicer. Fusion splicing can comprise much of the
cost associated with optical fiber deployment so the ability to fusion splice
so many fibers in a single operation with a single instrument is a particular
advantage.

The performance of an optical fiber communications system depends on
the signal-to-noise ratio (SNR) that in turn depends on the optical losses
in the system. Splice losses reduce the SNR and thus increase the bit-error-
rate (BER) in digital communication systems. The optical fiber network is
designed with a loss budget that takes into account losses stemming from fiber
attenuation and splices, as well as gain provided by optical amplifiers [1.22].

The contribution of splices to the loss budget largely depends on the
nature of the network design. In traditional long-distance fiber networks em-
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Fig. 1.9. Schematic illustration of enclosure system for protecting field
splices [1.21]. (a) Splice tray showing arrangement of splices linking multiple fibers.
Fibers are routed in and out of the splice tray at the bottom left. (b) Splice housing
containing multiple splice trays. After [1.21]

ploying standard single-mode fiber (SMF), splices are spaced several kilome-
ters apart. Under controlled laboratory conditions, SMF can be consistently
spliced with less than 0.01 dB of loss. However, a variety of extrinsic factors
including weather, operator skill, and the condition of the splicing equipment
can increase average field splice loss to as much as 0.1 dB. Assuming a spac-
ing of 4km between splices, and a fiber attenuation of 0.2dB/km at 1550 nm,
the splice losses contribute about 10% percent to the total loss budget. In a
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long-distance standard SMF system, the vast majority of span loss originates
in the fiber attenuation.

More modern long-distance optical fiber networks utilize non-zero disper-
sion shifted fiber (NZ-DSF) which also has attenuation around 0.2dB/km
at 1550 nm but average field splice losses as high as 0.15 dB. Splice loss ac-
counts for a larger fraction of the loss budget, perhaps as much as 15%,
for such NZ-DSF systems. Future long-distance optical fiber networks may
employ dispersion-engineered spans in which a span is constructed from al-
ternating sections of two distinct fiber designs in order to achieve a low path-
averaged dispersion. Splice losses between these distinct fiber designs can ex-
ceed 0.25dB so splice losses will play an even greater role in the loss budget.

In shorter reach systems, such as metropolitan-area networks, shorter
cable lengths result in more frequent fusion splices and so contribute a larger
fraction to the loss budget and also a larger fraction to the installation cost
than in long-distance systems.

Attenuation of the optical signal isn’t the only potential problem asso-
ciated with fusion splicing. The portion of the optical signal “lossed” at a
single-mode fusion splice can be scattered into a higher order mode that can
propagate for a short distance. If a second lossy splice is located in close prox-
imity, the optical signal guided in the higher order mode can be recoupled
back into the fundamental mode where it interferes with the original optical
signal. This phenomenon is termed modal noise and it can be minimized with
high quality fusion splices. Interference can also result when multiple reflec-
tions occur between two highly reflective splices in close proximity. This phe-
nomenon is termed multipath interference (MPI). MPI can be a particularly
difficult problem in systems employing connectors since they typically exhibit
higher reflectance and loss. Fortunately, fusion splices exhibit extremely low
back reflection and very low optical losses so MPI is usually not a serious
problem. Interference noise phenomena such as MPI and modal noise reduce
the SNR and thus increase the BER. These deleterious effects can also be
expressed as power penalties, or extra loss in the loss budget, since increasing
the signal strength, and hence the SNR, is one way of coping with interference
noise [1.22].

The effect of fusion splices on multimode optical fiber communication sys-
tems can be particularly confusing. In contrast to the behavior of single-mode
fiber splice, the loss of a multimode fiber splice can depend on its proxim-
ity to other splices. This is because a splice can scramble the distribution
of optical power amongst the various modes, and splice loss partly depends
on this power distribution. Even stranger, fusion splices between multimode
fibers can, in rare cases, increase the bandwidth of the overall multimode
fiber span if the fusion splice induces a more favorable distribution of power
amongst the modes [1.17,1.23]. Multimode and single-mode fusion splice loss,
as well as modal noise and MPI, are discussed in more detail in Chap. 4.

Field installers rely on both loss estimation provided by their splicing
equipment during installation, and measurements acquired with optical time-
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domain reflectometers (OTDRs) after installation to ensure that their splices
meet the system specifications determined in the loss budget. Loss estimation
is based on images of the completed splice and can give the installer an
estimate of the actual splice loss. Not only must the loss estimation process be
reasonably accurate, but the acceptance criteria for individual fusion splices
must be appropriately set to maximize yield during network installation while
minimizing the need to replace occasional high-loss fusion splices [1.24-1.27].

OTDR loss measurements are used since they can locate splices and ac-
curately measure splice loss in installed fiber from many kilometers away.
The completed splice is often strength tested to ensure it meets mechanical
reliability requirements. Loss estimation, OTDR measurements, and strength
testing are beneficial since replacing a defective splice requires service inter-
ruption and is expensive. Loss estimation is discussed in detail in Chap. 5
while splice loss measurement and OTDRs is discussed in Chap. 7.

Splices are not only present in the transmission cables of an optical net-
work, but also inside various optical fiber devices that are situated at the ter-
minus of transmission spans. For example, modern optical fiber networks rely
heavily on dispersion compensating fiber (DCF). Multiple kilometer lengths
of DCF are wound onto a spool that is terminated at both ends with “pig-
tails” of SMF. Since the DCF fiber design is very different from the SMF
design, splice losses between DCF and SMF are usually several tenths of a
dB. Needless to say, these splice losses make an impact on the overall system
loss budget and minimizing them is important.

Over the years, various standards bodies have issued a plethora of standards
and requirements for optical fiber fusion splices. Some of the major standards
bodies concerned with fusion splicing include Telcordia (formally Bellcore),
the Telecommuncations Industry Association (TIA), International Electro-
technical Commission (IEC, also known as CEI), the International Telecom-
munications Union (ITU), and the European Telecommunications Standards
Institute (ETSI). These standards and requirements pertain to fiber prepa-
ration equipment (cleavers and coating strippers), fusion splicing equipment,
splice protectors as well as fusion splices themselves. Specifications detailed
in these standards include temperature and humidity tolerance, maximum
permissible splice loss, proof test strength requirements, loss estimation ac-
curacy requirements, and equipment safety requirements. Appendix C lists
several published standards for the benefit of the interested reader.

1.6 A Brief History of Fusion Splicing

The first optical fiber fusion splices were performed soon after the develop-
ment of optical fibers themselves. Much of the fundamental research concern-
ing fusion splicing was conducted in the 1970’s on early silica and non-silica
single- and multimode fibers. Simple loss prediction models, basic fiber prepa-
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ration techniques, various heat source options, and certain packaging issues
were investigated during that time period.

The first documented optical fiber fusion splices were performed by Bis-
bee at Bell Laboratories [1.28] only one year after researchers at Corning
achieved a milestone by fabricating an optical fiber with less than 20 dB/km
attenuation [1.29]. Bisbee’s initial fusion splicing study was tremendously
influential and it detailed all the major issues relevant to fusion splicing. Bis-
bee proposed numerous techniques that are now standard practice in optical
fiber fusion splicing. He recognized that proper preparation of the fiber tips
is critical to fabricating a low-loss splice. He proposed controlled fracture of
the fiber, now termed cleaving, as a convenient way of obtaining suitably
planar end faces. He also proposed using a system of mirrors to permit or-
thogonal views of the fiber tips for fiber alignment, and this strategy is now
standard on all fusion splicing equipment. Bisbee’s splices were heated with
resistive nichrome wire, which was able to generate enough heat to splice his
relatively low-temperature glass fibers. The optical losses of these pioneering
multimode fusion splices were measured to be as low as 0.5dB [1.28].

Two years later, researchers in the UK performed the first fusion splice of
single-mode fibers fabricated from low-temperature glasses [1.30]. This group
recognized the extreme importance of fiber alignment for achieving low-loss
single mode fibers. Following Bisbee, resistively heated nichrome wire served
as the heat source. The best case splice losses were on the order of 0.5 dB as
was the case for the earlier multimode fiber fusion splices.

In 1973, Bell Labs researchers documented the first optical fiber cleaver
designed to take advantage of brittle fracture to obtain extremely flat fiber
end faces [1.31]. The utility of this cleaving device was apparent when butt-
coupling losses as low as 0.04 dB were achieved with multimode fibers.

When it became apparent that high-purity silica glass was the preferred
material for optical fibers on account of its low attenuation, higher temper-
ature heat sources were sought out. Inspired by laser fiber drawing of silica-
based optical fibers done at Western Electric Co. [1.32], researchers at Hitachi
in Japan turned to a CO3 laser in 1976 [1.33]. This heat source provided suf-
ficiently high temperatures for fusion splicing the highest temperature fibers,
but the bulky and expensive COs laser systems available at that time were
only appropriate for laboratory splicing.

During the same period, researchers at Corning Inc. suggested the use of
an electric arc discharge to splice silica fibers [1.34]. Researchers at Corning,
Bell Labs, and NTT immediately reported on the new arc fusion splicing
technique [1.34-1.36]. Bisbee documented multimode fiber splice losses as
low as 0.03 dB with this technique which nearly matches contemporary mul-
timode splice losses [1.34]. Meanwhile, Jocteur and Tarday documented the
first flame-heated fusion splicing [1.37]. Bisbee introduced the idea of recoat-
ing a splice with polymer to safeguard its surface from scratches [1.34]. Ko-
hanzadeh recognized the possibility of simultaneously splicing multiple fibers
with a single electric arc [1.35].
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In 1977, Marcuse published a seminal paper describing how the splice
loss of a single mode fiber depends on geometric misalignments [1.38]. This
description of splice loss was simplistic but laid the foundation for future
splice loss estimation research. In 1983, White and Puhl applied coupled
mode theory to optical fiber splice loss and obtained a theoretical model
that could estimate splice loss based on deformations of a single mode fiber
core [1.39]. This result served as the basis for many future commercial loss
estimation routines.

The first mass fusion splices of optical fiber ribbon cable was performed
with a CO3 laser by Kinoshita and Kobayashi in 1979 [1.40]. However, the
fibers could only be spliced one at a time. Tachikura followed the lead of
Kohanzadeh by simultaneously splicing five multimode fibers with an electric
arc in 1981 [1.41].

In the early days of optical fiber fusion splicing, most researchers as-
sumed that it was impossible to achieve a fusion splice whose failure strength
matched that of the original fiber. However in 1985, Krause and Kurkjian
of Bell Labs reported fabricating single-mode fiber splices whose failure
strengths were just as good as the unspliced fiber [1.10]. This result was
achieved using an oxy-hydrogen flame as the heat source in conjunction
with chlorine gas to suppress the deleterious effects of water vapor on fiber
strength. Although their approach was not practical outside the laboratory,
it demonstrated the amazing possibility of fabricating fusion splices that were
both mechanically and optically indistinguishable from the original fiber. In
the mid-1990s, Berg and Johansen achieved similar results using a more prac-
tical electric arc fusion splicer [1.42].

During the 1980’s a variety of commercial fusion splicing equipment was
introduced. Most of these fusion splicers used an electric heat source but
others employed metal filaments. Significant efforts were made to understand
splice strength and reliability as the first optical fiber communication links
were introduced into service.

In the 1990’s a wide variety of specialty fibers such as erbium-doped gain
fiber, dispersion-compensating fiber, and microstructured fiber were intro-
duced. Each of these specialty fibers came with their own unique challenges
and a variety of specialty fiber fusion splicing strategies were developed. It
seems assured that future developments in optical fiber technology will con-
tinue to push the frontiers of optical fiber fusion splicing as they have for the
past 30 years.

1.7 The Frontiers of Fusion Splicing

Optical fiber fusion splicing is an area of active research and development
because it is so critical to modern communications networks. Important de-
velopments are underway in research laboratories, factory fusion splicing, and
even field installation fusion splicing. A search of the United States Patent
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Office database (available at http:\\www.uspto.gov) reveals that hundreds of
patents related to optical fiber fusion splicing have been issued over the past
several years.

Field splicing evolves along with the optical fiber cables themselves. Fiber
cable manufacturers are increasing the fiber content of their cables and splicer
manufacturers are responding by designing mass fusion splicers that can splice
more fibers at a time. State of the art mass fusion splicers can simultaneously
splice fiber ribbon cable containing 24 individual fibers. Improving splicing
quality and consistency while reducing the cost of splicing equipment and the
time required to complete a splice is an important focus of research.

The driving force for change in the factory environment is the need to
reduce costs while improving quality and consistency. One way to satisfy
this need is to increase the level of automation thus reducing human involve-
ment in the fusion splice process. Much of the variation in the quality of
fusion splices stems from human handling of the fibers before and after the
actual splice itself. For example, an operator can easily reduce the ultimate
strength, and hence the reliability, of a fusion splice by inadvertently touch-
ing the bare fiber. Poor cleave quality resulting from human operation of the
cleaving equipment contributes to fusion splice loss. Automation can avoid
these sources of inconsistency. Furthermore, automation can reduce costs by
performing the tasks comprising the fusion splice process faster than a human
operator.

Most contemporary splicing hardware automatically aligns the fiber tips,
splices them together, and evaluates the quality of the resulting fusion splice
but it does not automatically prepare the fiber tips. Several fusion splice
manufacturers have recently marketed fully automatic fusion splicers which
prepare the fiber tips, fusion splice them, and package them. The general ap-
proach has been to integrate several fiber processing stations, each of which
performs a single task from fusion splice process (Fig. 1.1). In some sys-
tems, the stations are automatically transported to the fibers, in others, the
fibers are transported from station to station. Some fully automatic fusion
splicing systems can simultaneously process several fibers and can fusion
splice as many as two fibers every minute. A human operator is still required
to lace fibers on a pallet which is then fed into the fully automatic fusion
splicer. A representative fully automatic fusion splicing system is discussed
in Chap. 10.

Nearly all businesses are connected by broadband data links, and highly
aggregated data streams are all transmitted over optical fiber. However, the
“last-mile” in modern communications networks, the link between central
offices and private homes, is typically not a broadband connection. Part of
the reason is the high cost associated with installing fiber-to-the-home (FTTH
also known as fiber-to-the-premises, FTTP). At the time of writing, various
solutions for providing FTTH are under consideration. The potential of the
FTTH market is driving the development of low-end low-cost optical fiber
fusion splicing technologies [1.43].
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The frontiers of fusion splicing are shaped by the evolution of fiber de-
signs. Multimode and standard single-mode are older fiber designs and con-
temporary splicing hardware is quite capable of obtaining high quality re-
sults with these fiber types. Dispersion shifted fiber, erbium-doped gain fiber,
dispersion-compensating fiber, and polarization-maintaining fiber represent
the current state-of-the-art in fiber design and can be effectively fusion spliced
with contemporary equipment in most cases. However, some of these special-
ized fiber designs are extremely difficult to splice. Achieving low-loss splices
with such fibers is an area of active, and often very proprietary, research.

Great progress has been made in the development of plastic optical
fibers [1.44,1.45]. In contrast to silica glasses, polymer optical fibers can be cut
with a sharp blade, simplifying fiber tip preparation. Certain polymer fibers
can be fusion spliced in a manner similar to silica based fibers, although at
much lower temperatures [1.46,1.47]. In one instance, plastic fibers were fused
by a metal filament in a quartz mold at temperatures of about 180° C [1.46]
with losses on the order of 0.5 dB. However these splices were relatively weak.
Higher splice strengths and lower splice losses were achieved by fusing plastic
fibers inside a tube of poly-ether-ether-ketone (PEEK) [1.47]. Another option
for fusion splicing of polymer optical fibers is “chemical splicing.” Polymethyl-
methacrylate (PMMA) plastic optical fibers can be chemically fused at room
temperature with solvents that dissolve the plastic and produce a fused joint
with losses as low as 0.2dB [1.48].

Microstructured fibers may very well fill important new roles in fiber de-
vices and might even serve as long-haul transmission fiber. These fibers pose
particularly unique and difficult problems for fusion splicing. Commercial-
ization of these fibers will no doubt have a profound impact on the future
evolution of fusion splicing technology. The future of optical fiber may very
well lie with microstructured fiber or perhaps even non-silica based optical
fiber, which pose even greater challenges.

1.8 Summary

An optical fiber fusion splice is a permanent welded joint between two optical
fibers that exhibits minimal optical loss and reflectance with long-term relia-
bility rivaling the fibers themselves. Such fusion splices are ubiquitous in the
optical communications network, connecting together transmission fibers as
well as specialty fibers inside optical fiber devices. Fusion splicing technology
has been around almost as long as the optical fibers themselves. Fusion splic-
ing is becoming increasingly important as novel high-performance optical
fibers and optical fiber devices are developed. Future developments in fu-
sion splicing technology will likely involve increased levels of automation, the
emergence of the metro and fiber-to-the-home (FTTH) markets, and novel
fiber designs and materials.
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As we learned in Chap. 1, optical fiber fusion splicing is comprised of many
steps aside from heating the fiber tips to form a welded joint. Prior to actu-
ally forming a joint, the fiber tips must be specially prepared. Nearly all silica
optical fibers are coated with a protective polymer material that must be re-
moved, or stripped, prior to fusion splicing. Following stripping, the fiber tips
must be cleaved in order to obtain planar end faces suitable for fusion splic-
ing. These preparatory steps are usually performed by instruments separate
from the fusion splicer that actually forms the splice joint. Once the tips are
prepared, they must be aligned to each other in preparation for joint forma-
tion. Over the past three decades, both fiber preparation and fiber alignment
have evolved along with optical fibers themselves.

One might assume that fiber preparation for fusion splicing is relatively
unimportant compared to the actual joint formation, loss estimation, or splice
packaging. Previous treatments of optical fiber fusion splicing have indeed
overlooked fiber preparation. However, certain aspects of fiber preparation
are of critical importance since they significantly impact both the optical
quality and the long-term reliability of the resulting fusion splice. For ex-
ample, the cleave quality is a major contributor to geometric deformation
in a fusion splice, and this geometric deformation is often a dominant factor
controlling the splice loss (see Chaps. 4 and 5). The stripping process is often
the dominant factor controlling the ultimate tensile strength of the resulting
splice, which in turn determines the long-term reliability of the splice (see
Chap. 6).

In this chapter we present a general introduction to optical fiber strip-
ping, cleaving, and alignment technology applied to fusion splicing. More
specific information is available in the numerous references cited throughout
the chapter.

2.1 Stripping

The fundamental motivation for stripping the coating from a fiber prior to
fusion splicing is that the high temperatures experienced during joint forma-
tion will damage polymer coatings and possibly damage the heated portion
of glass contacting the coating. Furthermore, alignment of the fiber is more
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accurate when gripping on the bare glass surface because the dimensional
tolerances of the glass are usually far superior to that of the polymer coat-
ing. Finally, optical fiber coatings often exhibit shape memory, known as curl,
which can complicate fiber alignment (see Sect. 3.2.1).

However, the stripping process can reduce the fiber’s mechanical strength
and long-term reliability by degrading the pristine glass surface [2.1,2.2].
Furthermore, bare silica fiber can easily incur new strength-reducing surface
flaws. Finally, any splice package or protector must be at least as long as
the length of stripped fiber. For these reasons, fusion splicers are designed to
work with a minimum length of stripped fiber, which typically ranges from
about 5 mm to about 20 mm when measured from the cleaved tip.

The ultimate tensile strength of a fusion splice is closely correlated with
its long term mechanical reliability (see Chap. 6), and this tensile strength is
often directly determined by the details of the stripping process. The ultimate
tensile strength of as-drawn, coated, 125 um diameter fiber is about 57N,
which is equivalent to about 5.5 GPa or 800kpsi (kpsi stands for kilopounds
force per square inch, a common industry unit) of tensile stress. Stripping can
reduce this tensile strength by as much as, and sometimes even more than, an
order of magnitude. Furthermore, any coating residue left on the glass fiber’s
surface can interact with the heated fiber during joint formation leading to
significantly lower tensile strength and reduced long term reliability.

Coating removal technologies can be broadly organized into three cate-
gories: (1) mechanical and thermo-mechanical stripping, (2) chemical strip-
ping, and (3) vaporization techniques (which include laser- and flame-based
techniques). Generally speaking, chemical and vaporization techniques are
essential for high-strength fusion splices. However, they also require more ex-
pensive and more complicated hardware, and may pose serious safety hazards.
Thus, most field splicing, and a good deal of laboratory and factory splicing,
is performed with the aid of mechanical and thermo-mechanical stripping.
As more production fusion splicing is automated, chemical, and especially
vaporization techniques are becoming more common.

In this section we will provide an introduction to optical fiber stripping for
fusion splicing. We begin our treatment with a discussion of common optical
fiber coating designs. We then discuss each of the three major categories of
stripping. For the interested reader, a comprehensive and up-to-date review
of optical fiber cable construction and coating removal is available in [2.3].

2.1.1 Fiber Coatings

An analysis of the stripping process requires an understanding of the optical
fiber coating itself. An optical fiber’s coating design obviously depends on the
fiber’s application. For example, connectorized optical fiber cable jumpers and
patchcords are typically endowed with several robust polymer layers, as well
as a Kevlar yarn layer, to endure frequent handling. In contrast, a specialty
fiber, such as erbium-doped fiber (EDF), is usually not designed to withstand
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much handling or environmental stress, so it is typically available as a single
strand with only a soft 250 micron diameter acrylate coating. Ribbon fiber
consists of several individual coated fiber strands held together in a linear
arrangement by a soft polymer binder. Some specialty multimode fibers have
pure silica cores directly coated with a low refractive index polymer that also
serves as the optical cladding.

Despite this wide variety, coatings of fibers designed for fusion splicing
share some common features. The innermost polymer coating is nearly always
a relatively soft, UV-cured, urethane acrylate, which exhibits a refractive in-
dex higher than that of silica in order to strip out and attenuate unwanted
light. This acrylate coating consists of one or two distinct layers (Fig. 2.1).
If there are two layers, the inner acrylate layer, known as the primary coat-
ing, is very soft in order to minimize microbend losses [2.3,2.4], and has an
outer diameter of about 180 um. The outer layer, known as the secondary
coating, is a harder acrylate, thus providing better abrasion resistance. The
outer diameter of the entire acrylate coated fiber is usually 250 um, although
specialty fiber coatings can be as large as 400 pum. When the glass fiber itself
is only 80 um in diameter, the outer diameter of the acrylate coated fiber is
also smaller, often on the order of only 150 pm.

Primary acrylate layer

Secondary acrylate layer

Fig. 2.1. Schematic illustration of typical polymer coating architecture for single
stranded fiber. Figure not to scale

The individual strands comprising a ribbon fiber are also usually coated
with a dual acrylate layer, and the strands are bonded together by an acrylate
polymer matrix (Fig. 2.2). These relatively soft polymer materials facilitate
the stripping process.

In addition to the innermost coating layers, some fibers have additional
layers of polymer, termed buffer layers. One common additional layer is the
tight buffer, which can exhibit an outer diameter ranging from 500 to 1000 pm
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Edge-bonded ribbon cable acrylate bonding medium

individual acrylate coating

125 pum diameter silica fiber

Fig. 2.2. Schematic illustration of an edge-bonded ribbon fiber. After [2.3]

but is usually 900 pm. Tight buffer coating is a hard plastic (much harder
than acrylate) that tightly grips the underlying acrylate and usually must be
removed in conjunction with the acrylate underneath. As its name suggests,
loose buffer differs from tight buffer in that it does not tightly grip the under-
lying acrylate layers, so it can be removed without damaging the underlying
acrylate.

Optical fiber coatings are often color coded to facilitate identification.
This is especially true in ribbon fiber cables. The coloring agent in the coating
usually does not affect the stripping process, but in some cases, such as when
TiO4 is used as a coloring agent and chemical stripping is performed, stripping
conditions must be modified to maintain high tensile strength [2.5].

One alternative to the usual acrylate coatings is a single layer of only
10 um of polyimide coating. Polyimide is attractive for some extreme appli-
cations because of its stability at high temperature. Some polyimide coated
fibers can withstand temperatures as high as 300° C for long periods of time
and 400° C for short durations. However, polyimide coatings are much more
difficult to remove, and are generally only found on certain specialty fibers.

Some large diameter (200 pm or more) multimode silica fibers are coated
with a hard, low refractive index polymer, which can serve as both a coating
and an optical cladding. The coatings of these hard clad silica fibers, commer-
cially known as HCS™ or TECS™  improves fiber strength and abrasion
resistance so these fibers can often be cabled without Kevlar yarn. Moreover,
connectors can usually be mechanically attached directly to the hard coating,
facilitating connectorization. Like polyimide coatings, hard plastic coatings
are difficult to remove so these fibers are usually intended to be connectorized,
rather than fusion spliced.

Individual coated transmission fibers are often packaged into cables, which
often exhibit a complex architecture and can include hundreds of individual
fiber strands. The interested reader is referred to [2.3,2.6,2.7] for a detailed
treatment of such transmission cables, and how they are prepared for splicing.

Some specialty silica fibers are fabricated with a thin layer of amorphous
or crystalline carbon on the outer surface of the glass cladding just under-
neath the innermost polymer coating [2.3,2.8]. This carbon layer is called a
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hermetic coating since it is designed to prevent hydrogen or water molecules
from diffusing into the fiber from the ambient environment. These hermetic
coatings have been shown to improve the mechanical fatigue characteristics
of optical fibers. Hermetic carbon coatings cannot be removed by mechani-
cal means. However, heating the fiber to a high temperature can remove the
carbon coating and the very high temperatures experienced during fusion
splicing will naturally remove the carbon coating in the vicinity of the fu-
sion splice and therefore also permit visualization of the fiber core and loss
estimation [2.8].

2.1.2 Mechanical and Thermo-Mechanical Stripping Techniques

Mechanical and thermo-mechanical techniques are by far the most commonly
employed methods to strip the coating from optical fiber in preparation for
fusion splicing. These techniques are inexpensive, fast, and applicable to a
fairly wide variety of coating designs (with the notable exception of polyimide
and hard clad silica). Both mechanical and thermo-mechanical stripping can
be performed with relatively inexpensive hand-held tools. Nearly all field
splicing utilizes mechanical or thermo-mechanical stripping. A large segment
of factory or laboratory fusion splices are also prepared with these techniques.
As their names suggest, mechanical and thermo-mechanical stripping in-
volve cutting into the coating with a hard tool to fracture the coating, and
then translating the tool along the fiber to peel the coating from the fiber
and push it off the surface [2.4]. When the coating is relatively rigid, the
coating will delaminate from the glass fiber’s surface. When the coating is
made from a softer polymer, such as the primary coating of a dual acrylate
coating, it may leave a residue of coating adhering to the glass fiber’s surface.
Generally speaking, dual acrylate coatings require less force to mechanically
or thermo-mechanically strip the fiber than single acrylate coatings [2.4].
Many mechanical fiber stripping tools closely resemble wire stripping
tools, and share the same principle of operation (Fig. 2.3). The initially coated
fiber is usually pulled through a tiny aperture, which contains sharp surfaces
that cut through the coating. Unlike in a conventional wire stripping tool,
the aperture in a optical fiber stripping tool is carefully designed to minimize
the possibility that it will contact the vulnerable glass surface and damage
it. Conventional wire stripping tools cannot be used to strip optical fiber as
they will scratch the glass surface making the fiber fragile.
Thermo-mechanical stripping is a variant of mechanical stripping in which
an electric heater softens the polymer coating to facilitate removal. The heat
from a thermo-mechanical stripping tool can also help to straighten a fiber
exhibiting a large amount of coating curl. Thermo-mechanical stripping is
particularly attractive when the coating consists of a single acrylate layer.
When the fiber has a dual acrylate coating, the softer inner layer is more easily
separated from the glass surface, so mechanical stripping usually suffices.
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Fig. 2.3. Common optical fiber mechanical stripping tool applied to standard
single-mode fiber with a standard 250 pm diameter dual layer acrylate coating

Thermo-mechanical stripping is commonly used to strip ribbon fiber,
which is usually designed with a soft, easily stripped acrylate coatings. Even
ribbons containing as many as 12 or 24 individual fibers can be stripped down
to the bare glass with relatively little force with the aid of a suitable thermo-
mechanical stripping tool. However, the tensile force applied to the ribbon
cable during thermo-mechanical stripping is proportional to the number of
fiber strands in the cable so large forces are required to thermo-mechanically
strip 24-fiber ribbon cable [2.9].

In another variant of mechanical stripping that is very similar to chemical
stripping, the fiber coating can be briefly soaked in a solvent, such as methy-
lene chloride (also known as dichloromethane or methylene dichloride), which
causes the coating to soften and to swell, thus facilitating mechanical strip-
ping [2.10]. However, the need for such a solvent, which may be toxic, makes
this variant less convenient and less common than other forms of mechanical
stripping.

When the fiber is coated with a tight buffer as well as an acrylate coating,
a thermo-mechanical stripper can be used to simultaneously remove the tight
buffer and the acrylate coating. The fiber chucks of many commercial fusion
splicers are designed to accommodate tight-buffered fiber. Alternatively, spe-
cial tools employing sharp razor blades can sometimes remove the tight buffer
without damaging the underlying acrylate coating.

Mechanical stripping usually leaves some amount of coating residue on
the glass surface of the fibers. This results from the fact that the stripping
aperture cannot physically contact the glass surface or it would significantly
reduce the fiber’s mechanical strength. Any coating residue remaining on the
fiber can interfere with the fiber chucks, the splicer’s image-processing based
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fiber alignment process, or can be baked into the fiber surface during joint
formation, thus weakening the mechanical strength and long term reliability
of the resulting splice. Coating residue on the fiber surface should be re-
moved with some kind of cleaning solvent. Organic solvents such as alcohol,
acetone, or even methylene chloride are used to wash away coating residue.
Ultrasonic agitation of a solvent bath is a common strategy to accelerate
residue removal. Alternatively, wiping the fiber with a solvent soaked swab
or tissue can effectively remove coating residue, at the expense of introducing
surface defects which will significantly reduce the mechanical strength of the
resulting splice.

Another significant disadvantage of mechanical or thermo-mechanical
stripping is that it will always induce some degradation of the fiber surface
thus weakening the fiber’s mechanical strength and also its long term relia-
bility. Mechanical and thermo-mechanical strippers are designed to minimize
the severity of this effect. When operated properly, a high quality mechanical
stripping tool, such as the one depicted in Fig. 2.3, can yield tensile strengths
of about 3.5 GPa (500kpsi) when applied to a standard 250 um outer diam-
eter dual-acrylate coating on a 125 pum diameter silica fiber. However, this
requires skill and careful attenuation to the process.

2.1.3 Chemical Stripping Techniques

Chemical stripping involves the use of an aggressive solvent to remove the
polymer coating of the fiber. Chemical stripping is attractive since, unlike
mechanical stripping, it does not require mechanical forces that cause defects
on the fiber surface leading to strength and reliability degradation. Moreover,
chemical stripping is effective for nearly all optical fibers, including polyimide
coated and hard clad silica. However, most of the chemicals are toxic, and
some are even flammable. Thus chemical stripping does not lend itself to field
splicing, but has been frequently employed in the laboratory or factory en-
vironments, especially when extremely high tensile strength and mechanical
reliability is required. Chemical stripping requires on the order of one minute
of processing time, which is longer than mechanical or vaporization stripping
techniques.

Sulfuric acid, or a mixture of sulfuric and nitric acid (for example 95%
H2S04 and 5% HNO3 by weight), heated to about 200° C is the most common
solvent for chemical stripping [2.5,2.10,2.11]. Hot acid is particularly effective
for stripping hard clad silica or polyimide fiber coatings, which are otherwise
very difficult to strip. Typical acid baths require about 30 seconds of soaking
to completely remove a 250 micron outer diameter acrylate coating from a
125 um fiber. At lower temperature or at higher pH, the processing time is
significantly lengthened. To achieve the best possible stripping performance,
the acid must be changed when it becomes heavily contaminated by dissolved
coating material [2.1]. Acid stripping poses many serious safety hazards and
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the working environment must be well ventilated (for example by fume hood)
to ensure the safety of the operator.

Some papers have claimed that hot-acid stripping actually degrades the
strength of the fiber, but recent work has refuted that claim [2.10]. Soaking
a fiber in a clean hot acid bath for long amounts of time (multiple minutes)
does not appear to degrade the fiber’s mechanical strength [2.10]. In fact,
Krause and Kurkjian showed that fusion splices exhibiting no measurable
reduction in tensile strength compared to the original as-drawn fiber could
be fabricated with acid stripping [2.12].

Methylene chloride (also known as dichloromethane or methylene dichlo-
ride) is an alternative to acid for removing acrylate coatings. Several minutes
soaking in methylene chloride can soften acrylate coatings to the point that
they may be readily peeled off the fiber intact. However, like hot acid, methy-
lene chloride poses serious safety risks as it is a suspected carcinogen and is
also flammable. Some solvents, especially methylene chloride, can wick up
long lengths of fiber causing the primary coating to separate from the glass.

Although chemical stripping usually leaves no coating residue, a final rinse
step is necessary to ensure no solvent remains on the fiber. Depending on the
stripping solvent, water, acetone, or alcohol are commonly employed as rinse
agents.

2.1.4 Vaporization Stripping Techniques

A number of vaporization stripping techniques have recently been developed
and commercialized so they are viable alternatives to chemical and mechan-
ical stripping. In these techniques, the coating material is removed from the
fiber by high temperatures. Vaporization techniques are very fast, avoid dan-
gerous solvents, minimize the amount of force applied to the fiber, minimize
the amount of coating residue, and often maximize the surface quality of the
resulting stripped fiber. However, the hardware required for vaporization-
based fiber stripping is substantial, which precludes field splicing applica-
tions. Vaporization stripping techniques are well suited to automated splicing
applications in a factory setting.

Most fiber coatings are flammable and can actually be removed through
combustion in an oxygen atmosphere (including ambient) in a process some-
times termed flame stripping. However, burning off the coating significantly
reduces the tensile strength of the stripped fiber, to an even greater extent
than mechanical stripping. When hot acid is unavailable, a flame or some
other high temperature heat source, is the only effective way to remove poly-
imide or hard clad silica fiber coatings.

Scanning a hot jet of gas over a coated fiber is one of the most com-
mon vaporization techniques [2.11,2.13-2.16]. The temperature of the gas
jet is on the order of several hundred degrees Celsius, which is much higher
than the maximum temperature the coating can withstand, but still much
lower than the softening point of the optical fiber itself. Hot gas jet coating



2.2 Cleaving 35

removal has been attributed to explosive thermal stresses in the coating ma-
terial by one source [2.16] and rapid dehydration by another [2.11]. After the
gas jet stripping process (but prior to fusion splicing) the tensile strength
of a standard 125 um diameter fiber has been cited to be on the order of
5GPa (700 kpsi) [2.11,2.14,2.16], which is nearly as strong as the virgin fiber
(5.5 GPa or 800 kpsi).

In another technique, termed thermo-vacuum vaporization (TVV) [2.17,
2.18] the coating blows off after being heated for a few seconds while held
under vacuum. The fiber strengths following TVV are also quite impressive,
on the order of 4 GPa (600kpsi) [2.17] for a standard 125 pm diameter fiber.

Tightly focused laser beams have also been used to remove coating from
optical fibers. This type of coating removal process is also termed laser ab-
lation. The laser wavelength must be strongly absorbed by the coating to
be effective. Frequency doubled copper vapor lasers as well as UV-emitting
excimer or far-IR emitting COs lasers have been used to strip coating from
optical fiber [2.19-2.21].

2.2 Cleaving

Optical fiber fusion splicing nearly always requires that the fiber tips exhibit
a smooth end face that is perpendicular to the fiber axis. A sufficiently per-
pendicular and planar fiber end face can be achieved via a process termed
cleaving, in which the brittle glass fiber is fractured in a controlled manner.
As we shall see, cleave quality is an important factor controlling fusion splice
loss. High quality cleaves are essential when fusion splicing challenging spe-
cialty fibers such as erbium-doped fiber (EDF) or dispersion-compensating
fiber (DCF).

Polishing a fiber tip can result in even higher quality fiber end faces, but
polishing requires more expensive equipment and more processing time, so it
is very rarely employed for fusion splicing. However, polishing is commonly
used for fabricating optical fiber connectors.

A wide variety of cleaving instruments are now commercially available.
Some cleavers are intended for field splicing applications while others are
geared for laboratory or factory environments. Some ribbon fiber cleavers
can simultaneously cleave all 24 individual optical fibers comprising a high
fiber count ribbon [2.9]. Automated fiber preparation systems, including au-
tomated fiber cleavers, are now commercially available as well. Cleavers are
available for non-standard optical fiber diameters, which can range up to and
beyond 1 mm.

Excellent treatments of optical fiber cleaving are available in [2.22-2.24].
The physics of fiber fracture, with an emphasis on mechanical reliability,
are discussed in Chap. 6, and especially in Sect. 6.2. In this section we will
provide a practical introduction to fiber cleaving for fusion splicing.
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2.2.1 Cleaving Techniques and Hardware

An optical fiber is cleaved by applying a sufficiently high tensile stress in
the vicinity of a sufficiently large surface crack, which then rapidly expands
across the fiber cross section at the sonic velocity. (Fig. 2.4). This idea has
many different practical implementations in a variety of commercial cleaving
equipment. Some cleavers apply a tensile stress to the fiber while scratching
the fiber’s surface with a very hard scribing tool, usually a diamond edge.
Other designs scratch the fiber surface first, and then apply tensile stress.
Some cleavers apply a tensile stress that is uniform across the fiber cross sec-
tion while others bend the fiber through a tight radius, producing high tensile
stresses on the outside of the bend. Cleave tension is commonly specified in
grams of force rather than Newtons. A typical high performance cleaver is
shown in Fig. 2.5.
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Fig. 2.4. Schematic illustration of scribe-and-tension strategy for cleaving optical
fibers

Commercial instruments for simultaneously cleaving all the fibers in a
ribbon fiber are also widely available. These ribbon fiber cleavers operate on
the same principles as single fiber cleavers. The average cleave quality of a
ribbon cleaver is somewhat inferior to that of a single fiber cleaver.

2.2.2 Basic Cleaving Principles

Despite the variation in cleaver design, some basic principles apply to all.
The fracture face resulting from a cleave consists of three regions, termed
mirror, mist, and hackle [2.22]. These regions are schematically depicted in
Fig. 2.6 and photographed in Fig. 2.7a. The mirror zone, which is optically
smooth, is produced first as the crack propagates across the fiber. As the crack
propagates further away from the initiation site, it forks into multiple crack
fronts and hackle results. The hackle is a rough surface that is undesirable
for fusion splicing. Mist is the transition region between the mirror zone and
the hackle zone.
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Fig. 2.5. Close-up of the York FK-11 cleaver which is a typical high performance
factory or laboratory optical fiber cleaver. Note the diamond tip stylus which is
touched against the tensioned fiber to produce an initial crack which leads to a
cleave. Typical cleave angles for this type of cleaver are less than 0.5°

initial crack
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Fig. 2.6. Illustration of different zones associated with cleaving

A high quality optical fiber cleave requires that there be no hackle and
minimum mist. The boundary of the mist region is governed by [2.22]

Uszist = KeraCt ; (21)

where o, is the locally applied tensile stress, Dyis is the distance from the
crack initiation site to the mist boundary, and Kf.act is a constant determined
by the material. The applied tensile stress, o,, can be approximated as the
cleave tension divided by the fiber’s cross sectional area.

The cleave tension must be low enough to ensure that the entire cross
sectional area of the fiber falls within the mirror region. When a cleave ex-
hibits hackle, excessive cleave tension may be to blame. However, insufficient
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Fig. 2.7. Comparison of two 125 um diameter cleaved fiber tips viewed with a 0.1
NA 5x microscope objective illuminated obliquely: (a) 300 g cleave tension and (b)
200 g cleave tension. Note the significant amount of hackle and mist apparent in
(a) and the nearly complete mirror surface in (b)

cleave tension can lead to an angled fiber end face, as discussed in the next
Subsection. Furthermore, insufficient cleave tension requires that the initial
crack be very large, and this large initial crack may itself comprise a defect
in the end face of the final cleaved fiber. The relationship between the stress
required to fracture a fiber and the initial crack size is described by crack
growth theory and is discussed in Sect. 6.2. Crack growth theory suggests
that when a 125 um diameter fiber is cleaved at a conventional cleave tension
of about 200 g force, the initial crack length is on the order of several microns.
This is consistent with published studies of initial crack geometry [2.24].

If the distance between the initial crack and mist initiation, Dpist, iS
set equal to the fiber diameter, then (2.1) can be manipulated to show that
proper cleave tension approximately scales with the fiber diameter raised to
the 3/2 power. If the optimal cleave tension for conventional 125 um diameter
silica fibers is taken to be about 200 g, this scaling law can be used to predict
the cleave tension appropriate for other fiber diameters, such 80 pm diameter
fibers which require a cleave tension of about 100g. Figure 2.8 shows how
optimal cleave tension varies with silica fiber diameter.

Optical fibers designed to exhibit abrasion resistance are much harder to
cleave than regular fibers. The formation of the initial crack during cleaving
can be thought of as a form of abrasion. An example of an abrasion resis-
tant fiber is Corning Titan™™ fiber whose outer cladding is comprised of a
TiO2/SiO4 glass mixture. One explanation for the difficulty of cleaving this
fiber is that the low thermal expansion coefficient of the TiO5/SiO2 glass
induces residual thermal compressive stresses on the outer surface of the
fiber [2.25,2.26]. Residual compressive stresses on the surface of an optical
fiber reduce the amount of tensile stress available for crack growth, thereby
inhibiting fracture.
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Fig. 2.8. Optimal cleave tension for silica fibers scales with the fiber diameter
raised to the 3/2 power. The experimentally observed optimal cleave tensions (solid
circles) agree with a theoretical prediction based on (2.1). (solid line)

Optical fibers with significant amounts of draw-induced residual compres-
sive stress (see Sect. 3.4) on the outer surface of the cladding are also difficult
to cleave. For example, fibers drawn at high tension with a low-viscosity glass,
such as a heavily fluorine-doped layer, are very difficult to cleave [2.27]. In this
case, there will be draw-induced residual compressive stress (see Sect. 3.4)
on the outer surface of the fiber that will make it very abrasion resistant and
hence difficult to cleave.

2.2.3 Cleave Defects

Since fracture is such a violent and difficult to control process, even the best
commercial cleaver will periodically yield defective cleaves. Some common
types of cleave defects are depicted in Fig. 2.9. A lip (Fig. 2.9a) is a projecting
spike of glass at the periphery of the fiber tip. Lips can be a serious problem
when they are more than a few microns long, which is enough to interfere
with the ability to gap the fibers. Generally a fiber should be re-cleaved when
it exhibits a lip that is visible in the magnified image of a fusion splicer.

A chip (Fig. 2.9b) is an absent section of glass on the periphery of the
cleaved fiber tip. Small chips are often of no consequence. Larger chips repre-
sent a deficit of material that will induce surface tension to shear the molten
glass at the fiber tip, thus distorting the splice geometry. Cleaved tips ex-
hibiting a chip visible in the magnified image of a fusion splicer should be
recleaved.

Any torsion of the fiber during the cleave will result in an angle (Fig. 2.9¢).
This is because a crack will propagate in a direction perpendicular to the local
principal tensile stress [2.29,2.30]. Torsion of the fiber causes the principal
stresses of the fiber to be angled with respect to the fiber axis. Angled end
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(a) (b) (c)

Fig. 2.9. Illustration of three common cleave problems: (a) lip, (b) chip, (c) angle.
After [2.23,2.28]

faces are a clue that the cleaving instrument is inadvertently applying torsion
to the fiber; often the fiber clamps are the culprit. Excessively low cleave
tension can result in an angled cleave since even small amounts of torsion
can significantly alter the direction of the principal stresses. Angled fiber
end faces are useful for suppressing reflectance in optical fiber terminations.
Fusion splices exhibit such low reflectance (usually less than 60 dB) such that
angled cleaves are unnecessary.

Most commercial fusion splice equipment include image processing rou-
tines which can measure the end face angle of the fiber tips in two orthogonal
axes and abort the splice if the angles exceed a preset threshold. More ac-
curate measurements of fiber end angle, and the topography of the fiber end
face, can be performed with an interferometer [2.28]. Convenient, portable
hand-held interferometric cleave checkers are commercially available and can
be used to measure the discarded portion of the cleaved fiber thus avoiding
any contamination of the cleaved fiber tip. Fig. 2.10 depicts some representa-
tive interferograms of cleaved fiber tips. When the absolute lowest loss fusion
splices are required, cleaved tips can be screened with an interferometric
cleave checker.

When a substantial portion of the cross sectional area of an optical fiber
is comprised of regions of glass with very different mechanical properties,
achieving a defect free end face can be very difficult. This is a common prob-
lem with polarization-maintaining (PM) fibers because they typically include
large areas of glass with very different mechanical properties and also signif-
icant residual stresses. The sonic velocity varies in the different regions so
the cleave does not propagate evenly across the end face of the fiber. These
issues are discussed in more detail in Sect. 9.2.

2.2.4 The Importance of Cleave Quality

The impact of cleave quality on the quality of the resulting fusion splice
should not be underestimated. Deficiencies in a fiber cleave are one of the
most common causes for geometric deformation in the resulting splice, which
are particularly onerous for single-mode fiber. Much of the variation in splice
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Fig. 2.10. Interferograms of 125 pm diameter optical fiber cleaves obtained using
the handheld Norland Cleave-Chek Interferometer. (a) High quality cleave with an
end angle of about 0.3°. The cleave initiation site is visible on the bottom left edge
of the fiber. (b) More typical cleave with an end angle of about 0.5°. The cleave
initiation cite is visible on the left edge of the fiber, as is a small chip on the fiber
end face. (¢) Poor quality cleave with an end angle greater than 2°. Dirt on the
reference optical flat is visible in all three interferograms. The operating wavelength
of this interferometer is about 650 nm so each degree of end face angle corresponds
to about 7 fringes

loss observed between different splices fabricated using the same splice pa-
rameters is due to variation in cleave quality.

There are several ways in which a poor cleave can reduce the quality of
the resulting splice. It can compromise the performance of image processing
routines that perform fiber alignment. Cracks in the fiber’s end face (Fig. 9.3)
can lead to a bubbles at the splice joint, which usually requires the splice to
be remade.

Furthermore, if the end face of the opposing fiber tips are angled with
respect to each other, there will usually be a deficit of glass material when
the fibers are brought together during the hot push. This deficit of material
typically induces shearing of the molten glass, resulting in significant core
deformation (Fig. 2.11). One way to reduce the deleterious effects of exces-
sive cleave angles when splicing standard single-mode fiber (SMF) is to use
relatively long heating times which encourages surface tension to minimize
core deformation [2.31]. However, this strategy is less effective on specialty
fibers such as erbium-doped fiber (EDF) or dispersion-compensating fiber
(DCF).

Determining a threshold cleave quality for a given fusion splice depends
on the fiber designs, the splicing equipment, and the loss requirements. For
standard single strand single-mode fiber, typical cleave quality requirements
are end face angles less than 1° with minimal lips or chips [2.31,2.32]. Since
cleaving ribbon fiber is more challenging, the maximum cleave angle is often
specified to be on the order of 3 or 4° [2.32]. High quality low-loss fusion
splices of single-mode fiber, especially fiber exhibiting a small mode field di-
ameter (MFD), will generally require a tighter specification of 0.5°. However,
if the cleave requirements are too severe, the cleave yield will be very low and
an individual splice will require excessive time to fabricate.
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Fig. 2.11. Tllustration of the effect of cleave quality on an optical fiber fusion splice
showing two fiber tips (a) before splice during alignment and (b) after splice. The
cleave angle of the right fiber tip was about 5°. The geometric deformation of the
core evident in the figure induced about 0.25dB loss at 1550 nm

2.3 Alignment

Once the fiber tips have been prepared, they must be accurately aligned to
each other so that the resulting fusion splice exhibits optimal optical perfor-
mance, which is commonly defined as low loss and minimal reflectance. As
we shall see in this section, several strategies are available for aligning optical
fibers.

In the earliest days of optical fiber technology, single-mode fibers were
considered to be of questionable value since aligning two 10 um diameter
fiber cores to form a joint was thought to be too difficult. These concerns
were quickly dispelled by the first generation of optical fiber fusion splicing
equipment.

Most modern fusion splicers grip the optical fiber tips within some form
of v-groove. These v-grooves may grip onto the stripped portion of glass, or
onto the polymer coating. Gripping on the glass can permit a more precise
alignment than gripping on the polymer coating since the glass usually ex-
hibits less curl and is not compliant. On the other hand, gripping on the
glass can induce surface defects that reduce the tensile strength and hence
the long-term reliability of the fusion splice (Chap. 6). Normally the axes
of the v-grooves are parallel to each other, but a high quality optical fiber
fusion splice usually requires that the fiber tips be actively aligned to each
other. This alignment normally occurs in the two orthogonal transverse axes.
In addition, specialty fibers such as polarization-maintaining (PM) fiber and
microstructured fiber require rotational alignment as well (Chap. 9). It is
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important to note that surface tension effects can significantly alter fiber
alignment, as discussed in Sect. 3.2.

In this section we will survey both passive and active strategies for aligning
optical fibers in preparation for fusion splicing. The specific details of these
alignment strategies depend on related topics, such as the optics of fusion
splices, splice loss measurement, and fiber imaging, which are discussed in
Chaps. 4, 5, and 7 respectively.

2.3.1 Passive Alignment

The simplest fiber alignment strategy is termed passive alignment, and as its
name suggests, it requires no active intervention by the operator or the fusion
splicer. A passively aligned fusion splice relies on the accurate pre-alignment
of fiber v-grooves that grip the outer surface of the fiber tips. The advantages
of passive alignment include extremely low cost, simplicity, and speed.

However, passive fiber alignment is characterized by several important
disadvantages. Passive fiber alignment requires the fiber tips to exhibit ex-
tremely low core eccentricity, low curl, and a well controlled cladding diam-
eter. Passive fiber alignment is less effective when the fiber core diameter is
very small, since such fibers are more sensitive to small core misalignments.
Passive alignment will not function properly when either the v-groove or the
fiber surface is contaminated by dirt.

For these reasons, passive alignment is only found on earlier generation
fusion splicing machines or on lower cost field fusion splicers or mass fusion
splicers. Nearly all contemporary optical fiber fusion splicers employ some
form of active alignment.

2.3.2 Image-Based Active Fiber Alignment

The most common strategy for performing fiber alignment is image-based
active fiber alignment in which a microprocessor activates fiber positioners
based on a digital image of the fiber tips obtained with the aid of an imaging
system comprised of an illumination source, a microscope objective, and a
digitizing camera [2.33-2.36] (see Fig. 5.2 and Sect. 5.1). Such an alignment
system is obviously more expensive and complex than a passive alignment
system, but it is much more powerful and flexible, capable of compensating
for small amounts of fiber curl, core eccentricity, dirty fibers or v-grooves,
and cladding diameter variations. Moreover, as we shall see in Chap. 5, the
same imaging system used for fiber alignment can serve as the basis for loss
estimation of the completed splice.

Image-based active fiber alignment systems can align the fiber tips based
on the fiber cladding position. Many fusion splices can even use the image of
the fiber cores to align the fiber tips. This is termed a profile alignment system
(PAS) since it aligns the fiber tips based on their refractive index profiles.
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However, as we shall learn in Sect. 3.2.3, surface tension effects during fusion
splicing can corrupt fiber alignment based on the detected core position.

Contemporary mass fusion splicing systems commonly use image-based
active fiber alignment. However, the alignment system does not actively align
each individual fiber strand comprising the ribbon. Instead, the individual
fiber strands comprising a ribbon are gripped in a substrate containing fixed
v-grooves. The two opposing substrates are actively aligned with each other
based on the averaged position of the detected fiber claddings (Fig. 2.12).
Since this scheme depends on the fiber cladding for alignment, core concen-
tricity and cladding diameter stability can have an important impact on the
resulting fusion splice loss.

Fig. 2.12. Schematic illustration of a common mass fusion splicer alignment
scheme. All the strands of a ribbon fiber tip are simultaneously gripped by fixed
v-grooves in a substrate. The two opposing substrates are aligned to each other
in two orthogonal axes (indicated by the heavy arrows) by micropositioners. Typ-
ically an image-based active alignment system detects the surface of each fiber’s
cladding and actively aligns the two substrates by minimizing the average cladding
misalignment of the individual fiber strands. For the sake of clarity, the figure de-
picts a ribbon cable with only four fibers, but contemporary ribbon fibers consist
of as many as 24 individual fiber strands

Polarization-maintaining (PM) are not rotationally symmetric so high
quality fusion splices involving these fibers usually require that the two fiber
tips be rotationally aligned to each other. This type of alignment is nearly al-
ways performed using image-based alignment systems. Most equipment aligns
these fibers based on transverse images but some equipment can align these
fiber tips based on endview images of their cleaved end faces. Issues concern-
ing PM fiber alignment are discussed in Sect. 9.2.

2.3.3 Transmitted-Power Based Active Fiber Alignment

Instead of relying on CCD images of the fiber tips, the fiber tips can be ac-
tively aligned by monitoring the amount of optical power transmitted across
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a small air gap (Fig. 2.13). Transmitted-power based active alignment inher-
ently involves a measurement of optical loss, which is described in greater
detail in Chap. 7.

Active alignment systems include an optical source, such as a laser diode
(LD) or a light-emitting diode (LED), that is coupled into the free end of
one fiber, and an optical power meter that detects the amount of power emit-
ted by the free end of the other fiber. A microprocessor programmed with
an appropriate algorithm moves the fiber positioners to the location of maxi-
mum transmitted power, which is assumed to be the optimal fiber alignment.
Unfortunately, active alignment can lead to alignment errors resulting from
imperfect cleave angles, which refract the light as it traverses the air gap be-
tween the fiber tips so that the alignment with maximum transmitted power
may not correspond to alignment of the fiber cores.
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Fig. 2.13. Schematic illustration of a generalized transmitted-power based active
alignment system. The arrows denote the flow of control to or from the micropro-
cessor

Monitoring the transmitted power can also be used to determine when
joint formation is completed, or when dopant diffusion has minimized the
splice loss [2.37,2.38] (dopant diffusion is discussed in Sect. 3.3). However, if
the optical source used for alignment is relatively weak or if the power meter is
a broadband detector, the inherent blackbody infrared emission of the heated
fiber tips can affect the transmission loss measurement. Active alignment is
most often used when fusion splicing erbium-doped amplifier fiber (EDF),
although it is important to note that EDF strongly absorbs optical signals
in its amplification band near 1550 nm so that active alignment of EDF is
often performed at a wavelength of 1310 nm.

Another important disadvantage of active alignment are alignment er-
rors associated with interference fringes that result from multiple reflections
between the closely spaced end faces of the fiber tips. The refractive index
difference between glass and air induces approximately 4% of reflection at a
single fiber end face, which corresponds to about 0.3 dB of transmission loss.
When the air gap is sufficiently small (less than about 20 microns), most op-
tical sources, including light-emitting diodes (LEDs) and laser diodes (LDs),
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will exhibit a wavelength dependent loss associated with this reflection that
varies between 0 and 0.6 dB [2.40]. The wider the bandwidth of the optical
source, the smaller the air gap separation required for interference fringes,
but only white light sources have a sufficiently broad spectral content to
avoid these fringes during final fiber alignment when the separation between
the fiber tips is on the order of 20 microns or less. Figure 2.14 shows how
these interference fringes vary with the air gap distance between two conven-
tional single-mode fiber (SMF) tips at 1550 nm. The figure shows that even
perfectly aligned conventional SMF fiber tips with perfectly perpendicular
cleave angles can exhibit nearly 0.6 dB of loss prior to fusion splicing. Minute
variations in the fiber tip separation can occur during lateral alignment of
the fiber tips. Since variations as small as 100 nm can induce several tenths
of a dB variation in transmission loss, these interference fringes can confuse
an active alignment algorithm.
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Fig. 2.14. Transmission loss across the air gap between two conventional single-
mode fiber tips at 1550 nm. The sinusoidal fringes are caused by multiple reflections
between the end faces of the fiber tips. The gradual loss increase at larger gap
distances is caused by diffraction of the optical signal as it traverses across the air

gap

2.3.4 Light-Injection and Detection (LID) Technology

Light-injection and detection (LID) is a transmitted-power based alignment
system that does not require access to the free ends of the fibers to be spliced.
Instead, an unstripped portion of the fiber near one of the tips is bent through
a tight radius and illuminated with laser radiation [2.41-2.43] (Fig. 2.15).
Bending an optical fiber, especially a single-mode fiber, induces loss because
some of the light is scattered out of the fiber. Since a bent fiber can couple
light out of the core into the external environment, light can also be coupled



2.4 Summary 47

from the external environment into the core of the fiber. Brightly illuminating
a fiber with a bend diameter on the order of several millimeters can couple a
substantial amount of light into the core [2.42].
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Fig. 2.15. Schematic illustration of an LID fiber alignment system. The coated
fiber is bent near the fiber tips to launch light and detect light. The arrows denote
the flow of control to or from the microprocessor

In order to detect the amount of light traversing the air gap between the
fiber tips, a downstream tight fiber bend is situated near a photodetector.
The tightly bent portion of the fiber must be coated to protect against break-
age. Like other types of transmitted-power based alignment, LID is sensitive
to the cleave angle. In principle, the LID system can also be used for loss
measurement of a completed splice.

2.4 Summary

Optical fiber fusion splicing requires the initial fiber tips to be stripped and
cleaved. These preparatory steps are important to the resulting splice loss,
tensile strength, and long term mechanical reliability.

Stripping is necessary since the polymer coating cannot withstand the
high temperatures of joint formation, and in many cases stripping permits
superior fiber alignment since the glass geometry is much more precise than
the polymer coating. Stripping can be accomplished with mechanical, thermo-
mechanical, chemical, or vaporization techniques. Mechanical and thermo-
mechanical techniques are well suited to all types of fusion splicing, but typ-
ically induce surface defects that reduce the tensile strength and long term
mechanical reliability of the resulting fusion splice. Chemical and vaporiza-
tion techniques permit much higher tensile strengths and superior mechani-
cal reliability, but are more hazardous and more costly so they are restricted
to laboratory or factory splicing. Chemical and vaporization stripping tech-
niques are essential to high-strength fusion splicing.



48 2. Fiber Preparation

Cleaving is a controlled fracture of an optical fiber intended to achieve a
mirror-smooth, perfectly perpendicular fiber end face. Even the best cleaving
instrument will periodically produce cleaves with defects. Cleave imperfec-
tions are a major source for splice loss variation between different splices fab-
ricated with the same splicing parameters. Image processing built into most
commercial fusion splicing equipment can detect cleave defects, especially
end face angles. High quality cleaves are essential to low-loss fusion splic-
ing of difficult-to-splice specialty fibers such as erbium-doped fiber (EDF) or
dispersion-compensating fiber (DCF).

Prior to joint formation, the optical fiber tips must be aligned relative
to each other. Some fusion splicing hardware employs passive alignment us-
ing fixed position v-grooves. More sophisticated alignment strategies include
image-based active alignment in which the microscope images of the fiber’s
core or cladding are used for alignment purposes. Fibers can also be actively
aligned based on the amount of optical power transmitted across the air gap
between the fibers. Light-injection and detection (LID) permits active align-
ment based on transmitted power without requiring access to the fiber ends.
Polarization-maintaining (PM) optical fiber fusion splices usually require that
the fiber tips be rotationally aligned relative to each other.
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At its most basic level, fusion splicing is a mechanical process in which two
optical fibers are welded together to form a joint. This welding is accom-
plished by heating the fiber tips until they attain a temperature at which
they soften and coalesce. Mechanical forces, heat transfer, and mass trans-
fer all interact to shape the fusion splice process. An engineering analysis of
these phenomena can provide valuable insights into strategies for fabricating
low-loss, high strength fusion splices.

In this chapter, we will analyze the mechanical aspects of optical fiber fu-
sion splicing beginning with heat transfer in Sect. 3.1. The relevant mechani-
cal forces will be discussed in Sect. 3.2 and the theory of dopant diffusion will
be covered in Sect. 3.3. In the concluding section, we will discuss the impact
of stress and strain on optical fiber fusion splices.

3.1 Heat Transfer During Fusion Splicing

All three fundamental heat transfer mechanisms, radiation, convection, and
conduction, play an important role in the fusion splice process. A detailed
review of heat transfer theory is beyond the scope of this book but is available
in [3.1,3.2]. In this section we present a basic analysis of heat transfer during
the fusion splice process.

Fusion splicing requires the fiber tips to be heated to a temperature high
enough to weld them together, which is about 2000° C for silica fibers [3.3].
Other types of glass fibers, such as borosilicate, fluoride, phosphate, or chalco-
genide require lower temperatures. Naturally, the heat source must be at a
higher temperature than the fibers in order to provide a driving force for
the transfer of heat. Ultimately, the heat produced during an optical fiber
fusion splice is dissipated into the ambient environment, but this heat load
is of little consequence since a typical fusion splice requires on the order of
10W [3.3] for a duration of about five seconds which amounts to about 50 J.

Despite the fact that heat transfer is clearly a central issue in optical fiber
fusion splicing, there have been surprisingly few published analyses of this
topic. Heat transfer during optical fiber fusion splicing is inherently complex
because fusion splicing is an unsteady, or time-dependent, process. More-
over heat transfer during fusion splicing is a non-linear process because the
material properties, and hence the heat flux, depend on the temperature of
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the glass. It is difficult to capture all the relevant physics with purely an-
alytical models and therefore a precise description of heat transfer during
fusion splicing requires numerical modeling techniques. Numerical modeling
of optical fibers heated in a manner similar to fusion splicing compares favor-
ably to experimental data [3.4-3.6]. In this section we avoid such numerical
modeling techniques to provide a more qualitative, rather than quantitative,
description of heat transfer during fusion splicing.

The heat source employed for fusion splicing may be an electric arc, a
resistively heated metal filament, a chemical flame, or a laser. Nearly all
commercial fusion splicers employ an arc heat source with filament heating
making up most of the balance. Laser and flame heat sources are mostly of
historical interest but there are instances in which a laser or a flame might be
useful for laboratory fusion splicing. Chemical flames usually employ oxygen
and hydrogen as fuels [3.7,3.8]. The COs laser is an appropriate laser to
serve as a heat source since its 10.6 um radiation is strongly absorbed by
silica [3.9,3.10]. In contrast to other types of heat sources that heat the fiber
through a combination of convection and radiation, a laser heats the fiber
exclusively through radiation. Another difference between a laser and other
heat sources is that the laser can confine the heat to a small zone at the fiber
tips while other heat sources tend to heat a longer length of fiber.

3.1.1 Arc-Discharge Heating

Since arc-discharge heating is by far the most common method to heat the fiber
tips, it is worthwhile to analyze it in some detail. In an arc discharge, a voltage
is applied across two electrodes separated by an air gap of a few millimeters.
Figure 3.1 depicts the variation of current with voltage applied to electrodes
separated by an air gap for a generalized discharge. The resulting current flow
heats the surroundings via thermal radiation and convection. Technically, this
heat source is a glow discharge, rather than an arc discharge, since it operates
in the so-called glow regime of a few milliamps [3.11]. Despite this, we will
adhere to the convention of referring to this glow discharge heating as arc
discharge heating since that terminology is so prevalent in the industry.

The heating profile of the arc discharge heat source has been analyzed in
the literature by measuring the optical intensity of the discharge and quan-
tifying the current density, ¢, which is measured in current per unit area
(A/m?) [3.11]. The radiative intensity fits a Gaussian in the transverse di-
rection so the current density can be assumed to be a radially symmetric
Gaussian. At any axial position z between the electrodes, the total current
between the electrodes is denoted by Iio. Given these assumptions, the cur-
rent density is given by [3.11]

i(r,z) = ﬁ‘“(z) exp (—20,;72@) , (3.1)

arc arc
where r is the radial coordinate, z is the axial coordinate along the axis of
the two electrodes, and ,,c(2) is the characteristic width of the Gaussian at
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Fig. 3.1. Voltage versus current for a generalized electrical discharge. After [3.6,
3.12]

any axial position z. Integrating this current density over all radial positions
yields the total current Iio. Based on Tachikura’s experimental data, oayc(z)
can be approximately expressed as [3.11]

Uarc(z) = 00(1 + CacmQ)_l/g ) (32)

where z = 0 at the midpoint between the electrodes, oy characterizes the
width of the Gaussian at z = 0, and Cl,c is a constant determined from the
variation of the radiative intensity in the z-direction.

Tachikura found that the radiative intensity scaled with the square of
the current density and concluded that the local energy density also scaled
with the square of the current density. For the purposes of a heat transfer
analysis, it is reasonable to assume that the temperature of the discharge
is proportional to the energy density. Thus, the arc discharge is hottest at
the electrode tips and along the r = 0 axis the arc discharge temperature
reaches a minimum at the midpoint between the electrode tips. The hottest
point at any fixed z position occurs at r = 0, along the electrode’s axis.
Figure 3.2 depicts this current density and energy density distribution with
the aid of contours that delineate lines of constant energy density and hence
temperature. Single fiber fusion splicing typically occurs at the midpoint
between the electrodes where r = 0 and z = 0. When splicing multi-fiber
ribbon cable, the fibers should be positioned relative to the electrodes along
a contour of constant energy density (as shown by open circles in Fig. 3.2) to
ensure that all the fibers experience equal heating. Tachikura’s experimental
measurements of fiber temperatures support this view [3.11,3.16].

The heating characteristics of an arc discharge depend upon environmen-
tal variables such as the temperature, barometric pressure, and relative hu-
midity. Consequently, the splicing parameters can depend on the ambient en-
vironment, especially during field splicing [3.17-3.19]. Furthermore, the total
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Fig. 3.2. Illustration of current and energy density distribution in an arc fusion
splicer. Current and energy density is rotationally symmetric about the » = 0
axis. Dashed lines represent contours of constant current flux or constant energy
density. Curved solid line with arrow illustrates direction of higher or lower current
density. Circles depict favorable locations for ribbon fiber to ensure equal heating.
After [3.11,3.15,3.16]

amount of heat produced by an arc is not continuously variable; below a cer-
tain current, the arc discharge is unstable and may terminate entirely. Despite
the fact that this stability threshold is sensitive to the ambient environment,
a low level of heating is sometimes desirable, for example when physically
tapering a fusion splice (Sect. 8.2.6) or performing a low-temperature fusion
splice (Sect. 8.2.4). In such cases the arc discharge may be rapidly pulsed at
a higher discharge current [3.13] to achieve a lower fiber temperature while
maintaining a stable arc discharge.

The heating profile of an arc also depends upon the purity of the electrode
tips, which are normally fabricated from a refractory metal such as tungsten.
During normal operation, the electrode tips have a tendency to accumulate
a coating of contamination, which can include silica or dust particles. These
particles can perturb the electrical current path and hence the arc’s heating
profile, which can increase fusion splice loss [3.14,3.19]. Moreover, contami-
nation particles have been shown to deposit onto the fiber tips during fusion
splicing, thus reducing the mechanical strength and long-term reliability of
the fusion splice. This issue is discussed further in Sect. 6.1. The solution to
this problems is to regularly clean the arc electrodes with a special brush.
Over time arc electrodes wear out and develop pits that result in an un-
steady or non-uniform heating. Well maintained arc electrodes can last for
1000 splices or more before requiring replacement.

3.1.2 Heat Flow

Figure 3.3 schematically illustrates heat flow during a fusion splice. The heat
transferred to the fiber tips by convection and radiation is primarily dissi-
pated to the surroundings via radiation and conduction down the length of
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the fibers. In fact, the thermal radiation emitted by the heated tips can cou-
ple into guided fiber modes and consequently an optical power meter will
often measure an increase in optical intensity during a fusion splice. For this
reason splice loss measurements are inaccurate while the splice is heated to
a high temperature.

The gap between the fiber tips is usually very small at the beginning of a
fusion splice and is reduced to zero by the hot push soon after. Furthermore,
the heat source and the fiber tips are usually symmetric about the gap so
there will be no heat flux across it. Consequently we will neglect the gap
between the fiber in our analysis and treat the fibers as if they are a single
continuous rod of glass. To further simplify the analysis we assume that the
heat source and the fibers are cylindrically symmetric so that the domain
reduces to two spatial coordinates, radial r, and axial z.

Heating profile of heat source

Qoutput: Qcond,out+Qrad.out Qoutput: Qcond,ouﬁQrad‘out

Qinpul:Qconv,in+Qrad,in Qinpul:Qconv,in+Qrad,in

Fig. 3.3. Schematic illustration of heat flow during optical fiber fusion splice. The
characteristic width of the heat source refers qualitatively to both convection and
radiation at the fiber surface. After [3.6]

An energy balance relates the temperature change in the fiber, i—f, to the
total heat flux across the fiber surface

dT
/Q CPE dVﬁber = Qinput - Qoutput 5 (33)

where p is the fiber density (~2.2kg/m3 for silica glass [3.20]), ¢, is the fiber
heat capacity (~700J/kg-K for silica glass at room temperature [3.20]) and
the integral is computed over the entire volume of the fiber, Vaper. As depicted
in Fig. 3.3, Qinput is the total input heat flux made up of convection, Qconv,
and the input radiation, Qrad,in, SO

Qinput = Qconv,in + Qrad,in 5 (34)

while Qoutput is the total output heat flux and is made up of conduction,
Qcond, and the output radiation, Qrad,out, SO

Qoutput = Qcond,out + Qrad,out . (35)

The Biot number, Bi, is a non-dimensional parameter which compares the
relative importance of heat transfer inside the fiber to heat transfer through
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the fiber surface. When Bi>>1 most of the thermal resistance comes from
conduction inside the fiber rather than convection at the fiber surface. Con-
versely, when Bi<<1, most of the thermal resistance occurs in convection at
the surface of the fiber and the temperature gradient in the fiber itself will be
small. The Biot number for a cylindrical object like an optical fiber is defined
as [3.1]

_ hDﬁber
2/€T

Bi : (3.6)
where Dgper 18 the diameter of the fiber, h is the convective heat transfer
coefficient at the fiber surface and k7 is the thermal conductivity, which is
about 1.38W/mK [3.1] at room temperature and increases with tempera-
ture [3.1, 3.6].

The convective heat transfer coefficient, h, quantifies how efficiently heat
is transferred from the surrounding medium into the fiber [3.1]

Qconv,in - /h(Tsurround - Tsurface)dA 5 (37)

where A is the surface area of the fiber exposed to the heat convection,
Tsurround 18 the temperature of the medium just outside the fiber surface, and
Tsurface 18 the temperature of the fiber surface. If the convective heat transfer
per unit area is denoted by ¢conv then we can write

Gconv,in = h(Tsurround - Tsurface) . (38)

It is very difficult to estimate h, as it depends on the subtleties of the
heat source and the medium surrounding the fiber. Estimates for h at the
surface of a 125 um diameter fiber during arc heating range from 24 to
113W/m? [3.6,3.21]. Other estimates for h are 158 W/m? for a 125 um di-
ameter fiber experiencing flame heating [3.22] and 300 W/m? during fiber
drawing [3.23]. Based on these values for h and T, Bi can be estimated to
be somewhere between 1 x 107% to 1 x 1072 W/m? for a 125 um diameter
fiber. Since Bi<<1 we may safely assume most of the thermal resistance
during optical fiber fusion splicing occurs at the fiber surface. This fact per-
mits a significant simplification: the temperature of the fiber will be largely
independent of radial position at any axial position along the fiber [3.4,3.6].
Since the fiber temperature is largely constant with respect to radius
during fusion splicing, most of the variation in the fiber temperature occurs
in the axial, or z, direction. This axial temperature gradient gives rise to a
conduction heat flux in the axial direction via Fourier’s Law [3.1]

ﬂ-DfQiber dTﬁbeT
4 "TTa
Radiation heat transfer in hot glass is complex and a complete treat-

ment is beyond the scope of this monograph. However, important conclusions

may be drawn from simple observations. Silica glass is relatively opaque to

Qcond,out = (39)
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thermal radiation in the far-infrared (wavelengths longer than 4 pm) where
most room temperature thermal radiation is found [3.24-3.26]. On the other
hand, pure silica glass is relatively transparent in the visible and near-infrared
(wavelengths below 2 pm) where most high temperature thermal radiation is
found [3.24-3.26]. After all, optical fibers are fabricated from the purest pos-
sible glass to achieve the highest possible transmission of near-infrared optical
signals! The peak emission wavelength, Apcak, for a blackbody thermal emit-
ter is given by Wien’s law [3.1]

Apeak = 2913/T (3.10)

where T is the blackbody temperature in Kelvins and Apcax is in pms. For a
heat source operating between 1750 and 3000° C, 0.9 um < Apeax < 1.5 um.
Since optical fibers are so transparent in this wavelength range, thermal ra-
diation in high temperature silica is really a bulk, rather than a surface
phenomenon.

Since the absorption of silica fibers is strongly wavelength dependent, it
is not well described by a gray body radiation model. Furthermore, exper-
imental data suggests that the near- and mid-infrared spectral absorption
coeflicient of pure silica glass, as well as its spectral emissivity, increases sub-
stantially at high temperature [3.24,3.26-3.28]. Thus, radiation heat transfer
in a silica fiber is difficult to quantify without resorting to numerical modeling.
Prior efforts to avoid this difficulty have approximated optical fibers as simple
gray bodies and crudely assumed that the fibers’ effective surface emissivity
and absorptivity is on the order of 0.1 [3.4,3.6,3.23] at high temperature.

Heat transfer inside a high temperature optical fiber occurs through both
conduction and radiation because high temperature thermal radiation can
travel through the glass bulk. The effective absorption coefficient, p,, of high
temperature thermal radiation in silica has been roughly estimated to be
on the order of 4cm~?! [3.6]. In the radial direction, communications fibers
are much thinner than 1/, so thermal radiation in the radial direction is
described by the optically thin limit. In the direction of the fiber axis, the
fibers are much thicker than 1/u, so thermal radiation in the axial direction
may be described by the optically thick limit, also known as the Rosseland
approzimation [3.29], in which thermal radiation inside the bulk material
behaves diffusively and thus manifests itself as a kind of thermal conductivity.
This radiation thermal conductivity, kg, can be defined for the fiber along
its axis as [3.6]

2 3
Kp = 16n°ospT™” 7 (3.11)
3lta
where n is the refractive index of the material (about 1.45 for silica glass),
osp is the Stefan-Boltzmann constant (5.67 x 107'?*W /m?K), and T is local
fiber temperature in Kelvins. The apparent thermal conductivity is the sum
of the “true” conductivity and the radiative conductivity. At splicing tem-
peratures, kg is more than 20 W/mK indicating that most of the apparent
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conductivity of a fiber at high temperatures is really due to radiation. Note
that kg does not change Bi very much since Bi is based on the apparent ther-
mal conductivity in the radial direction which is not significantly affected by
radiation since the fiber diameter is much less than 1/u,. The radiation heat
flow out of the fiber, Qrad ous may be estimated by

2
71-l)ﬁbcr K dTﬁbCT

rad,ou ~ 3.12
Qrad,out 1 RR— (3.12)
The total output heat flux, Qoutput, may then be estimated by
71'D2 or dTﬁber
Qoutput ~ Zb (""JT + "fR) (313)

dz
which is proportional to the cross-sectional area of the fiber and hence the
square of the fiber diameter. The total heat flux into the fiber at the splice
itself, Qinput, results from convection and radiation from the heat source. If
we crudely model the fiber as an absorbing gray body with absorptivity eaq
then [3.1]

Qrad,in ~ €rad0sSB (Tﬁlrround - Tifilber) : (314)

We can then approximate the total input heat flux as

Qinput ~ TDfgber L [h<Tsurr0und - Tﬁber) +€rad0sB (Ts%lrround - T;ilber)] 7(3~ 15)

where L is the characteristic width of the hot zone. Thus the total input heat
flux, Qinput, is proportional to the surface area of the heated fiber region and
hence the fiber diameter. The ratio of Qoutput and Qinput scales with the fiber
diameter

Qowtont e (3.16)
Qinput
This relation explains the observation that when other factors are kept con-
stant, fusion splicing a larger diameter fiber typically requires more heat
than a smaller diameter fiber since the larger fiber permits a relatively larger
amount of heat to escape down the length of the fiber.

Another important observation related to the axial temperature gradi-
ent along the fiber is that substantial portions of the fiber on either side of
the splice are heated to intermediate temperatures, much higher than room
temperature, but not as high as splicing temperatures. As long as the heat
source is relatively clean, the surface of the glass in the immediate vicinity
(typically within 500 um) of the splice is melted and smoothed by surface
tension so that it is nearly flaw-free. The fiber far from the splice (typically
several millimeters) is unaltered since it is not heated by the splice. However,
the portion of fiber between these two regions (500 pm to several mm from
the splice) is heated to a temperature at which flaws can form at the fiber
surface but is not heated so much as to melt and clean the surface. Surface
flaws originating in this intermediate region can reduce the strength of the
splice and account for the observation that spliced fibers often fracture about
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one millimeter away from the splice itself, in the intermediate heated zone.
A very clean splicing environment and a clean heat source, in combination
with a post-splice fire polish can minimize this strength reduction. These and
other issues related to splice strength and mechanical reliability are discussed
at length in Chap. 6.

A simplified heat transfer analysis permits us to estimate the time depen-
dent behavior of the temperature field in the fiber. The thermal conduction
time-constant, t.onq, measures the time required for heat to penetrate from
the outside of the fiber into its center. In a cylindrical geometry, this param-
eter may be expressed as [3.1]

D2
tecond = —fiber (317)

4aT ’
where ar = ;TT is the thermal diffusivity of the fiber which is on the order
P

of 1 x 107%m?2 /s for silica glass at room temperature. Thus only a few mil-
liseconds are required to transfer heat from the outside to the inside of the
fiber and establish a uniform temperature field.

If we ignore Qoutput and Qradin We can estimate the time required to
heat the fiber tips up to splicing temperatures. To make the estimate we take
ocp 9L out of the integral in (3.3)

D2 Thver
T iferL@cpdjfe = T Dfiber Lgcony » (3.18)

where L is the characteristic width of the heated zone. We recognize that

since there is no variation in temperature in the radial direction, Tsurface i

(3.8) is the same as Thper s0 (3.8) and (3.18) may be combined to obtain
dTﬁbcr 4h

= Tsurround — THber) - 3.19
dt QDﬁbeGC( d fib ) ( )

If Tsurround is & constant then (3.19) is a linear first order ordinary differential
equation with time constant QDZ%CP. Based on the values for h previously
cited, this time constant is on the order of several hundred milliseconds which
is consistent with experimental observations. Notice that this time constant
is much slower than the fiber’s thermal conduction time constant, tconq, in-
dicating that the fiber temperature is largely uniform with respect to radius
even as it heats up or cools down. In reality, this lumped parameter model is
very crude since it neglects both heat transfer down the length of the fiber
and radiative heating at the splice. The former increases the time required
to heat up the fiber while the latter decreases the required time.

3.2 Mechanical Forces During Fusion Splicing

The fiber tips experience a variety of mechanical forces during fusion splicing.
The splicer’s fiber holders (chucks), surface tension, and viscosity all shape
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the fusion splice process. A variety of important phenomena such as bend-
ing, buckling, tapers, bubbles, and fiber neckdown depend on the mechanical
forces occurring during fusion splicing. In this Section we will explore these
phenomena and the forces which are responsible for them. A good general
review of the mechanical behavior of materials is available in [3.30].

3.2.1 Compressive, Tensile, and Bending Forces

Figure 1.2 shows that the fiber tips are rigidly clamped in the fiber chucks.
Depending on the fusion splicer design, the fiber tips protrude a distance of
5 to 20 um from the rigidly clamped region. For a typical 125 mm diameter
fiber, this aspect ratio of length to diameter is on the order of 100. To better
understand the mechanical forces during fusion splicing, it is useful to ap-
proximate the fiber as an elastic beam. Prior to splicing, the fiber tips behave
as cantilevered elastic beams that are rigidly clamped at one end and free
at the other. During joint formation, the portion of glass connecting the two
fibers is soft with a jelly-like consistency. It is at this stage of the process
that surface tension forces become significant. As the splice joint cools and
the glass solidifies, viscous forces once again dominate over surface tension
forces and the fiber once again behaves as an elastic beam.

Prior to splicing, the fiber tips must be aligned to each other. Since the
fiber tips are so thin, a deflection can be caused by a relatively small force.
The deflection can be quantified with standard bending beam analysis. If
the fiber tip is assumed to be an elastic beam rigidly clamped by the fiber
chuck, the amount of deflection, dpending, may be related to the transverse
force concentrated at the fiber tip, Fhending, by [3.30]

FbcndingL3
3Ebeend '

where E, is Young’s modulus, Ipeng is the bending moment of inertia, and L
is the length of the free fiber end (Fig. 3.4). Young’s modulus for high purity
fused silica glass at room temperature is about 72.9 GPa [3.20]. The bending
moment of inertia characterizes the stiffness of an elastic member and for an
object with a circular cross section, such as an optical fiber, is given by [3.30]

5bcnding = (320)

7T‘Df%ber

64
where Dgper is the fiber diameter. A 125 um diameter fiber has Ihenq =
1.2 x 107" m?.

Sometimes a force is uniformly distributed along the fiber length. If this
force-per-unit-length is denoted by Fj..,, then the amount of deflection, dqist
may be expressed as [3.30]

F(/iistL4 .
8-Ebeend

Thend = (3.21)

Saist = (3.22)
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Equations (3.20,3.22) show that short fiber tips are much more resistant to
transverse bending forces than longer tips since deflection varies with the
cube of the tip length times the total applied force. According to (3.20), only
26 uN concentrated at the fiber tip is required to deflect a 125 um diame-
ter, 10 mm long silica fiber by 10 um. Only about 5 ulN of transverse force is
required to deflect a 125 um diameter silica fiber by 2 um, a distance suffi-
cient to substantially increase splice loss in single-mode fibers. Consequently,
relatively little force can cause a relatively large transverse shift in the fiber
tip.

Static electricity is an example of a relatively weak force than can cause
substantial deflection of a fiber tip. Mechanical removal of the fiber’s polymer
coating can sometimes leave the exposed fiber tip with an undesirable static
charge that causes the tip to deflect. Gravity is an example of a distributed
force acting on the fiber tip. Gravity, however, is almost always negligible
in optical fiber fusion splicing. The gravitational force per unit length of a
125 um diameter silica fiber is about 2.7 x 107*N/m so a 10mm long can-
tilevered section of such a fiber experiences a total force of about 2.7 uN and
deflects only about 0.4 pm under the force of gravity. Although static electric-
ity can affect fiber alignment, surface tension forces will always overwhelm
both gravity and static electricity in practical fusion splicing situations.

Foo .
fiber chucks bending

Fig. 3.4. Bending of a fiber tip modeled as an elastic beam rigidly clamped at its
root. (a) Force concentrated at the tip. (b) Force uniformly distributed along fiber
length

Another sideways force encountered during fusion splicing results from
fiber curl . Fiber curl refers to the tendency of a fiber to naturally assume
a curved shape in the absence of applied force. This usually occurs because
the polymer coating has shape memory and it “remembers” the shape it
assumes when it is wound around a fiber spool. A typical commercial optical
fiber specification is that the fiber curl radius be greater than 4 m. When
the curl radius is less than 2 m, the fibers can be very difficult to align for
splicing. One common solution is to remove enough of the polymer coating
that the splicer chucks actually grip on the glass itself, which usually exhibits
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little or no curl. However, touching the bare glass surface of the fiber with the
fiber chucks can introduce flaws onto the fiber surface which will significantly
reduce the splice strength. Another solution is to employ a device which heats
the coated fiber and “erases” the shape memory of the polymer and hence
the curl. In rare cases, excessive fiber curl results from the glass fiber itself
rather than from the polymer coating. This problem is not easily solved and
can severely degrade ribbon fiber alignment leading to increased loss in a
ribbon fiber splice.

P
polymer coating C

Fig. 3.5. Illustration of fiber curl resulting from shape memory in the polymer
coating

During the hot push, the softened fiber tips are pressed together. The
tendency of the fiber tips to buckle places an upper limit on the compressive
force that can be exerted when pressing the tips together (Fig. 3.6). If the
fibers buckle during the hot push, severe core misalignments are likely to
result and so buckling of the fiber tips is to be avoided at all costs. To
avoid buckling, the applied compressive force must be less than the critical
buckling force, Fi.it. This can be estimated by treating the two fiber tips as
a single cantilevered beam that is rigidly clamped at both ends. The theory
of buckling [3.30] shows that the critical buckling force is given by

4712 Ey Ipend

L2 '
A higher critical buckling force is desirable since it reduces the risk of buck-
ling during splicing. Since the critical buckling force varies inversely with the
square of the tip length, shorter tip lengths permit much higher compressive
forces during the splice. This can be a particular advantage when splicing
fibers at low temperature where larger compressive forces are required to
form a joint (see Sect. 8.2.4 for a discussion of low-temperature splicing). For
a 10mm long section of 125 pm diameter silica fiber, Fi, is about 0.021 N.
The corresponding axial compressive stress, the critical buckling force divided
by the fiber’s cross sectional area, is 1.7 MPa for a 125 um diameter fiber. The
actual critical buckling force can be significantly lower than that predicted
by (3.23) when the fiber tips are softened or when the cleaves are not per-
fectly planar. The precise nature of the fiber chucks will also affect the critical
bucking forces since if the fibers are not clamped rigidly, the critical buckling
force will be lower than (3.23). Unfortunately, most commercial splicers con-
trol the distance, but not the force, of the hot push. Thus, splice optimization
often requires iterating through several sets of splicing parameters to find a
set which minimizes the likelihood of buckling.

Foie = (3.23)
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Fig. 3.6. Ilustration of buckling during fusion splice hot push. (a) Fibers aligned
to each other prior to hot push. (b) Buckling occurs when the fibers are pressed
together with a force greater than or equal to the critical buckling load

When splicing fibers with very different refractive index profiles or very
different cladding diameters the fusion splice loss can sometimes be reduced
by “fattening” the splice [3.31]. If one fiber has a much smaller mode field
diameter (MFD) than the other fiber, the fusion splice loss between the fibers
may be high. If an unusually large hot push (100 um or more) is applied to
the splice while the joint is soft, the fiber diameter in the vicinity of the splice
can be substantially increased (Fig. 3.7). If the diameter increase is biased
towards the fiber with the smaller mode field diameter, splice losses can be
reduced to 0.1dB [3.31]. The hot push velocity and the temperature of the
splice must be carefully controlled to suppress buckling. Fattened splices are
discussed in more detail in Sect. 8.2.7.

Once the splice process is completed and a joint is formed, tension may
be applied to the fibers in order to physically taper them to a smaller di-
ameter. In contrast to the case of compressive force, large tensile forces can
be applied to a fiber without buckling. Thus it is easier to produce a tensile
deformation than a compressive deformation of a fiber. For this reason, taper-
ing or drawing a fiber requires a lower temperature than fusion splicing since
fusion splicing requires a certain amount of compressive fiber deformation.
Conventional splicing equipment can readily apply tensile forces compara-
ble to the fiber draw tension, on the order of 1 N. For a 125 um diameter
fiber, 1N corresponds to a tensile stress of 81.4 MPa which is almost two or-
ders of magnitude higher than the critical buckling compressive stress cited
above.

Tapering has been shown to improve the lateral alignment of fusion splices
thus reducing the splice loss [3.32,3.33]. Tapering can also be useful when
splicing dissimilar fibers. If one fiber has a much smaller mode field than
the other fiber, preferentially tapering the fiber with the larger mode field
diameter can sometimes reduce the splice loss [3.34,3.35]. Another strategy
to reduce the splice loss between dissimilar fibers is to taper the fibers to
the point where the mode field is no longer bound by the core but rather is
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Fig. 3.7. Asymmetrically fattened splice between ordinary SMF (left) and Corning
Flexcor 1060 single-mode fiber (right). Notice that the splice is deliberately offset
with respect to the bulge to maximize the core diameter of the Flexcor 1060 relative

to the SMF. The original fiber diameters are 125 um and the maximum diameter
of the bulge is 164 um

=
=

Fig. 3.8. Symmetrically tapered splice between two SMFs. The original fiber di-
ameters are 125 um and the diameter at the waist is 84 pm

bound by the cladding/air interface [3.36]. Low splice loss can be achieved
between very different fibers with this technique. A major disadvantage of
this technique is that the splice will be sensitive to both bending and also
to the optical properties of the medium surrounding the fiber. Although the
cross sectional area of the tapered portion of fiber is less than that of the
original fiber, the ultimate strength of a tapered splice is usually not that
much lower than a regular splice since splice strength is primarily determined
by the surface condition of the glass. The benefits of fusion splice tapering
are discussed in detail in Sect. 8.2.6.

3.2.2 Surface Tension and Viscosity

Surface tension, =, is a force that results from the subtle differences in molec-
ular structure between the material at a surface interface and material inside
the bulk [3.37]. It has units of force/length so it is expressed in the SI units



3.2 Mechanical Forces During Fusion Splicing 63

N/m. As its name suggests, it mimics an elastic membrane stretched around
the bulk material. Surface tension always acts to reduce the total surface
area of the material. Equivalently, surface tension acts to smooth out fine
texture and blunt sharp edges. Surface tension is present in glass even at
room temperature, but it cannot deform silica glass at such low tempera-
tures because the glass viscosity is too high. The surface tension of silica is
not very temperature sensitive and is about 0.3N/m over the range of tem-
peratures relevant to splicing [3.20, 3.38]. Surface tension is responsible for
joint formation during fusion splicing and is one of the most important and
strongest mechanical forces experienced by the fiber tips. Surface tension is
also the main cause for deformation of the fiber core that leads to splice
loss.

When a surface has curvature, surface tension can produce a force acting
normal to the surface. Consider a differential element of a surface as depicted
in Fig. 3.9a. This differential element has a curvature with radius Ry in the
x-direction and curvature Ry in the y-direction where x and y are a set of
two orthogonal directions, each perpendicular to the surface normal vector.
The resultant force per unit area, P,, acting normal to the surface element
is given by

2l 2

P, = on + Ry (3.24)
The entire surface of a long cylindrical object, such as optical fiber or a
cylindrical hole running down the inside of an optical fiber, experiences a force
per unit area of P, = /2R where R is the radius of the cylinder. From the
perspective of the cylindrical entity, this surface tension is indistinguishable
from a pressure of /2R uniformly applied to its surface. In other words, the
surface tension exerts a hydrostatic pressure of /2R on the object. In the
case of a spherical object, such a spherical bubble in an optical fiber, the
equivalent hydrostatic pressure is v/R. These two cases are schematically
illustrated in Fig. 3.9b—c respectively.

(@ (b) ©

Fig. 3.9. Equivalence of surface tension to an applied hydrostatic pressure. (a) Ge-
ometry of a curved differential surface element. (b) Cylindrical surface. (¢) Spherical
surface
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Viscosity, 7, is dissipative force that resists relative motion or shear. This
can be quantitatively expressed as

dVﬂow

de ’
where 7 is the viscous shear stress in units of shear force/area, x is in the
direction normal to the plane of the shear stress, and Vjoy is the veloc-
ity flow of the material in a direction perpendicular to z. Viscosity inhibits
fiber deformation since deformation requires relative motion and shear. The
higher the viscosity, the stronger the resistance to deformation. Viscosity
has units mass/length-time and is commonly expressed in the unit Poise
(1 Poise = 1g/cm - s=10kg/m-s). In contrast to surface tension, the viscosity
of silica varies sharply with temperature and thus it is primarily the viscosity
which controls the temperature required for fusion splicing. Figure 3.10 de-
picts the viscosity of high purity vitreous silica as a function of temperature.
Viscosity also depends on the concentration of dopants or impurities in the
glass and its thermal history [3.39-3.41]. Generally speaking, dopants or im-
purities such as OH radicals reduces the viscosity of the glass. For example,
graded-index multimode fiber (GIF) can be fusion spliced at a much lower
temperature than standard SMF since it has a much larger core containing
a much higher germania dopant concentration so its viscosity is significantly
lower. Other highly doped fibers such as titania-clad fiber (such as Corning
Titan fiber) or pure-silica core fiber (such as Sumitomo “Z’ fiber) also exhibit
this characteristic.

(3.25)
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Fig. 3.10. Variation of extremely pure vitreous silica viscosity as a function of
temperature based on [3.20]
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The variation of viscosity with temperature can be characterized by spe-
cific temperatures at which the viscosity attains certain standardized val-
ues [3.39]. For example, at the annealing point, the viscosity of glass is
1034 Poise. At the softening point the viscosity is 107 Poise. Fusion splic-
ing usually takes place when the viscosity is on the order of 10° Poise. The
working point of the glass which occurs when the viscosity is 10* Poise. For
the purpose of comparison, the viscosity of honey at room temperature is on
the order of 102 Poise.

The relationship between surface tension and viscosity is commonly ex-
ploited to calibrate the heat source used during fusion splicing. As noted
earlier, the heat resulting from an arc discharge can vary depending on the
condition of the electrodes and the environmental conditions so calibration
can be important. Typically two cleaved fibers are positioned as if to be
spliced but the hot push step is omitted. The two fiber tips will “melt back”
upon themselves and ball up at their tips. The extent of this meltback can
be used to calibrate the magnitude and position of the heat source [3.42].
Following a melt back calibration, the fiber tips resemble those in Fig. 3.15c.

3.2.3 Implications for Core Alignment

When two softened fiber tips are touched together during splicing, surface
tension will act to align the claddings of the two tips together (Fig. 3.11), even
if the claddings were initially offset. Considering the geometry in Fig. 3.11
the surface tension driven restoring force F,, may be approximated by [3.3]

77Dﬁber75clad

L b
where 1.4 is the offset, L is the width of fiber section which is hot enough to
flow, dc1ad << Dsber, and d¢laq << L. The length of fiber hot enough to flow,
L, is hard to estimate since the fiber temperature, and hence its viscosity,
varies smoothly along its length from the heated region to the unheated
region. However, empirical observations of fiber deformation indicate that
for the purposes of this analysis, L is on the order of 50 pum when splicing
125 um diameter fibers so F’, is on the order of 20 uN when dcjaq is 10 pm.
This calculation shows that the surface tension forces experienced at the
splice are strong enough to deflect the fiber according to previous calculations
using (3.20). In Sect. 3.2.1 we showed that the gravitational force acting on a
10mm long section of 125 um diameter silica fiber amounts to about 2.7 uN
of distributed force and induces a deflection of only 0.4 um. Thus surface
tension exerts significantly more lateral force than gravity. The viscous force
resisting surface tension, F;, may be approximated by [3.3]

F o~ 7TD277 d(Sclad
TTUAL At
where ¢ is time. Equations (3.26-3.27) may be set equal to obtain a linear
first order differential equation for the offset, d¢1aq, Which can be solved to

P, ~ (3.26)

(3.27)
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yield an approximate expression for the time dependence of the cladding
self-alignment

4
5clad(t) ~ dclad|t:0 exp <_ i t> . (328)
fiber?]

Equation (3.28) shows that the time constant for cladding self-alignment,
Df%;m, scales with the fiber diameter. Since the viscosity is a sensitive func-
tion of temperature and surface tension is not, the time required for self-
alignment will be largely determined by the splicing temperature. A typical
viscosity at splicing temperatures is about 10° Poise so that the time required
for a 125 pm cladding to self-align is on the order of a second.

Force exerted
on left fiber ‘

'
7 ;C_la_d_ g

7 L e Force exerted
ot on right fiber

Fig. 3.11. Tllustration of the geometry for (3.27) and (3.28). Softened portion of
joined fiber tips has total length L while fiber tip offset is dciaa. After [3.3]

When the cladding self-aligns, there will be a shearing flow of glass right
at the fiber tip. This shearing flow causes a sideways displacement in the
fiber core right at the fiber tips, called sheared cores, which can significantly
increase the splice loss (Fig. 3.13a). For this reason, it is desirable to minimize
5clad-

In the case that the fiber refractive index structure is concentric with
the cladding, a small amount of cladding self-alignment (less than 1um) is
beneficial as it will also naturally align the cores to each other. However,
the core of an optical fiber may not be concentric with the cladding due to
manufacturing problems. This phenomenon is also termed core eccentricity
and can result in higher splice loss, which can be estimated either using the
overlap integral or the Gaussian approximation that are discussed in the next
Chapter. A typical fiber core eccentricity specification is 0.25 um but occa-
sionally fiber eccentricities can exceed 1 um. Figure 3.12 shows two fiber tips
with extreme core eccentricity. Core eccentricity can be a difficult problem
but there are effective strategies for suppressing its effect. Figure 3.13b—-d
illustrates how core eccentricity and cladding self-alignment interact.

The simplest strategy is to align the two cores to each other so that
the claddings are misaligned at the start of the splice (Fig. 3.13c). If the
splicing temperature is very low and the splice duration is short, cladding
self-alignment can be suppressed and the cores will be aligned to each other.
However, low temperatures and short splice durations can often lead to re-
duced splice strength and reliability. At higher splicing temperatures and
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(b)

Fig. 3.12. Illustration of severe core eccentricity. Fiber diameter is 140 um and core
eccentricity is about 9 pm. (a) Sideview of fibers just prior to splicing. Notice how
the fiber claddings are aligned to each other but the cores are offset by many pum.
(b) Fiber viewed end on

longer splice times, the cladding self-alignment effect will cause a kink inside
the narrow fiber region of width L which was heated to the highest temper-
atures. Unfortunately the optical signal traveling through the fiber usually
cannot negotiate such a sudden bend over such a short distance so splice loss
will usually be elevated in this situation.

A better approach is to over-compensate with extra lateral offset so that
the surface tension will reduce the offset to a desirable level (Fig. 3.13d) [3.43].
In this case, the fiber cores can be made to align to each other at long
distances but there will still be a certain amount of core deformation at the
splice joint itself.

The best strategy to deal with core eccentricity is to rotate the fiber
tips about their axes such that the angle of the eccentricity is the same in
each fiber (Fig. 3.14). Once this rotational alignment is completed, the splice
can proceed with standard cladding alignment. However, in many cases, the
fibers have differing amounts of core eccentricity which limits the effective-
ness of this technique. In the case that one fiber is perfectly concentric, this
rotation-based strategy is completely useless. Thus, splicing with rotational
core alignment is only beneficial when the cores have similar eccentricity.
Fusion splicers designed for polarization-maintaining (PM) fiber (Sect. 9.2)
include the capability to manipulate the rotational alignment of a fiber.

3.2.4 Fusion Splice Duration

It is interesting to note that the time required for fusion splice joint fabrica-
tion has been found to scale approximately linearly with fiber diameter. The
fusion splice time for a 125 um diameter silica fiber is usually on the order
of about 5s whereas a 250 um diameter silica fiber will usually require on
the order of 10s. This observation is consistent with (3.28) where the time
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Alignment prior to splicing Alignment after splice

(2)

fiber axis
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Fig. 3.13. Interaction between cladding alignment, core eccentricity, core align-
ment, and surface tension. Left side shows fiber following alignment but prior to
splicing, corresponding right side depicts outcome of splice. Figure depicts core
(solid heavy line) and center of cladding (dashed line). (a) Concentric fiber cores
with claddings misaligned. Note the characteristic core deformation of sheared cores.
The resulting deformation generally results in elevated splice loss. (b) Eccentric
core fibers aligned to each other’s claddings. Such lateral misalignment of the cores
results in high splice loss. (c) Eccentric core fibers aligned to each other’s core. Usu-
ally, the fact that the cores are laterally misaligned far from the completed splice
results in high loss even though the cores are aligned locally at the finished splice.
(d) Eccentric fibers offset an extra amount to ensure that cores are aligned far from
the completed splice despite local deformation at the splice. This case often results
in lower loss than case (c). After [3.44,3.45]

constant for cladding self alignment was shown scale linearly with the fiber
diameter. Fusion splicing of silica fibers is usually performed when the glass
is heated to about 2100° C, regardless of fiber diameter, so the viscosity of
the heated glass is about the same regardless of fiber diameter. Surface ten-
sion provides the main driving force for joint formation, just as it does for
cladding self alignment.

3.2.5 Neckdown, Dissimilar Fiber Diameters,
and Dissimilar Fiber Viscosities

When a splice is held at a very high temperature for a long period of time,
for example to encourage dopant diffusion (see Sect. 3.3), surface tension can
reduce the fiber diameter in the immediate vicinity of the splice by squeezing
molten glass away from the splice region. Figure 3.15 depicts various stages of
neckdown in a standard SMF. Neckdown increases the splice loss by creating
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a very localized physical taper in the fiber. This neckdown phenomenon is
closely related to a stability problem in fluid mechanics. When the ratio
between the length and the diameter of a cylinder of liquid confined by surface
tension is greater than 7, it is unstable and the slightest perturbation to the
liquid diameter encourages surface tension to squeeze down and pinch off the
cylinder into two separate droplets [3.46,3.47]. The driving force for neckdown
results from the internal pressure P, created by the surface tension squeezing
on the fiber circumference as depicted in Fig. 3.9b. It is easy to appreciate
the unstable nature of this process since a smaller fiber diameter results in
an even stronger driving force. Ultimately, the surface tension squeezes the
molten glass down to the point that the fibers pull apart and ball up at their
tips (Fig. 3.15¢). This instability occurs at a fusion splice when

L
Dﬁber

>, (3.29)

where L is the characteristic length of the softened zone of fiber. As noted
earlier, the characteristic length of the molten fiber section during a fusion
splice is hard to quantify since the temperature and hence the viscosity varies
smoothly between the heated and unheated regions. Estimates for L depend
on the viscosity threshold chosen to discriminate between softened and solid
fiber. For a 125 um diameter fiber to experience this instability and resulting
neckdown, L must be on the order of 400 pm. A 400 um long section of fiber
centered on a fusion splice will indeed be heated and softened to some degree
so we anticipate that this surface tension instability will cause the fiber to
neckdown. At normal splicing temperatures (~2050° C) and splice times (a
few seconds), the viscosity of the fiber far from the splice is high enough to
ensure that neckdown occurs too slowly to have any significant effect. However
when a fusion splice is heated to much higher temperatures (causing a much
wider hot zone width) or held at high temperatures for a long enough amount
of time, neckdown will occur.

When splicing single-mode fibers, splice loss mainly results from distur-
bances or changes in the core region of the fiber. Thus, fibers with different
cladding diameters can be spliced to each other with low loss providing the
core structures in both fibers are similar. An image of a fusion splice between
fibers of dissimilar cladding diameters but similar core diameters appears in
Fig. 3.16. As discussed in Sect. 3.1, less heat is required to soften smaller
diameter fibers and as Fig. 3.9b shows, the driving force for neckdown is
stronger. Consequently, it is usually beneficial to offset the heat source and
preferentially heat the larger diameter fiber. Even if the cladding diameters
are identical, a viscosity difference between the fibers can necessitate offset-
ting the heat source to prevent neckdown in the lower viscosity fiber. Offset
heating is discussed in Sect. 8.2.5.

An interesting patent describes a technique for fabricating a fiber tip
with an expanded core from a dissimilar fiber diameter splice [3.48]. Surface-
tension-induced deformation at the splice joint between dissimilar fibers
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Fig. 3.14. Rotational alignment of two fibers with comparable eccentricities. Fibers
are viewed end on showing core position (small circle) and center of cladding (plus
sign). (a) Fibers initially have a random angle between their cores and the center
of their claddings. (b) Angle of fiber cores aligned to each other

causes the core diameter of the smaller fiber to increase slightly (Fig. 3.17).
The completed splice can be cleaved exactly at the joint to yield a fiber tip
with an expanded core diameter and hence an expanded MFD. This expanded
MFD results in a longer free-space collimation length, lower power density
at the fiber tip, and greater tolerance to lateral misalignments.

3.2.6 Bubbles, Airlines, and Air Holes

For various reasons, voids may be present in the vicinity of a splice. Dirt
on the fiber tips can become trapped at the splice and release gasses that
form a bubble (Fig. 3.18). Defects in the fiber manufacturing process can
lead to airlines in the fiber. Some fibers, specifically microstructured fibers
are deliberately produced with air holes running down their entire length.
Microstructured fibers are discussed in Sect. 9.5.

A bubble is usually formed by volatile gases emitted by contaminants
when they are heated to splicing temperatures. A clean splicing environment
including a clean heat source and proper use of prefusion fiber tip cleaning
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(a)

Fig. 3.15. Surface tension driven neckdown of ordinary SMF spliced at high tem-
perature. (a) Fiber immediately following joint formation. (b) Fiber after many
more seconds of high temperature heating. Note the pinching effect of surface ten-
sion and the faded appearance of the core resulting from substantial dopant diffu-
sion. (c) Fiber tips fully separated and balled up by surface tension

can help to reduce the occurrence of bubbles. Bubbles usually do not reduce
the ultimate strength of a fusion splice since surface tension ensures that they
have smooth walls which do not serve as stress concentrators or crack nucle-
ation sites. However, bubbles typically induce substantial splice loss unless
they occur near the cladding surface, far away from the guided optical signal.
Bubbles will nearly always confound loss estimation routines (Chap. 5).

An incompletely formed seam between the fiber tips can sometimes be
mistaken for a bubble (Fig. 3.19). Surface tension serves to smooth the seam
that forms between the two fiber tips during splicing but if the splice temper-
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2
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=

Fig. 3.16. Fusion splice between dissimilar diameter SMF. Fiber diameters are
100 pm and 125 pm for the lefthand and righthand fibers, respectively. Core diam-
eter is about 8 um in both fibers

(@)

(b)

(c)

Fig. 3.17. Illustration of expanded-core fiber tip fabricated via a dissimilar di-
ameter fiber splice. (a) Fibers prior to splice. (b) Fibers immediately following
splice. Left fiber exhibits core expansion from surface tension driven deformation.
(c) When the right fiber is cleaved away an expanded-core fiber tip results. Af-
ter [3.48]

ature is sufficiently low or if the splice duration sufficiently brief, this process
may not be completed. When the splice is viewed at high magnification, the
resulting deformations in the fiber cladding at the splice joint can refract
the light so as to give the appearance of either a bubble or a vertical line at
the exact site of the splice. Sometimes a seam can indicate reduced strength
and reliability or elevated reflectance. A seam is a common side-effect of
low-temperature splices, which are discussed in detail in Sect. 8.2.4.

As discussed earlier, surface tension will act to shrink voids in a softened
fiber but it will be opposed by the glass viscosity and possibly by the presence
of gasses trapped in the voids. An analysis of the surface tension driven col-
lapse of an empty spherical or cylindrical void in an infinite viscous medium
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Fig. 3.18. Image of a bubble at the fusion splice between two ordinary SMF
fibers. Bubbles such as this one cause extremely high splice loss but often do not
significantly reduce the tensile strength of the splice. This bubble resulted from dirt
on the fiber tip end face. Proper fiber handling and prefusion cleaning significantly
reduces the occurrence of such bubbles

Fig. 3.19. Image of a splice with an incompletely formed seam at the joint. The
vertical line results from refraction of light at the surface of the splice joint

was first performed within the context of metal powder sintering [3.49]. Curi-
ously, the surface-tension-driven collapse velocity of a void’s surface, Veoliapse;
is independent of its size and is the same whether it is a spherical bubble or
a cylindrical hole

‘/;ollapse = (330)

0
2n’
where 7y is the surface tension and 7 is the viscosity. Trapped gasses will resist
this surface driven collapse and reduce the collapse velocity. In fact, trapped
gasses usually cause bubbles to expand and ultimately rupture when heated
to fusion splicing temperatures. Bubble rupture can have a disastrous effect
on a fiber splice because it can cause substantial core deformation.

3.3 Dopant Diffusion

In an optical fiber, both the optical properties, such as refractive index, and
mechanical properties, such as sonic velocity or softening point, depend on
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the local dopant concentration. When an optical fiber is heated to high tem-
peratures, such as those encountered during fusion splicing, the dopants in
the fiber can diffuse through the glass host material, thus changing the op-
tical and mechanical properties of the fiber. Local gradients in the dopant
concentration provide the driving force for dopant diffusion.

Dopant diffusion is not unique to the fusion splice process; it also occurs
during the fiber draw process and even to some extent during preform fab-
rication. However, the high temperatures encountered during fusion splicing
coupled with the small dimensions and hence large concentration gradients
present in the fiber can induce substantial dopant diffusion, which can be
either beneficial or deleterious [3.50]. Various investigations have shown that
dopant diffusion can be harnessed to reduce optical fiber splice loss between
dissimilar fibers [3.51-3.53]. The use of dopant diffusion as a special splicing
strategy is detailed in Sect. 8.2.3.

Introductory treatments of mass diffusion, and the more general field of
mass transfer, are available in [3.1,3.2]. In this section we present a detailed
analysis of the specific topic of dopant diffusion in optical fibers. We begin
with the theory of dopant diffusion and derive a general expression for the
evolution of a radially symmetric dopant concentration. We then discuss pub-
lished values of diffusion coefficients pertinent to optical fibers. We conclude
with specific dopant diffusion examples.

3.3.1 Theory of Dopant Diffusion

We begin our analysis of dopant diffusion with Fick’s law of diffusion in a
one-dimensional geometry [3.1]
_pic

dx
where 7, is the molecular flux of the diffusing species in units of molecules/m? s,
D is the dopant diffusion coefficient in units of m?/s, C is the local dopant
concentration in units of molecules/m?, and x is the relevant coordinate di-
rection. D depends on the dopant species, the host material, and the local
temperature as we shall see below. Readers familiar with heat transfer will
immediately recognize that (3.31) is identical to Fourier’s law of heat diffu-
sion where temperature is analogous to dopant concentration, molecular flux
is analogous to heat flux, and the dopant diffusion coefficient is analogous to
thermal conductivity (compare to (3.9)). Consequently, the equations of heat
conduction can be directly applied to solve dopant diffusion problems.

The basic constitutive equation for diffusion, (3.31), may be developed
into the diffusion equation which is a partial differential equation relating
the local dopant concentration gradients to the time-dependent dopant con-
centration. We define an infinitesimal control volume in Cartesian coordinates
(Fig. 3.20) in which there is a molecular flux obeying (3.31) across all 6 sur-
faces. The rate of change of the total amount of dopant in the control volume,
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% (Az-Ay-Az-C), can be related to the dopant flux across the control volume
surfaces

oC . . . ) . .
AmAyAzE = AyAz(ggHAw —Jz) + Aa:Az(jy+Ay —Jy) + AgcAy(jz+Az —Jz) -
(3.32)

If D is constant then dividing through by Az - Ay - Az and allowing Ax, Ay,
and Az to each approach zero yields the diffusion equation

oCc
ot
The partial differential equation in (3.33) describes the general case of
dopant diffusion for an arbitrary geometry. Even though some fibers, specifi-
cally polarization-maintaining (PM) fibers (Sect. 9.2), are not axisymmetric,
the core of nearly all fibers, including most PM fibers, are axisymmetric so
we can restrict our attention to axisymmetric geometries when considering
dopant diffusion in the fiber’s core. Moreover, Sect. 3.1 showed that the tem-
perature of a heated fiber is nearly uniform with respect to radial position
S0 it is reasonable to assume that the diffusion coefficient, D, is constant
with respect to r. Diffusion in the axial direction can usually be neglected
since axial temperature gradients occur over many hundreds of pum and the
axial concentration gradients within a fiber are very small. Axial diffusion of
dopants does occur across the interface of a fusion splice joint between dissim-
ilar fibers, but this phenomenon has almost no effect upon fusion splice loss.
However, we shall see in Sect. 4.1.5 that axial diffusion across the interface
between dissimilar fibers can help to suppress reflections at fusion splices.
If we neglect axial and azimuthal diffusion, then (3.33) yields a simplified
dopant diffusion equation in radial coordinates

aC D1g< 30) ' (3:34)

V- (DVCO) . (3.33)

ot~ Tror \"or
Equation (3.34) has a closed form solution for only the simplest ini-

tial dopant concentrations. For example, if the initial dopant concentration,
Co(r), is a Gaussian function

2
Cor) = L2 exp (-7’:—2) , (3.35)

Ty 0

where 79 characterizes the initial width of the Gaussian distribution and
Chotal is the total amount of dopant in the fiber, then the solution to (3.34)
at any radius r and later time ¢ is also a Gaussian

o Ctotal 7,2
C(r,t) = —exp | ————=— | - (3.36)
4rD(t + 1%5) 4D(t + 555)
Thus we observe that an initially Gaussian distribution will diffuse into a
broader Gaussian distribution while conserving the total amount of dopant.
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Actually, all initial dopant concentrations asymptotically approach a Gaus-
sian dopant distribution after a long enough time period has elapsed. How-
ever, most initial optical fiber dopant distributions are not Gaussian (they
may be a “top-hat”, a ring, or other shapes) and their evolution is of much
practical interest.

ﬁﬂy

jx+AX

Fig. 3.20. Illustration of Cartesian control volume used for (3.32-3.33)

Arbitrary initial dopant concentrations require numerical solution tech-
niques. Given an arbitrary initial dopant concentration Cy(r) at time t = 0,
Fourier series may be used to express the dopant distribution at any radius
r and time ¢ by [3.55]

J()(I‘Oén)
C exp(—Datt) ———"—a, , (3.37
( ﬁber nzl J% (Rﬁberan) )
where
Reiber
an = / 7Co(1r)Jo(Raberan )dr (3.38)
0

where Jy is the Bessel function of the first kind, order 0, and the eigenvalues,
ay,, are determined from Jo(Raper@n) = 0.

Equations (3.37) and (3.38) are somewhat cumbersome. Instead, Green’s
functions yield a particularly convenient and efficient way to numerically
solve (3.34) for C(r,t) given an arbitrary initial concentration distribution
C()(T’) [356]

1 = n r2 4 p? rr’ ,
C’(r,t):Q—Dt - Co(r') ' exp ~iDi Io D1 dr’, (3.39)

where Iy is the modified Bessel function of the first kind, order 0, and 7’
is a dummy variable of integration. Unfortunately, (3.39) cannot be solved
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analytically even when the initial dopant distribution is very simple, such as
in a step index fiber. A single numerical integration of (3.39) rapidly yields
the dopant distribution given any initial dopant concentration. When the
initial dopant distribution is a step function, (3.39) is a form of the integral
“J(z,y)” found in [3.57] where asymptotic solutions are also provided.

In a step-index fiber whose core is comprised of a single dopant, the initial
concentration distribution, Cy(r), is a uniform Cy from r=0 to r = Reore SO
we can simplify (3.39) to yield

1 r'=Recore r2 4+ T/2 rr!
Csi('r, t) - ﬁ //70 C() T'/ exXp <—W I() (ﬁ) dT/ y (340)

where Cj;(r, t) is the dopant concentration for a step-index fiber.

Notice how D always appears with ¢ in (3.39) and (3.40). From this we
conclude that the heating time can be increased to compensate for a slow
diffusion coefficient or the heating time can be decreased to compensate for a
fast diffusion coefficient. Furthermore, a dimensional analysis of (3.33) reveals
a non-dimensional parameter, 7p, which characterizes the extent of dopant
diffusion

Dt

™D — % 5 (341)

where dp is a characteristic length scale for the diffusion. If we set dp equal
to the core radius of a step index fiber, Rcore, and we let 7 denote the nor-
malized radial position such that #=r/Rcore, we can express (3.40) in a non-
dimensional form

=1 o, 2 -
Cutir) =5 [ op(;) 10<i) o (342

2 =0 4 2T

By setting mp of (3.41) equal to unity we can obtain an equation which
relates the characteristic diffusion length to the diffusion coefficient and the
time interval for the diffusion

t % 3.43

diff — D . ( . )
Equation (3.43) is analogous to (3.17) when the fiber radius Rgper replaces
0p and when the thermal diffusivity, ar replaces the dopant diffusivity, D,
because both dopant diffusion and heat conduction are diffusion phenomena.
The factor of 4 in (3.17) is only a matter of convention. Equation (3.43) shows
that the time required for a dopant to diffuse a certain distance varies with
the square of that distance.

Equation (3.43) provides important insights into the nature of dopant
diffusion. Since the time required for diffusion scales with the square of the
characteristic length, diffusion proceeds more rapidly in a small core fiber
than in a larger core fiber. Thus, multimode fibers are usually not affected
by dopant diffusion since their characteristic length scale (i.e. core radius) is
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on the order of tens of pm. On the other hand, very small core single-mode
fibers, such as erbium-doped fiber (EDF), can have core radii as small as
1 um, so they are extremely vulnerable to dopant diffusion, even when the
splice duration is short (<1s) and the splicing temperatures are relatively
low (<~ 2000° C).

As a dopant diffuses, its characteristic length scale increases and so the
rate of diffusion decreases. Thus, when held at a fixed temperature, a dopant
distribution changes most rapidly at the beginning of the heating, and more
slowly as time goes on. When a splice is made between two step-index single-
mode fibers with identical dopant species but different core diameters, the
smaller core will initially diffuse more rapidly since it has a smaller charac-
teristic length scale. As the diffusion progresses, the smaller core will “catch
up” to the larger core diameter and both dopant distributions will approach
a similar Gaussian shape. In this way, dopant diffusion can help to reduce the
splice loss between dissimilar waveguides by making one fiber’s core struc-
ture, and hence its mode field shape, more similar to another [3.51-3.53].
However, one consequence of (3.34) is that the evolution of the fiber refrac-

Temperature (C)
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—— Rau (D=1.24x10"4, E, =4.44x10° J/mol)
------ Shiraishi, fiber A (D=1.9x10%, E, =2.9x10° J/mol)
Shiraishi, fiber B (D,=3.6x10%, E, =2.5x103 J/mol)
...... Shiraishi, fiber C (D,=1.4x10", E, =2.1x103 J/mol)

—-— Shiraishi, fiber D (D;=5.7x10"', E, =1.5x103 J/mol)

Shiraishi, fiber E (D=6.1x10"7, E,=2.8x10° J/mol)
Yamada (D;=2.4x10%, E, =3.1x10 J/mol)
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Inverse temp in 1/K -4

Fig. 3.21. Germania diffusion coefficient in fused silica from several sources in the
literature. Krause refers to [3.50], Rau refers to [3.58], Shiraishi refers to [3.59], and
Yamada refers to [3.60]. Do and Fac; are parameters in (3.44). A large portion of
the discrepancy between these curves is thought to stem from differences in the
glass composition such as the presence or absence of co-dopants or contaminants.
For example, Shiraishi fiber A contains some chlorine
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tive index profile is largely predetermined by the initial dopant distribution.
The diffusion of the dopants can only be controlled by controlling the fiber
temperature and the time of exposure. Dopant diffusion cannot be used to
produce an arbitrary index profile or an arbitrary mode field shape. Practical
implementations of dopant diffusion are discussed in more detail in Sect. 8.2.3.

When dopant diffusion occurs at a fusion splice, the transition between
the original and diffused regions of the fiber can have a significant impact on
the splice loss. Cultivating a smooth transition between these two regions of
fiber is critical to obtaining a low-loss fusion splice. In Chap. 4 we discuss
such transition loss and provide general numerical tools for predicting the
loss of an optical fiber whose index profile changes along its length.

3.3.2 Dopant Diffusion Coefficients

Various investigations have shown that diffusion coefficients in silica obey
an Arrhenius relation meaning that the diffusion coefficient scales with the
exponential of the inverse temperature. This relationship can be expressed as:

Temperature (C)
1394 1156 977

Krause (D=2.5x104, E, ,=1.9x103 J/mol)

> Tact

Kirchhof (D,=1.74x10"4, E,=3.83x10* J/mol)

> act

Kirchhof with P (D0:5.25><10‘6, EaC[:Z.87><1O4 J/mol)

D (m’/s)
7/

4 5 6 7 8

16*
Inverse temp in 1/K X

Fig. 3.22. Fluorine diffusion coefficient in fused silica from several sources in the
literature. Krause refers to [3.50] and Kirchhof refers to [3.61] which incorporates
data from [3.62]. Do and Eac: are parameters in (3.44). Kirchhof with P refers to
the presence of 1.6 mole-% phosphorus as a co-dopant with fluorine
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Eact
D = Dyexp ( RT) , (3.44)
where Dy is a leading coefficient in units of m? /s, E, is the activation energy
in units of J/mole, T is the temperature in Kelvins, and R is the ideal gas con-
stant or universal gas constant, which can be expressed as 8.3145 J/mole-K.
At splicing temperatures, dopant diffusion coefficients in silica fibers are gen-
erally on the order of 1071 m?/s. Figures 3.21 and 3.22 summarize diffusion
coefficient measurements for germania and fluorine in fused silica respectively.
These measurements show that at given temperature, fluorine diffuses more
rapidly than germania [3.50].

There is significant variation in measured values for diffusion coefficients.
Part of this variation has been attributed to the fact that the diffusion of
one species of dopant can depend on the presence of another. For exam-
ple, Kirchhof [3.61] argues that the discrepancy between his measurements
of fluorine’s diffusivity in fused silica (dotted line in Fig. 3.22) and Krause’s
measurements (dashed line in Fig. 3.22) partly stem from the presence of
phosphorus in Krause’s samples. In other words, the diffusion coefficient D
in (3.33) is not really a constant because it depends on the local dopant con-
centration. Despite these non-linearities, useful order of magnitude estimates
can be obtained when considering the dopant diffusion coefficient to be a
constant.

3.3.3 Diffusion Examples

To illustrate the practical implications of dopant diffusion theory, we will
consider two examples. In the first example, we will examine the diffusion of
a single dopant in a step-index SMF. In the second example, we will consider
the more complicated case of multiple dopant diffusion.

Conventional single-mode fiber is typically composed of an 8.5 um di-
ameter core which is doped with about 3.5 mole-% germania to make its
index about 0.005 higher than the surrounding pure-silica cladding. Some-
times other dopants are added to the fiber but in our example we will assume
that germania is the only dopant and that the difference between the local
refractive index of the glass and the pure-silica cladding, n — ng, scales lin-
early with the local germania concentration. Figure 3.23a depicts the initial
refractive index profile of the fiber (solid line) and the refractive index profile
after various amounts of diffusion (broken lines). The germania concentra-
tion, and hence the refractive index profile, was determined from (3.40) with
diffused index profiles corresponding to normalized diffusion, mp, of 0.1 and
1.0.

Mode fields corresponding to the refractive index profiles of Fig. 3.23a
were computed according to the methods of Chap. 4 and are depicted in
Fig. 3.23b. Notice how the mode field expands in diameter as the core dopants
diffuse outward. This phenomenon has been employed to create expanded
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Fig. 3.23. Illustration of single dopant diffusion and its effects in an idealized
step index fiber. The diffusion was computed with (3.40) and the traces depict
three cases: 7o = 0 (solid line), o = 0.1 (dashed line), 7o = 1 (dotted line).
(a) Refractive index and dopant concentration profiles for an idealized germania-
doped fiber. The difference between the local refractive index and the cladding
refractive index, m — nclad, is assumed to be linearly proportional to the dopant
concentration. The cladding refractive index, nciad, is assumed to be equal to the
refractive index of pure silica (about 1.444 at 1550 nm). (b) Corresponding mode
field intensity patterns computed according to the method described in Sect. 4.4.3.
The mode field diameters computed with (4.41) are 10.4 um (solid line), 12.3 pm
(dashed line), 26 pm (dotted line)

mode field fibers useful for fiber beam expanders and fiber collimators [3.54,
3.59, 3.63, 3.64]. Equation (1.6) shows that the normalized frequency of an
optical fiber scales with the core radius Rcope times the square root of the
relative index difference between the core and cladding, VA. In other words,
the square of the normalized frequency, V', scales with the square of the core
radius times the index difference in the core, which in turn scales with the
total amount of dopant in the fiber. Based on this observation we conclude
that in a fiber with a single diffusing dopant, the normalized frequency, V', of
the fiber does not change. In the next Chapter we show that V' determines
the total number of guided modes in a fiber, therefore the number of guided
modes remains constant during diffusion in fiber containing a single dopant.
However, when multiple dopants are present, especially when one dopant
raises the refractive index and another lowers it, this principle may not apply,
so diffusion might change the normalized frequency of the fiber and hence the
number of guided modes.

Contemporary fiber designs, such as DCF, utilize multiple dopants since
they require depressed, as well as elevated, refractive index regions [3.52,3.53].
Fluorine is a common choice for an index lowering dopant and has been
implicated as a source of elevated fusion splice loss when splicing certain
fiber types [3.53]. In the next example we consider a fiber in which multiple
dopants, specifically fluorine and germania, participate in the diffusion. The
evolution of the refractive index profile is determined by separately computing
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the diffusion of each dopant and its associated refractive index profile, and
then summing them to obtain the total refractive index profile.

For the purposes of this new example, we have assumed diffusion coef-
ficients of 1 x 107¥m?/s and 1 x 1072 m?/s for germanium and fluorine,
respectively. These values are consistent with the data in Figs. 3.21 and 3.22
assuming a temperature on the order of 1950° C. The local refractive index of
the fiber is assumed to scale linearly with the local concentration of fluorine
and germania. The initial refractive index and germania concentration pro-
file is depicted by the solid line in Fig. 3.24a. The initial refractive index and
fluorine concentration is depicted by the solid line in Fig. 3.24b. The total
initial refractive index profile is the sum of the two constituent index profiles
which is depicted by the solid line in Fig. 3.24c.

After a heating time of 4 seconds, the germania dopant concentration,
and hence the portion of the refractive index due to germania, is equal to
the dotted curve in Fig. 3.24a. Likewise, after a heating time of 4 seconds,
the fluorine dopant concentration, and hence the portion of the refractive
index due to fluorine, is equal to the dotted curve in Fig. 3.24b. The total
refractive index profile is the sum depicted by the dotted line in Fig. 3.24c.
Mode fields corresponding to the index profiles of Fig. 3.24c were computed
according to the methods of Chap. 4 and are depicted in Fig. 3.24d. It is
apparent that the dopant diffusion substantially alters the fiber refractive
index profile. The difference between the mode field shapes can be quantified
by using the overlap integral presented in the next Chapter to compute the
optical coupling loss, which is about 0.5 dB.

As the number of dopant species increases, the evolution of the refractive
index profile becomes more complex. In these examples, we have assumed
purely linear dopant diffusion (D is assumed constant). In reality D may
depend on the local concentration of the dopant, or even on the local con-
centration of other dopants. This behavior is not well characterized in the
literature and is consequently often ignored when making dopant diffusion
calculation.

3.4 Stress and Strain

Optical fibers contain residual elastic stresses and strains that result from
their composition and from the fiber fabrication process [3.65]. By residual,
we mean that stresses and strains are present in the fiber even when there are
no external forces applied to the fiber. In some cases, the residual stresses and
strains are critical to the guiding properties of the fiber. For example, most
polarization-maintaining (PM) fibers have a non-radially symmetric residual
stress field that causes a desirable birefringence.

At room temperature, a fiber may be considered to be an elastic solid
meaning that the stresses and strains are linearly related [3.30]. Resid-
ual stresses and strains influence the optical and mechanical properties of
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Fig. 3.24. Illustration of multiple dopant diffusion. The diffusion was computed
with (3.39) and the traces in the plots correspond to the original state of the fiber
(solid line) and the fiber following dopant diffusion (dotted line). The difference
between the local refractive index and the cladding refractive index, n — nciad,
is assumed to be linearly proportional to the local dopant concentrations. The
cladding refractive index, nciad, is assumed to be equal to the refractive index of
pure silica (about 1.444 at 1550 nm). (a) Germania concentration and corresponding
refractive index profiles. (b) Fluorine concentration and corresponding refractive
index profiles. (c) Total fiber refractive index profile. (d) Corresponding mode fields
computed according to the methods described in Sect. 4.4.3

the fiber [3.66-3.71]. High temperatures experienced during fusion splicing
changes the fiber’s residual stress and strain state in the immediate vicinity
of the splice and can thus change the fiber’s optical and mechanical proper-
ties [3.72-3.74]. A good introduction to stresses, strains, and elasticity theory
is available in [3.30]. Good reviews of the stresses and strains in optical fibers
are available in [3.65,3.75-3.77]. In this section we will discuss how fusion
splicing interacts with the fiber’s residual stress and strain state.

3.4.1 Source of Stress and Strain in Optical Fibers

There are two main mechanisms for inducing residual stresses and strains
in optical fibers: thermal stress and draw-induced mechanical stress. Ther-
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mal stress results from radial variations in the thermal expansion coefficient
of the fiber. These radial variations in thermal expansion result from radial
variations in dopant concentration. Silica has a thermal expansion coefficient
of about 5.5 x 1077 K~! from room temperature up to its strain point [3.20].
Most dopants, such as germania, phosphorus, and boron increase the ther-
mal expansion coefficient of silica glass. A few dopants, notably fluorine and
titania, lower the thermal expansion coefficient of silica glass. The change in
thermal expansion coefficient scales linearly with the dopant concentration
when the concentration is low [3.78].

When a fiber preform is fabricated or a fiber is drawn, the various
glass components are initially in mechanical equilibrium at a high temper-
ature. As the glass cools and solidifies, it thermally contracts. The glass
regions with a higher thermal expansion coefficient attempt to contract a
larger amount upon cooling. Other glass regions with a lower thermal ex-
pansion coeflicient resist this large thermal contraction. The end result is a
residual state of thermal stress in which the pure silica fiber regions gen-
erally experience compressive axial stress while the highly doped regions
of the fiber generally experience tensile axial stress (Fig. 3.25a). In or-
der to satisfy mechanical equilibrium, the residual thermal stress in the
cladding is much smaller than that in the core since the cladding has
a much larger cross sectional area than the core. Axial thermal resid-
ual stresses in an SMF core are generally on the order of 20 MPa. Gen-
eral solutions to thermal residual stress in an optical fiber are available
in [3.75,3.77].

Most PM fibers derive their birefringence from thermal stress. The
cladding of many PM fibers includes regions of cladding glass with a partic-
ularly large thermal expansion coefficient, termed stress-applying members.
When these fibers cool down following the draw process, substantial resid-
ual stresses result from the difference in thermal expansion between the low-
and high-thermal expansion regions. The regions are distributed in a non-
radially symmetric manner to impart a non-radially symmetric stress field
that causes birefringence in the fiber. PM fibers are discussed in more detail
in Sect. 9.2.

The other mechanism for generating residual stress in optical fiber is
draw-induced mechanical stress discussed in [3.65,3.69,3.76,3.79]. Variations
in the dopant concentration leads to variations in the viscosity of the glass.
During the fiber draw process, the draw tension is initially borne by the
entire fiber preform. As the drawn fiber cools, the highest viscosity glass
in the fiber, typically the pure silica cladding, solidifies first while the low-
viscosity glass, typically the doped core, remain relatively soft. At this point,
the draw tension is mostly borne by the high-viscosity glass so it elastically
stretches. The low viscosity glass flows to conform to the dimensions of the
elastically stretched high-viscosity glass. As the fiber cools further, the low-
viscosity glass solidifies and the draw tension is removed. Once the tension
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Fig. 3.25. Schematic illustration of stress fields in a step-index optical fiber with
a small diameter (small area) core and a large diameter (large area) cladding. o,
refers to the axial stress in the fiber. When o,, > 0 stress is tensile and when
02z < 0 stress is compressive. (a) Residual thermal stresses resulting from large
thermal expansion coefficient in the core and small thermal expansion coefficient
in the cladding. (b) Draw-induced mechanical residual stress resulting from low-
viscosity core and high-viscosity cladding

is removed, the high-viscosity glass elastically contracts but it is opposed
by the solidified low-viscosity glass. Thus the low-viscosity glass is in axial
compression and the high-viscosity glass is in axial tension (Fig. 3.25b).

Since the cross sectional area of the high-viscosity pure silica glass
cladding is much larger than that of the low-viscosity glass core, the draw-
induced residual mechanical stresses are much larger in the core than in
the cladding. Another important observation is that the magnitude of draw-
induced residual stresses and strains scale linearly with the draw tension.
When fibers are drawn at low draw tension (<100g) the residual stresses and
strains usually result from differential thermal contraction. In fibers drawn
at higher draw tension, the residual stresses and strains usually result from
draw-induced effects. When the fibers are drawn at extremely high tension,
the axial draw-induced residual compressive mechanical stresses in the core
can be as large as 200 MPa [3.82-3.84].
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3.4.2 Fusion Splicing and Its Relationship
to Residual Stress and Strain

Changes to the fiber’s residual stress and strain state resulting from fusion
splicing can have an impact on the mechanical and optical properties of the
splice. During a fusion splice, the fiber tips are usually heated to temper-
atures which rival the original fiber draw temperatures. Thus fusion splic-
ing erases any “memory” of the original draw-induced residual stress and
strain. However, residual thermal stresses will be restored to the fiber as
it cools down from splicing temperatures [3.72]. Restoration of the origi-
nal thermal stress field is of critical importance for some types of splicing.
For example, PM fiber splices exhibit low-loss and low polarization crosstalk
because the residual thermal stress state that gives rise to the fiber’s bire-
fringence is not altered by the thermal cycling experienced during the fusion
splice.

Residual stress in an optical fiber affects the refractive index through the
stress-optic effect. If the unstressed fiber refractive index is considered to be
isotropic and is denoted by n, then the refractive index components of the
stressed fiber may be expressed as [3.75]

Ny =N+ pow + q(0pp + 022) (3.45a)
N, =N+ Py + q(0gp + Orr) (3.45Db)
Ng :n+pa¢¢+q(arr+azz) , (3.450)

where p and ¢ are the stress-optic coefficients, and n., n,, and ny are the
refractive indices for light polarized in the radial, axial, and azimuthal di-
rections respectively. Furthermore, o, 04, and 044 are the normal stresses
in the radial, axial, and azimuthal directions, respectively. The radial and
axial symmetry of an optical fiber ensures that only the normal stress com-
ponents are non-zero [3.75,3.76]. The stress optic coefficients for silica have
been measured to be p = —6.5x 10" 3 Pa~! and ¢ = —4.2x 10~ 2 Pa~! [3.85].

The residual stress field in an optical fiber manifests itself as birefrin-
gence which can be measured with a polarscope [3.86]. Chu and Whitbread
were the first to report that fusion splicing altered the residual stress in
optical fibers [3.72]. They measured the birefringence of an optical fiber in
the vicinity of a fusion splice and showed that the splicing process removed
the draw-induced residual mechanical stresses leaving behind only residual
stresses from differential thermal contraction. Volotinen and co-workers also
used birefringence to measure the residual mechanical stress in the vicinity of
a fusion splice and corroborated Chu’s results [3.74]. Mohanna measured the
rate of stress relaxation by monitoring the rate of change of the birefringence
of an optical fiber and used this to estimate the temperature achieved during
fusion splicing [3.73].

The stress changes associated with relaxation of draw-induced resid-
ual mechanical stresses are on the order of the residual stresses them-
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selves [3.83]. Since these stresses can be as large as 200 MPa in the core
of a fiber [3.82-3.84], the refractive index change associated with their re-
laxation is on the order of 0.00013. A localized refractive index change of
this magnitude has a negligible impact on the wave guiding characteristics of
most fibers.

The refractive index of certain optical fibers can be changed by local-
ized heating [3.70,3.71,3.87]. These refractive index changes can be as large
as 0.0015 [3.70] and are thought to result from thermal relaxation of large
draw-induced mechanical stresses. Equations (3.45a-3.45¢) suggest that the
corresponding change in the core residual stress must be on the order of
2 GPA! Similar refractive index changes are expected when fusion splicing
fibers with such large draw-induced residual stresses. In any case, these re-
fractive index changes are not as large as those typically result from dopant
diffusion.

The strength of an optical fiber fusion splice, as well as an optical
fiber, is primarily determined by the condition of the outer surface of the
fiber (see Chap. 6). Defects on the fiber’s outer surface can serve as nu-
cleation sites for crack growth. The strength of an optical fiber can be in-
creased by imparting a residual compressive stress to the outermost portion
of the fiber cladding [3.68, 3.80, 3.81, 3.88-3.91]. This residual compressive
stress suppresses crack growth. Differential thermal contraction can impart
just such a compressive stress to the outer surface of the fiber cladding,
providing that the outer surface is fabricated from a glass with a lower
thermal expansion coefficient than that of the interior glass. Most silica
fibers consist of a high thermal expansion coefficient core that is overclad
by low thermal expansion coefficient high-purity silica glass so they enjoy
some benefit from small amounts of compressive stress on their outer sur-
face.

However, when fibers are drawn at high tension, the high silica cladding
can experience residual tensile stresses. Since fusion splicing does not substan-
tially alter the residual thermal stress but does destroy any residual draw-
induced stresses in the vicinity of the splice, fusion splicing will not make the
cladding residual stress more tensile, providing the fiber has a high viscosity
glass at its outer surface. In fact, fusion splicing induced changes to the fiber
residual stress state can only make the residual axial stress in the cladding
(and on the cladding surface) more compressive, and thus more crack resis-
tant [3.72]. However, this benefit is typically outweighed by surface defects
incurred on the surface of the fiber during fusion splicing, especially in the
region immediately adjacent to the fusion splice that is heated to interme-
diate temperatures. As discussed in Sect. 2.1, fiber surface damage can also
result from stripping the fibers polymer coating, from careless handling, or
from dirty or worn arc electrodes. The effect of externally applied mechanical
stress on the long term reliability of optical fiber fusion splices is discussed
in detail in Chap. 6.
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Residual thermal stresses can impair fusion splices between certain com-
binations of optical fibers. For example, it is very difficult to fusion splice
silica based optical fibers to optical fibers fabricated from lower temperature
glasses including fluoride [3.92-3.94], bismuth oxide [3.95-3.97], chalcogenide,
borosilicate, or phosphate [3.98] glasses because the thermal expansion coef-
ficient of these glasses is very different from that of silica glass. Moreover, the
lower melting temperature of these glasses necessitates lower splicing tem-
peratures, at which the silica glass fiber tip remains solid. The lower temper-
ature glass will flow around, and possibly bond to, the solid silica fiber tip.
Although a joint can be formed at elevated temperatures, as the joint cools
down, the differential thermal contraction between the two fibers is so large
that large thermal stresses result so that fusion splices between silica fibers
and low temperature glasses exhibit very poor mechanical strength and are
often too fragile to be handled.

3.5 Summary

Heat transfer during optical fiber fusion splicing is a complex nonlinear mix-
ture of unsteady radiation, convection, and conduction. The fiber tips in an
arc discharge are heated by radiation and convection while conduction and
radiation in the axial direction carry some of this heat away from the splice.
The fiber tips heat up and cool down within a few hundred milliseconds.
The fiber temperature is largely uniform with respect to radial position, but
varies as a function of axial position. The characteristic width of the heated
zone depends on the width of the heat source but is typically on the order of
a millimeter.

Mechanical forces such as those applied by the splicer’s chucks as well as
surface tension and viscosity play a critical role in shaping the fusion splice
process. A variety of important phenomena such as bending, buckling, ta-
pers, bubbles, and fiber neckdown depend on the mechanical forces occurring
during fusion splicing. Producing a low-loss, high-strength optical fiber splice
requires some understanding of these phenomena and the forces that control
them.

High temperatures during fusion splicing can result in substantial amounts
of dopant diffusion that can significantly change the refractive index profile
and hence the optical and mechanical properties of a fiber in the vicinity of a
fusion splice. Linear dopant diffusion is relatively easy to quantify, although
the diffusion coefficients for common dopants in silica are not well character-
ized in the literature. An understanding of dopant diffusion is particularly
important when splicing fibers with small cores and highly mobile dopants
such as fluorine. Dopant diffusion can be either detrimental or advantageous
to fusion splice quality.

Fusion splicing can alter the fiber’s residual stress and strain, which can
alter the optical and mechanical characteristics of the fibers in the vicin-
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ity of the splice. The effect on the refractive index profile is thought to be
quite small but the effect on mechanical strength may be more substantial.
Relaxation of draw-induced residual mechanical stresses can reduce surface
tensile stress in the vicinity of a splice and thus increase the fiber’s me-
chanical strength and long term reliability. However, this effect is typically
outweighed by other effects influencing a fiber’s mechanical strength such as
surface damage incurred during fiber stripping or handling.



4. Optics of Fusion Splicing

An optical fiber fusion splice is a permanent joint between two fibers that
enables the optical signal, an electromagnetic wave, to pass from one fiber
to another. At a fusion splice, the optical signal may be radiated out of the
fiber, reflected back into the launching fiber, or transmitted into one or more
guided modes in the receiving fiber (Fig. 4.1). Typically optical absorption
is minimal in the fiber itself so the fusion splice joint may be thought of as a
purely scattering element. The optics of a fusion splice are entirely determined
by the refractive index experienced by the optical signal in the vicinity of the
splice. The refractive index in the vicinity of the splice depends in turn upon
the geometry of the splice and upon materials effects such as dopant diffusion
and residual stress, both of which were discussed in the preceding chapter.
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Fig. 4.1. Schematic illustration of the effect of a fusion splice joint on an optical
signal propagating from left (launching fiber) to right (receiving fiber). The signal
can be transmitted from the launching fiber into an identical mode (if there is
one) in the receiving fiber at the splice joint (solid arrow), it can be converted into
different modes in the receiving fiber (dashed arrow), it can be reflected back into
the launching fiber (dotted arrow), or it can be completely radiated out of the fiber
(dot/dashed arrow)

Splice loss is the most common, and usually the most important, optical
characteristic of a fusion splice. Splice loss usually refers to the fraction of the
incident optical signal power that is not transmitted across the joint because
it is either reflected or radiated away. The portion of signal power converted
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into other guided modes at a multimode fiber splice may or may not be
considered “lost.” In single-mode fibers, any portion of the optical signal
that is not transmitted into the fundamental guided mode of the receiving
fiber is considered to be lost. By convention the splice loss, I'spiice, is measured
in dB units according to the following equation

Tiplice = 1010gy, Flne (4.1)
Ptrans
where Py, is the total optical power incident upon a fusion splice and Piyans
is the desirable portion of the optical power transmitted across the fusion
splice. Since Pine > Pirans, the splice loss will be a positive number.

The fundamental mechanisms responsible for fusion splice loss can be or-
ganized into two categories: extrinsic and intrinsic loss. Eztrinsic loss refers
to splice loss that results from imperfectly formed splice joints, usually from
geometric misalignment or deformation at the joint. Intrinsic splice loss refers
to splice loss that results from differences in the propagating characteristics
of the launching and receiving fibers. Extrinsic splice loss can be minimized
by proper fabrication of the fusion splice including careful attention to cleave
quality and optimizing splicing parameters as discussed in Sect. 8.1. Intrinsic
losses can be minimized through splice parameter optimization as well as by
exploiting special splicing strategies, which modify the propagation charac-
teristics of the fibers at the splice. These strategies include splice tapering,
splice fattening, bridge fibers, diffusion of core dopants, offset heating, and
fire polishing (Sect. 8.2).

One important advantage of fusion splices over competing fiber intercon-
nection technologies, such as free space coupling, connectors, or mechani-
cal splices, is the relatively small amount of optical power reflected by fu-
sion splices. Since the performance of many optical sources, devices, and
transmission systems can be sensitive to even minute amounts of reflected
power [4.1-4.3], fusion splices are often the only viable option. Reflectance is
a measure of the amount of optical power reflected by an individual compo-
nent, such as a fusion splice, whereas return loss is a measure of the total
optical power reflected by an optical fiber span containing many individual
components (Sect. 7.2.1). By convention the reflectance of a fusion splice,
Rsplice, is expressed in dB units as

P, refl

Rsplicc =10 10g10 (42)

mc

where Pjeq is the optical power reflected at the fusion splice. Since P,..q must
be less than Pinc, Rspiice Will always be a negative number. A lower (more
negative) value for the reflectance is nearly always preferred.

The propagation of optical signals in optical fibers may be approached
from two perspectives: ray optics (also known as geometrical optics) and the
modal description (also known as wave optics or physical optics). In the ray-
optic description, photons are assumed to follow straight trajectories like



4.1 Modal Description of Fusion Splices 93

ballistic particles. In the modal description, the signal propagates in discrete
modes which are spatial envelopes of oscillating electromagnetic waves. The
ray-optic description of signal propagation is valid when the wavelength of
light is very small compared to the characteristic length scale of the fiber,
which can be very loosely defined as the fiber’s core radius. Thus the ray-
optic approach is valid for most multimode optical fibers, especially when
their normalized frequency, V, is larger than 10 [4.4]. The modal description
of optical fibers is essential for analyzing single-mode fibers, whose normalized
frequency is less than 2.5.

In this chapter we discuss the optical characteristics of fusion splices. First
we introduce relevant aspects of optical waveguide theory for both single- and
multimode fibers. Analytical techniques for describing single- and multimode
optical fiber splice loss are derived and then approximate splice loss predic-
tion formulae are presented. We conclude with an introduction to the beam
propagation method (BPM), a numerical techniques for describing the op-
tical characteristics of a fusion splice based on the refractive index in the
vicinity of the splice.

4.1 Modal Description of Fusion Splices

In this section we will examine the optical characteristics of fusion splices
with the aid of the modal description perspective and discuss the interactions
between optical fiber modes and fusion splices. A complete review of optical
waveguide theory is beyond the scope of this book but excellent introductions
are available in [4.4-4.8,4.10]. In this section we will develop the scalar wave
equation which will serve as the foundation for our analysis of the optics
of fusion splicing. This scalar analysis is approximately correct for single-
mode fiber fusion splices. A rigorous description of multimode fusion splices
requires solving the full vectorial wave equation, which is also beyond the
scope of this book. However, the scalar approximation captures the essence
of the full vectorial solution so that the general results derived using the scalar
analysis are valid for multimode fibers. The specific optical characteristics of
single- and multimode fiber fusion splices will be addressed in Sects. 4.2 and
4.3 respectively.

4.1.1 The Scalar Wave Equation

The optical signal carried in a fiber is an oscillating electromagnetic wave
governed by Maxwell’s equations. In isotropic, linear, non-conducting, source-
free, and non-magnetic media such as silica glass Maxwell’s Equations may
be written as [4.7]

o0H

E:— —_— 4.
V x Moatv (33)
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OE
V x e (4.3b)
V.(cE) =0, (4.3¢)
wVH =0, (4.3d)

where F is the electric field vector, H is the magnetic field vector, t is time,
is the dielectric constant of the material and pg is the magnetic permeability
of free space (47 x 1077 Vs/Am). The electric field, E, is measured in the
ST units V/m. The dielectric constant, €, is in general a function of position,
denoted by the vector r, and may be expressed as

e(r) = gon(r) , (4.4)

where n(r) is the local index of refraction. A rigorous description of the op-
tical properties of a fusion splice require a complete solution to Maxwell’s
equations, (4.3a-4.3d), which yields the vector quantities E and H as a func-
tion of position, r, and time, ¢, given refractive index geometry, n(r) and
the boundary conditions. Unfortunately, (4.3a-4.3d) are a coupled set of par-
tial differential equations, which can only be solved with certain important
assumptions. If we take the curl of (4.3a) and substitute in (4.3b) we obtain
0’E

V x (V x E) = —poe 92 (4.5)
Equations (4.3c) and (4.5) may be combined with the vector identity V x
Vx E=V(V-E)—V2E to yield [4.8]

’E 1

V2E — uofs%? = -V(ZE-Ve). (4.6)
The right hand side of (4.6) may be neglected when the fractional change
in e, and hence n?, is much less than one over a distance of one optical
wavelength [4.8]. With this simplification we obtain the vector wave equation

9 0’E

V°E = ppe 52 (4.7)
The solution to this wave equation is the vector quantity E as a function
of position 7, and time ¢t. When the refractive index variation in a fiber is
small (i.e. %j?dd“g < 1) the electric field oscillates almost entirely in the
transverse direction. In other words, the component of F in the z direction is
negligible. This weakly guiding or scalar approximation permits us to express
the electric field as the scalar quantity F(r,t) which is understood to oscillate
in the transverse direction [4.4-4.6,4.8-4.10]. This assumption results in the
scalar wave equation, also termed the Helmholtz equation [4.11]

0’FE

V2E — HoE Sy - (4.8)
In general, E(r,t) is a complex valued function. This equation is sufficiently
rigorous for analyzing the optical characteristics of most single-mode and
multimode fusion splices.
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Most optical fibers exhibit cylindrical symmetry (n=n(r, z) where r is the
radial coordinate and z is the axial coordinate) so it is convenient to express
(4.8) in cylindrical coordinates while substituting in (4.4)

82E+32E+16E+182E_ 2(y. 2) 0°E

022 or2  ror 12092 R TP
where ¢ is the azimuthal angle. If we assume that the fiber does not change
along its length the electric field may be expressed by [4.4]

E(rv d),Z,t) = ’1/1(7', ¢) exXp (i(Wt_/Bz)) ) (410)

where i=v/—1, 1(r, ¢) is the envelope of the oscillating electric field, w is the
angular frequency, and 3 is the azxial propagation constant, also termed the
phase constant [4.10]. Consider a real valued function (r, ¢) such that

P(r,¢) = R(r)(9) , (4.11)

where R(r) and ®(¢) are also real-valued functions. If we substitute (4.10)
and (4.11) into (4.9) we find a sufficiently general expression for @ is

D(¢p) = cos(lg) , (4.12)
where [ is an integer (0,1,2...). We also find [4.4]
l2

0’R 10R 1 0°R
or? + r or * r2 O¢?
where ko is the vacuum wavenumber given by ko = w/clight = wy/loco =
27 /X and ciight is the speed of light in a vacuum.
If we assume that the magnetic field is a linear function of the local electric
field, then the optical intensity in the fiber, I, can be related to the magnitude
of an electric field as follows [4.12]

I(r,¢) = g\/gEE : (4.14)

where * denotes the complex conjugate. Unlike the electric field F, the optical
intensity, I, may be directly measured by an optical detector and is usually
quantified in the SI units W/m?2. Given that the refractive index in silica
optical fibers is approximately 1.444 at 1550 nm and exhibits relatively small
variations over the radius of most fibers, we can choose special units for
electric field magnitude, which incorporate the leading coefficients of (4.14).
If we do this, we can express the optical intensity I(r, ¢) associated with an
arbitrary electric field envelope ¥(r, ¢) in very simple terms

I(r,¢) = U*W . (4.15)

Of course, ¥*¥ reduces to ¥? when V¥ is real valued. Equation (4.15) shows
that the units of ¥ can be expressed as vW /m. The total optical power
carried by the electric field envelope ¥ (r, ¢) is denoted by Py and can be ob-
tained by integrating (4.15) over the entire cross sectional area of the electric
field envelope, Acs

(4.9)

+ [kon?(r, 2) — i FIR=0, (4.13)
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Py = / TP A . (4.16)

4.1.2 Modes

There are two types of solutions to (4.13): the first type of solution has
B > koNcladding and the second solution has 5 < konciadding [4-4]-

The first type of solution exhibits only discrete values of 3, each of which
is associated with a distinct guided mode designated as LPj,, where [ is the
azimuthal mode number, an integer (0,1,2...) in (4.12) and (4.13) and m is
the radial mode number, another integer (1,2,3...) that differentiates between
the various modes for each value of [. LP stands for “linearly polarized” since
the electric field is assumed to oscillate in the transverse linear direction.
Each discrete value of 8, the axial propagation constant, corresponding to
a solution of (4.13) is related to the propagation velocity of that particular
mode so that each distinct guided mode propagates along the fiber at a unique
velocity.

For every guided mode, LP;,,, the function ¢, (r,¢) defined in (4.11)
denotes the envelope of the oscillating electric field comprising that mode.
This envelope function, 9., (r, @), is known as the mode field shape, or simply
the mode field function since it defines the spatial distribution of the electric
field associated with a particular mode. Note that according to our definitions,
Yim (1, @) will be real because R and @ are real valued. The mode field, and
hence the optical intensity distribution, exhibits 21 zeros in the azimuthal (¢)
direction and m — 1 zeros in the radial (r) direction (excluding the possibility
of a zero at r = 0) [4.4]. The optical intensity distributions for some low-order
modes in a multimode fiber are depicted in Fig. 4.2.

(a) (b) (©) (@

Fig. 4.2. Some low-order modes (mode intensity patterns, not electric fields) for
a parabolic graded-index multimode fiber with A of 0.01, core radius of 25 um,
and wavelength of 850 nm, which is typical for this type of fiber. The normalized
frequency of this fiber, V', is about 37 which corresponds to about 720 guided modes.
Darker regions correspond to regions of higher optical intensity. Low-order modes
for a step-index fiber are very similar, (a) LPo1; (b) LPo2; (¢) LP11; (d) LP2:1. Note
how the mode fields have 2! zeros in the azimuthal (¢) direction and m — 1 zeros
in the radial (r) direction (excluding the possibility of a zero at r = 0)
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The normalized frequency, V', introduced in (1.6), determines the number
of distinct guided modes in a fiber. When V is between 0 and 2.405 the fiber
is single-mode meaning that there is only one discrete solution to (4.13) with
B > koncladding. This unique solution is known as the LPqi, or fundamental,
mode. Some sample LPg; mode fields are depicted in Fig. 4.3. The number

of distinct guided modes in a multimode fiber, Nyodes, may be estimated
as [4.4]

V2
Nunodes ~ 5 - (4.17)

Commercial multimode fibers typically exhibit V' > 15 so they guide hun-
dreds of modes.
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Fig. 4.3. Sample LPo; mode fields at 1550 nm for three different types of SMF. The
101 are not orthonormal as they have been scaled such that 1/101\r:0 = 1. o1 for
standard SMF (dashed line) with 8.3 um core diameter, A=0.33%, 10.5 pm MFD;
o1 for a small core SMF such as an erbium-doped gain fiber (solid line) with 4 pm
core diameter, A=1.4%, 5pum MFD; and o1 for a DCF (dotted line) with core,
trench, and ring index structure, 5 pm MFD. (a) Linear scale and (b) Logarithmic
scale. Note how all o1 drop off exponentially at large r (linearly on logarithmic
plot). Mode fields calculated with the method described in Sect. 4.4.3

The second type of solution to (4.13) occurs when § < koncladding and
this type of solution exhibits a continuous set of values for 3. The set of
continuous ( are sometimes termed radiation modes and they are not guided
by the fiber. After a sufficiently long propagation distance in the z direction,
the optical power associated with these radiation modes exits the fiber.

Any arbitrary electric field at a particular place in the fiber, ¥(r, ¢), can
be expressed as a linear sum of guided and radiation modes as follows [4.4]

U(.6) = 3 ctmtin(r,0) + [ cB0a(r 015 (4.18)
Im
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where ¢, and ¢() are complex-valued coeflicients for the guided modes and
a complex-valued function for the radiation modes, respectively.

The guided mode solutions, the ;,,, are orthogonal to each other meaning
that

/¢lm¢l/mdiCS = 0 for either [ # ' or m # m’ . (4.19)

Physically this means that the optical power traveling down the fiber in
one mode field is completely isolated from, and does not exchange energy
with, any other mode field. However, if the fiber index profile changes along
its length, then energy may be exchanged between modes. A fusion splice
usually results in a local change in the fiber index profile which can permit
energy to be exchanged among the mode fields. Manufacturing imperfections
in the fiber, such as variations in the fiber index profile or fiber geometry,
as well as bends in the fiber, can also cause optical power to be scattered
amongst the various modes in the fiber.

To simplify future derivations, we choose our guided mode field solutions,
the i, such that

/ Y dAs =1, (4.20)

for all [ and m. Thus, the units of measurement for 1, is length~! or 1/m.
Since ¥ in (4.15) and (4.18) is expressed in the units v/W /m, we infer that the
coefficients ¢y, must have the units v/W. Note that this choice for normal-
ization of the 1)y, is somewhat non-standard but is particularly convenient
for the analysis of fusion splices. When the set of guided modes, ), satis-
fies (4.19) and (4.20) they are termed orthonormal. For the duration of this
chapter, we will assume ;,,, denotes an orthonormal mode field.

In (4.18), the ¢, coefficients represent the amount of electric field residing
in the associated mode LP;,,. These coefficients are termed the electric field
amplitude coefficients and can be expressed as

Clm = /wwlmdAcs . (421)

Note that ¢;,, will be complex when ¥ (r, ¢) is complex; the magnitude of ¢y,
is related to the amount of power carried in the mode while the phase angle
of ¢, is related to the phase angle of the oscillating electric field. The total
power carried in the LP;,, mode can then be expressed as

P = ¢} Clm, - (4.22)

As mentioned earlier, after a certain distance, the optical power compris-
ing the radiation modes will exit the fiber and the ¢(8) in the final term of
(4.18) may then be considered to be zero. At this point, all the optical power
in the fiber is comprised of guided modes. Substituting (4.18) into (4.16) and
making use of (4.19), one can show that the total amount of guided optical
power may be expressed as
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Py = Clim - (4.23)
lm

It is interesting to note that the guided modes of an optical fiber are
analogous to quantum mechanical base states [4.13]. In this sense, the phase
of the electric field of a mode is analogous to the probability amplitude as-
sociated with a quantum base state. Like probability amplitudes in quantum
mechanics, the phase of a guided mode in an optical fiber cannot be directly
measured, but can only be inferred from interference experiments. Some of
the tools used for analyzing quantum base states, such as the matrix prop-
agation formalism, are applicable to signal propagation in optical fibers, as
demonstrated in the next Section.

4.1.3 The Scattering Matrix

In this section we will apply the scattering matriz formalism to an ideal-
ized fusion splice and derive some basic results concerning optical coupling
between two fibers. The mathematics and the notation may seem a bit te-
dious but the results are well worth the effort since they have important
implications for both single- and multimode fiber fusion splices. The general
scattering matrix formalism is detailed in [4.7,4.14].

Consider two different fibers, denoted left and right, mated together at
a planar interface, as shown in Fig. 4.4a. These fibers may be single- or
multimode. Let the M orthonormal guided mode fields of the left hand fiber
be denoted by %(L) for : = 1,2,3...M and the N orthonormal guided mode

fields of the right hand fiber be denoted by ¢'™ for j =1,2,3...N.

The notation is simplified by identifying each guided mode by a single
number, rather than using the LP;,, notation introduced earlier. Each indi-
vidual LP;,, will be denoted by a single unique subscript. In fact, the LPy,,
modes derived earlier from the scalar wave equation, (4.8), may not accurately
describe the mode fields when the fibers guide a large number of modes. In
that case, the vector wave equation must be solved to obtain exact solutions
to the mode fields. Nevertheless, the use of the scalar approximation in the
present derivation will still lead us to the same important conclusions.

The refractive index profile of the individual fibers in the vicinity of the
splice are assumed to be constant with respect to z, the coordinate along the
fiber’s axis. Optical energy is assumed to travel into and out of the fusion
splice from both fibers. The corresponding electric field incident on the fusion
splice from the left fiber is denoted by Ef, iy, the electric field incident from
the right fiber is denoted by ER in, the electric field exiting from the left
fiber is denoted by Er, out, and the electric field exiting from the right fiber
is denoted by ER out.

Figure 4.4b illustrates how this fusion splice joint can be modeled as a
multiport passive optical device. The various guided modes in the left and
right fibers serve as “ports.” The radiation modes are all lumped together
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Fig. 4.4. Application of the scattering matrix formalism to the analysis of a fusion
splice. (a) Illustration of an idealized fusion splice between two dissimilar fibers, left
and right, guiding modes @Z)EL) for i =1,2,3...M, and modes @Z)](.R) for 5 =1,2,3...N
respectively. The incident electric field traveling in the left fiber is denoted by Fr in,
the exiting electric field in the left fiber is denoted by Ef, ous, the exiting electric
field traveling in the right fiber is denoted by ERr out, and the incident electric field
in the right fiber is denoted by Er in. (b) Depiction of the fusion splice joint as
a passive multiport optical device in which the various modes of the two fibers
comprise ports. In this analysis, radiation modes are grouped together to comprise
an additional port

into an additional port. The system is passive in the sense that it does not
amplify nor absorb any optical power. Instead, the system scatters the optical
energy amongst the various ports. The details of this scattering are deter-
mined entirely by the refractive index geometry of the scattering region.
The entering and exiting electric fields associated with the entering and
exiting optical signals are decomposed into guided orthonormal modes and
their associated amplitude coefficients following (4.18) and (4.21). Conse-
quently, the total electric fields may be expressed as a superposition of the
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electric field amplitudes of the individual modes as

M

EL,in = Z aﬂﬁgL) 5 (4243)
i=1
N

ER,out = Z bj’(/}j(R) ) (424b)
j=1
M

Erow =Y et (4.24¢)
=1
N

ER,in = Z dj/(/}j(R) ; (424d)
j=1

where the complex amplitude of the electric field entering the system from via
the ith mode of the left fiber is denoted by a; while the complex amplitude
of the electric field exiting the system via the left fiber’s ith mode is denoted
by c¢;. Similarly, the complex amplitudes of the electric field entering the
system via the jth mode of the right fiber is denoted by d; while the complex
amplitude of the electric field exiting the system via the jth mode of the right
fiber is denoted by b;.

Let the column vectors a, b, ¢, and d contain the individual complex field
amplitudes as their components so

ay bl C1 dl
a9 bQ Co d2

a= . ,b=1 . ,c= . ,d=1 . . (4.25)
apns bN CM dN

Following (4.23), the total optical power corresponding to an electric field is
given by the sum of the magnitudes of the complex electric field amplitudes
which can be written in vector form as

Pon=a"a, (4.26a)
Proouw = b*b, (4.26b)
PLow =cte, (4.26¢)

Prin=d'd, (4.26d)

where T denotes the operator which takes the transpose and the complex
conjugate of the argument, P, j, denotes the total optical power incident on
the fusion splice from the left fiber, Pr ous denotes the total optical power
exiting the fusion splice via the right fiber, P, o4 denotes the total optical
power exiting the fusion splice via the left fiber, and Pr i, denotes the total
optical power incident on the fusion splice from the right fiber.

We can assemble a column vector Cj,, which contains the electric field
amplitudes of all the light entering the fusion splice from the two fibers and
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a column vector C,y¢, which contains the electric field amplitudes of all the
light exiting the fusion splice

Cin = [g] , Cou = [g] . (4.27)

Notice the special order of the components comprising C';, and Cy,t. The
column vectors must be ordered such that each row of C;, corresponds to
the identical port of Cyy. Since a; shares the same port as c;, they must
appear in the same row of Cj, and C, respectively.

Since the splice joint is a linear passive optical device, it does not add or
subtract optical power but rather distributes that optical power according to
linear rules. Thus, we may express the output electric field amplitudes, Coyt,
as a linear functions of the input electric field amplitudes, C;,, so

Cout = SCin 5 (428)

where S is a special square matrix called the scattering matriz. The elements
of S are unitless and determined only by the refractive index geometry of
the splice and are independent of the actual electric field amplitudes. We will
refer to the individual elements of S using two subscripts, the first referring to
the input electric field amplitude component of C, and the second referring
to the output electric field amplitude component of C,. Thus, the element
of S relating the input electric field amplitude a; to the output electric field
amplitude b; is denoted by Sa;.p;-

Since the fusion splice does not contain any magnetic elements, it may be
considered reciprocal meaning that S is symmetric [4.7]

sT=§, (4.29)

where T denotes the matrix transpose operator. When S is symmetric, the
correspondence between the rows of C;, and C,.; ensures that

Saib; = Sdjei - (4.30)

The scattering matrix defined by (4.28) is not complete since we have not
accounted for the radiation modes. Thus, the scattering matrix S derived
here is not loss less so it is not unitary [4.7].

Between fusion splices, a length of optical fiber that does not couple energy
between its various guided modes can be modeled as a diagonal matrix whose
elements are complex numbers of unit magnitude that produce a phase shift
appropriate for each guided mode’s unique axial propagation constant. A
span of optical fiber containing several splices can be modeled by a cascaded
sequence of scattering matrices corresponding to the individual splices and
the segments of fiber between them. It is important to note that cascaded
scattering matrices are not commutable; they must be applied in the correct
order. This fact has implications for multimode fibers discussed in Sect. 4.3.1.

Equation (4.30) is an important result as it implies that the fraction of

electric field transformed from input mode ng) in the left fiber to output
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mode ¢§R) in the right fiber is equal to the fraction of electric field trans-

formed from input mode ¢§R) in the right fiber to output mode 1/)1@) in the
left fiber. For this reason, the splice loss between two SMFs must be equal in
both propagating directions.

Some older studies of fusion splice loss between low-NA (large core and
low A) and high-NA (small core and high A) fibers have suggested that
splice loss is lower when propagating from the larger-core to the smaller-
core fibers [4.15-4.18]. Miller acknowledged that this result is inconsistent
with electromagnetic theory and there is no theoretical justification for such
an observation [4.16], however Zheng purported to provide one [4.18]. More
recent experimental [4.19] and theoretical work [4.19,4.20] (the latter using a
scattering matrix approach similar to that presented here) has confirmed that
the splice loss between two purely single-mode fibers is indeed independent
of direction.

The fact that splice loss between single-mode fibers is equal in both prop-
agating direction is unrelated to the observation that SMF “splice loss” as
measured by an optical time-domain reflectometer (OTDR) depends on the
measurement direction. The reason for the “directional dependence” of splice
loss measured by an OTDR is that the OTDR actually measures the change
in backscattered power across the splice joint, which is a function of both the
splice quality and the backscattering characteristics of the fibers themselves.
The actual splice loss (for either propagating direction in a single-mode fiber)
is given by the average of the loss measured by the OTDR in both directions.
This issue is discussed in more detail in Sect. 7.2.2.

Another important implication of (4.28-4.29) is that the splice loss be-
tween two multimode fibers is generally not the same in both directions. The
splice loss between two multimode fibers depends on how the optical energy
is distributed (both amplitude and phase) amongst the various modes. This
observation makes some physical sense since we can imagine fusion splicing
a single-mode fiber to a multimode fiber designed so that the single-mode
fiber’s guided mode is nearly identical to the multimode fiber’s fundamental
guided mode. When light is launched from the single mode fiber into the
multimode fiber, the splice loss will be extremely low since nearly all the
energy from the SMF will couple into the fundamental mode of the MMF.
However, if light is launched from the MMF into the SMF, and if this light is
well distributed among the many modes in the MMF, most of the light will
be lost since it won’t couple into the SMF’s single guided mode.

The polymer coating of a single-mode fiber usually exhibits a refractive
index higher than the glass cladding so that the cladding won’t support any
guided modes and the radiation modes mentioned earlier will be stripped out
of the fiber. During fusion splicing, this polymer coating is removed in the
vicinity of the splice and the resulting silica-air boundary on the outside of
the cladding actually turns the single-mode fiber into a multimode waveguide
in the vicinity of the splice [4.21]. However, the single-mode splice loss is still
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the same in both directions in this case since we can choose the boundary of
our scattering system such that it includes the entire stripped region of fiber
so that the fibers cross the system boundary where they are coated and thus
truly single-moded.

fiber A fiber B

Fig. 4.5. Schematic illustration of the exchange of energy across a fusion splice
joint between modes in two different optical fibers. The solid boxes represent guided
modes, the dotted boxes represent radiation modes. The solid arrows demonstrate
how an optical signal traveling towards the splice in the fundamental mode of fiber
A can get distributed into various guided modes in fiber B. The dashed arrows
demonstrate how an optical signal traveling towards the splice in fiber B can be
distributed into various guided modes in fiber A. After [4.20]

4.1.4 The Overlap Integral

We can use (4.21) to compute the amount of electric field transmitted from
orthonormal mode i in the left fiber to orthonormal mode j in the right fiber.
To do this, we assume that the electric field in the launching fiber crosses the
splice joint into the receiving fiber and is then decomposed into the various
orthonormal modes, ¥;,,, associated with the receiving fiber. This can be
best appreciated by imagining a special situation in which the only non-zero
electric field amplitude entering the scattering region is a; associated with
orthonormal mode wEL) in the launching (left) fiber. In that very special case
we may simplify (4.28) for the exiting electric field amplitude b; associated

with orthonormal mode 1/1§R) in the receiving (right) fiber.

bj = Sai,bjai . (431)
However, (4.21) demands that
bj = /a¢¢§L)¢§R)dAcs ) (4.32)

where ¥, ¢, and Yy, in (4.21) are analogous to aiw§L), b;, and 1/)5»R> in
(4.32), respectively, and A is the cross-sectional area of the fiber at the
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splice joint. The term a; may be pulled out of the integral in (4.32) and this
expression then combined with (4.30) and (4.31) to reveal

Sai,bj = /@L)%R)d&s = de,ci . (433)

Notice that that (4.33) is independent of propagation direction. Although our
derivation assumed that the only non-zero incident electric field amplitude
was a;, the preceding expression must be valid for all choices of input electric
field amplitudes a; and d; since the scattering matrix itself does not depend
on the electric field amplitudes but only on the geometry (refractive index
profile) of the system.

Equation (4.33) is a form of the overlap integral [4.10], which can be used
to compute the energy exchanged between different modes on either side of
a discrete interface such as a fusion splice with a high degree of accuracy.
Note that the overlap integral has nothing to do with the physical overlap of
fibers during the fusion splice process defined in Sect. 1.2. When both fibers
are perfectly aligned to each other, there is no lateral offset, and the mode
fields are axisymmetric, we may readily express this relationship is cylindrical
coordinates

¢=2m =00 L R
S = / / ™ By drdg . (4.34)
=0 Jr=0
If we substitute in (4.11) and (4.12) for ¢§L) and w§R) we may write
¢=27 r=00
Suin; = / cos(li¢) cos(l;¢)dg RMR™rar, (4.35)
$=0 r=0 '

which is zero unless [;=I;. In other words, a perfectly aligned fusion splice
between perfectly rotationally symmetric fibers will only couple energy from
LPy,, in the launching fiber to LPy,, in the receiving fiber when (=I'.

Equation (4.33) describes how the electric field in an input mode is trans-
formed into the electric field of an output mode. In the case of a single-mode
fiber splicing, we are often interested in the total optical power transmitted
from the input fundamental mode to the output fundamental mode. If the
mode fields ¢ are orthonormal, then the fraction of power transmitted from
mode wEL) in the left fiber to mode w§R) in the right fiber, Fg; p;, is a number
between zero and one given by the square of the magnitude of the complex
number Sg; p;

2

Fuing = S5 45 Sainy = ‘ / sy, (4.36)

We can express the fraction of the optical power incident on the splice
from mode %(L) in the left fiber but not transmitted to mode 1/)5»R> in the
right fiber, Iy p;, to be

Taip; = —10logyg (Faibg) (4.37)
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where I75;5; is expressed in decibels.

When both the left and right fibers are single-mode fibers, there is only
one guided mode in each fiber thus there are only two electric field amplitudes
associated with each fiber, an input and an output. In this case, we may use
the overlap integral to express the fusion splice loss between two perfectly
aligned dissimilar single-mode fibers as

2
) ; (4.38)

where I'syr is in decibels and 7 and 19 are the orthonormal fundamental
guided modes of the two single-mode fibers. Note that (4.38) can be used to
predict the transmission loss across a fusion splice joint in the presence of
core offset or core eccentricity by using Cartesian coordinates and laterally
displacing ¥ relative to s.

I'smr = —10logy (’/wﬂ/}zd/lcs

4.1.5 The Reflectance of Fusion Splices

The scattering matrix S also quantifies the reflectance of a fusion splice. For
example, the component Sg; ; quantifies how much of the incident electric

field in mode ’(/)EL) is reflected back into the exiting electric field in mode ng).
Note that the scattering matrix does not require that the reflectivity of an
input field into the corresponding output field of the same mode (i.e. a; into

c1 for mode w;L)) be equivalent to that of any other mode. Thus, although
we have shown that the fusion splice loss between any two single-mode fibers
must be the same in both propagating directions, the reflectance of such
a fusion splice need not be the same in both directions. Furthermore, the
reflectance of multimode fiber fusion splices certainly need not be identical
in both directions.

The magnitude of the reflectance of a fusion splice can be estimated by
considering the reflectance of a planar interface between two dielectric ma-
terials exhibiting refractive indices n; and neg, respectively. When a plane
wave crosses such an interface at normal incidence, the reflectivity can be
expressed as [4.23]

ny — no)?

Rplanewave = ﬁ . (439)
The refractive index profiles of the launching and receiving fibers are usually
not uniform, but instead exhibit some form of higher index core surrounded by
a lower index cladding, possibly with additional trenches or rings surrounding
the core (see Figs. 1.6 and 1.7). Therefore, an upper bound on the fusion
splice reflectance can be obtained by substituting the highest refractive index
present in either fiber for n; and the lowest refractive index present in either
fiber for ny of (4.39) and (4.2) to yield
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2
Ruplice < 101ogy, (%) (4.40)
where reflectance follows the convention of (4.2) so it is represented as a
negative number when expressed in dB units. A more accurate (and hence
lower) estimate for the reflectance can be obtain by choosing ny to be the
cladding refractive index and n; to be the approximate value of the core
refractive index.

Since reflectance at a fusion splice arises from abrupt transitions in refrac-
tive index, it will be maximal at fusion splices between dissimilar optical fibers
and minimal between similar or identical fibers. However, the reflectance of a
high-quality fusion splices between optical fibers is substantially lower than
the upper bound estimate of (4.40), and is nearly always less than -80 dB, re-
gardless of the fiber types [4.24]. For comparison, a planar air-glass interface
exhibits a reflectance of about -15dB whereas conventional optical fiber con-
nectors exhibit reflectance on the order of -55 dB. For example, the reflectance
of a typical fusion splice between conventional SMF and erbium-doped fiber
has been measured to be less than -100 dB [4.25]. In fact, we shall see in
Chap. 7 that the reflectance of most fusion splices is typically so low that
it cannot be measured with commercially available splice characterization
equipment!

One of the main reasons for the exceedingly small reflectance of optical
fiber fusion splices between dissimilar fibers is dopant diffusion (Sect. 3.3)
across the boundary between the ends of the two fused fiber tips, which cre-
ates a narrow sub-micron graded-index interface region. This effect can be
estimated by considering how a graded-index zone separating two uniform
regions with different refractive indices reduces the reflectivity of a normally
incident plane wave. The reflectivity of such a graded index region may be
numerically modeled as a stack of many distinct thin uniform layers using
either the wave impedance approach of [4.7] or the layered media analysis
of [4.24,4.26]. Figure 4.6 compares the results of some sample calculations
showing how the reflectance of a plane wave is reduced as transition zone
width between the two regions is increased where both wavelength and the
refractive index difference are parameters. These results shows that the re-
flectance exhibits a very weak dependence upon wavelength, and that in-
terdiffusion of only about 1 micron, which commonly occurs during normal
fusion splicing conditions, results in fusion splice reflectance on the order of
-80 dB or less.

Low-temperature fusion splices, discussed in Sect. 8.2.4, significantly limit
dopant diffusion so that the observed reflectance between dissimilar fibers
connected by low-temperature fusion splices can sometimes approach (4.40).
However, the reflectance can be significantly reduced by cultivating a more
gradual transition in refractive index that is easily achieved by increasing the
temperature and /or the duration of the fusion splice, or reheating an existing
fusion splice. Conventional single-mode fibers are most commonly comprised
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Fig. 4.6. Numerical prediction of the reflectance experienced by a plane wave im-
pinging at normal incidence on an interface between two regions exhibiting distinct
refractive index. The figure shows results for a refractive index difference (ni-n2)
in silica fibers of 0.005 at 1550 nm (solid line), a refractive index difference of 0.005
at 1310 nm (dotted line) and an index difference of 0.025 at 1550 nm (dashed line).

of a pure silica cladding and an up-doped core, but can also be comprised of
a pure silica core and a down-doped cladding. A fusion splice between these
two different types of fiber will have a refractive index transition across the
splice joint on the order of 0.005. Figure 4.6 shows that the reflectance (at
both 1310 nm and 1550 nm)will be on the order of -55 dB following a very
low-temperature splice of these fibers, or in the early stages of a conven-
tional fusion splice. At the conclusion of a conventional fusion splice process
the reflectance will be reduced below -80 dB. Similarly, Fig. 4.6 shows that
an abrupt refractive index difference on the order of 0.025, which can occur
when fusion splicing a large-core graded-index multimode fiber to conven-
tional SMF at low temperature, can result in nearly -40 dB of reflectance.
Conventional fusion splicing parameters will induce enough diffusion to re-
duce the splice’s reflectance below -80 dB.

4.2 The Optics of Single-Mode Fiber Fusion Splices

The analysis of single-mode fiber fusion splices is much simpler than the anal-
ysis of multimode fiber fusion splices. Although we have noted in Sect. 4.1.3
that scattering matrices are non-commutable, in most cases we can ignore
this rule when dealing with fusion splices between strictly single-mode fibers.
In particular, the total fusion splice loss of a single-mode fiber span will be
equal to the sum of the individual fusion splice losses within the span, irre-
spective of their particular order. The only exception to this generalization
occurs when higher order modes are guided by the nominally single-mode
fibers (an uncommon occurrence discussed in Sect. 4.2.4). Fusion splices be-
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tween single- and multimode fibers are more complex than those between
strictly single-mode fibers, and this topic is discussed in Sect. 4.3.4.

In a single-mode fiber fusion splice, the main concern is the amount of
power transmitted across the splice from the launching fiber to the receiving
fiber. In the previous section we derived the important result that the splice
loss between single-mode fibers is the same in both direction. Single-mode
splice losses between similar fibers are generally below 0.1dB and in many
cases are so low as to be undetectable and unmeasurable (<0.005 dB or
<0.1% of the optical signal lost). However, single-mode fiber splices between
very different fibers, such as between standard single-mode fiber (SMF) and
dispersion-compensating fiber (DCF) can amount to several tenths of a dB
(5% to 10% of the optical power lost).

It is helpful to organize single-mode fiber fusion splice loss into three
general categories: geometric deformation (an extrinsic loss); fiber mismatch
loss (an intrinsic loss); and transition loss (an extrinsic loss). As the name
suggests, geometric deformation losses (Fig. 4.7a) result from physical per-
turbations to the fibers during the fusion splicing process. During the hot
push and the ensuing joint formation, forces such as surface tension and vis-
cosity often distort the shape of the fiber tips and their core structure. Poor
cleaves are also likely to result in a fusion splice with core deformation. Gen-
erally speaking, geometric deformation of the fiber can be controlled and sup-
pressed with proper fiber preparation and splicing parameters. In Sect. 4.2.2
we present a relatively simple formula for estimating single-mode splice loss
based on simple geometrical deformations. A more accurate description of
how geometrical deformation influences single-mode splice loss is presented
in Chap. 5.

(@

(b)

(©)

Fig. 4.7. The three general categories for single-mode fusion splice loss: (a) geo-
metric deformation; (b) fiber mismatch; and (c) transition loss
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Fiber mismatch loss (Fig. 4.7b) can only occur when splicing dissimilar
fibers. In rare cases, two different batches of the same fiber design are so
different that fiber mismatch splice loss results when splicing them together.
Splice loss resulting from core eccentricity can be considered a fiber mismatch
loss since the fibers are “different” on either side of the splice. The splice loss
resulting from fiber mismatch can be estimated with the overlap integral in
(4.38). Along with careful splice parameter optimization, several specialized
strategies have been developed for reducing fiber mismatch loss (Sect. 8.1).

Transition splice loss (Fig. 4.7c) refers to loss resulting from heat-induced
changes to the fibers in the vicinity of the splice. It is important to note that
transition loss can occur between two identical fiber tips with perfect core
alignment. In certain fibers, dopant diffusion can causes substantial transition
loss, which manifest itself even when splicing identical fibers to each other.
Along with careful splice parameter optimization, special strategies can be
used to minimize transition losses (see Chap. 8.1).

4.2.1 The Mode Field Diameter

The mode field diameter (MFD) of a single mode fiber plays an important role
in determining the fusion splice loss between fibers. Typical measurements for
the MFD of single-mode fiber range from 4 to 12 pm. In general, fusion splice
loss between fibers with very different MFD values is higher than fusion splice
loss between fibers with similar MFD values. Furthermore, average splice loss
is usually higher when the fiber’s MFD is small since the splice loss will be
more sensitive to lateral misalignments resulting from geometric deformation
at the splice or core eccentricity in the fiber.

The fundamental mode field of a conventional single-mode fiber, g1,
exhibits no azimuthal dependence since [ = 0, so we can describe it as o1 (7).
This mode field is usually a maximum at the center of the fiber where r = 0
and falls off exponentially at large r in the cladding of the fiber. Equation
(4.13) actually predicts that the mode field only reaches zero as r — oo
because of this exponential behavior. In reality, ¥1(r) grows so weak at large
r that it is undetectable and negligible. Characterizing the effective diameter
of a mode field is not straightforward since the mode field asymptotically
approaches zero at large radius. The MFD sensitively depends on the criteria
employed for deciding where the “outside boundary” of the mode field is
found.

Nevertheless, several practical definitions for the mode field diameter have
been proposed, but the most common one, and the one we employ here, is
termed the Petermann II spot size that was first proposed by Petermann in
1983 [4.4,4.27,4.28]

2 o Wi ()
P fO dll’(n(”‘)

, 4.41
2pdr ( )

where wy, is the mode field radius so 2wy, is the MFD.
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Most manufacturers provide MEFD data for their fibers, usually according
to (4.41). Equation (4.41) can be used to compute the MFD based on an
analytical expression for the mode field or a numerical data set. A high quality
near field measurement of the mode field can also be used in (4.41), although
the derivative in the denominator can cause trouble with noisy measurements.
Pask and Ghatak describe methods for measuring the MFD based on the far
field, or diffracted, intensity pattern of SMF [4.4,4.28].

The MFD depends on the wavelength of the optical signal and longer
wavelengths generally have larger MFD values. For example, standard SMF
has an MFD of about 9.5 um at 1310nm and 10.5 pm at 1550 nm. Non-zero
dispersion-shifted fibers (NZ-DSF) usually exhibit a slightly smaller MFD,
around 9um at 1550 nm. Large-effective-area NZ-DSF exhibit MFD values
as high as 12pum at 1550 nm. Dispersion-compensating fibers (DCF) and
erbium-doped amplifier fibers (EDF) usually exhibit small MFD values on
the order of 5um. In fibers with large negative dispersion, such as DCF,
the MFD may be particularly sensitive to wavelength. The unique disper-
sion characteristics of such fibers results from a MFD that changes rapidly
with wavelength so that the optical power at different wavelengths samples
different amounts of various cladding regions.

A common error is to assume that because two fibers have identical MED
values, their mode fields are identical. That is a bit like assuming two people
are indistinguishable because they are the same height. It is critical to re-
member that the MFD is a single number that cannot possibly capture the
details of the mode field shape, which is a continuous function that is very
sensitive to the refractive index profile. Splice loss between dissimilar waveg-
uides ultimately depends on the difference in shape between two mode field
via the overlap integral equation, (4.38). In some cases, such as when both
mode fields are very nearly Gaussian, the MFD is a very accurate indicator
of the similarity between two mode fields. More generally, mode fields are not
well characterized by a Gaussian and so they may have very different shapes,
even when their MFD is identical. A good example of this is the small core
SMF (solid line) and the DCF (dotted line) in Fig. 4.3 which have identical
MFD values computed according to (4.41) but exhibit an overlap integral
loss of 0.2dB.

4.2.2 The Gaussian Approximation

Equation (4.13) cannot usually be solved analytically for the fundamental
guided mode, tg;. Fortunately, the fundamental mode field of an optical
fiber, 101 (r), is often well approximated by a Gaussian function g (r). This
Gaussian approximation was originally developed by Marcuse [4.29] and is a
powerful tool for quantifying how mode field size, lateral core offset, and an-
gular misalignments affect fusion splice loss. In this section we will introduce
the Gaussian approximation to the mode field and cite some commonly used
formulae for estimating single-mode fusion splice loss.
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The Gaussian approximation to the fundamental mode of a fiber, 11 (r),
is expressed as

belr) = — e~ uE (4.42)

where wg is termed the Gaussian spot radius and is equal to w, when (4.41)
is applied to 1¢(r). The Gaussian spot diameter is denoted by 2ws. Marcuse
developed an empirical relation for w, of a single-mode step-index fiber based
on the normalized frequency, V', of the fiber [4.4,4.30]

wg 1.619 2.870
R ~ (0.65 + Vi + Ve ) (4.43)

where Rcore is the core radius and 0 < V' < 2.5 which is approximately the
range of V' values for single-mode fibers.

Fusion splice loss between two Gaussian mode fields can occur when the
spot sizes are different (dissimilar fibers), there is an angular misalignment
at the splice, or there is a lateral offset at the splice. The Gaussian ap-
proximation for two dissimilar fibers with Gaussian spot radii wg; and wgs,
lateral offset dcore (which could be attributed to core eccentricity), and an-
gular misalignment 6 (Fig. 4.9), can be substituted into the overlap inte-
gral equation (4.38), and analytically solved to yield the fusion splice loss,
I'Gaussian [4.10,4.16,4.29,4.31]

4w§1w§2 462 .+ k§n2w§1w§2 sin? @
FGaussian =-10 log D) exp | — D) D) 5
(w2 +w?y) 2(wg; +wpy)

(4.44)

where [Gaussian 18 in dB, m is the refractive index, and kg, the vacuum
wavenumber, is given by 27/A. As expected for the case of single-mode fibers,
(4.44) does not depend on propagation direction. When the two fibers are
identical or there is no angular or no lateral misalignment, (4.44) may be
further simplified (Figs. 4.10 and 4.11). Equation (4.44) suggests that when
considered in units of dB, the loss contribution of mode field diameter mis-
match, angular misalignment, and core offset are additive and do not interact.

Equation (4.44) is useful for understanding how the Gaussian spot size
influences geometrical misalignments. For example, when the wavelength is
kept constant smaller Gaussian spot sizes result is lower sensitivity to angular
misalignments but increased sensitivity to lateral misalignments. Equations
(4.43) and (4.44) can be used to show that as the V-parameter of an op-
tical fiber increases, the splice loss due to tilted or offset cores increases as
well [4.16]. Figure 4.12 shows that for a fixed fiber design, as the V-parameter
increases due to a lower operating wavelength, the splice loss due to lateral
core offset or angular core misalignment increases.

It is critical to understand that (4.44) is only an approximate estimate for
fusion splice loss. Surface tension will often act to prevent real fusion splices
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Fig. 4.8. The Gaussian approximation to SMF mode fields showing how the Gaus-
sian approximation is much more accurate for standard SMF than it is for a DCF.
The o1 are not orthonormal as they have been scaled such that toi|r—0 = 1 to
enhance the comparison. Note how the actual o1 drops off exponentially at large
r (linearly on logarithmic plots) while 1¢ drops off much faster (quadratically on
logarithmic plots). (a) linear scale and (b) logarithmic scale depictions of o1 for
standard SMF (solid line) with 8.6 um core diameter, A=0.33%, 10.5 pm MFD;
and the corresponding Gaussian approximation g (r) (dashed line) with 10.6 pm
MEFD. The overlap integral loss between g for standard SMF and its Gaussian
approximation is less than 0.03 dB. (c) linear scale and (d) logarithmic scale depic-
tions of 1 for a DCF (solid line) 5.1 um MFD and the Gaussian approximation
1g(r) (dashed line) also with a 5.1 um MFD. The overlap integral loss between )o:
for DCF and its Gaussian approximation is 0.37 dB
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Fig. 4.9. Illustration of (a) lateral offset and (b) angular misalignment in a fusion
splice between single-mode fibers
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Fig. 4.10. Fusion splice loss for dissimilar fibers computed using (4.44). After [4.4]

from exhibiting truly discrete lateral core offsets dcore Or angular misalign-
ments 6. The relationship between real core deformations and fusion splice
loss in single mode fibers is more accurately described by coupled-mode the-
ory (CMT) discussed in Chap. 5.

Splices involving certain types of SMF, especially those with complex
refractive index profiles and relatively non-Gaussian mode fields, such as
dispersion-compensating fiber (DCF) and dispersion-shifted fiber, are not
well approximated by the equations presented in this section [4.32]. For ex-
ample, (4.44) suggests that the fusion splice loss between standard SMF and
the DCF from Fig. 4.8 is on the order of 1.8 dB but the more accurate overlap
integral computation yields 1.1 dB. Fibers with a larger V-parameter have a
more Gaussian fundamental mode field [4.33] and thus their splice loss is more
accurately modeled by (4.44). Equation (1.6) shows that the V-parameter in-
creases as the core radius or core diameter in increased and decreases as the
operating wavelength is increased. Thus, (4.44) is more accurate at shorter
wavelengths and becomes less accurate when a fiber is physically tapered to
a smaller diameter.
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Fig. 4.11. Fusion splice loss between identical fibers as a function of (a) lateral
offset and (b) angular misalignment both according to (4.44). Standard SMF at
1550 nm directly computed using the overlap integral (squares) and its Gaussian
approximation (solid line) ; a DCF at 1550 nm directly computed using overlap
integral (circles) and its Gaussian approximation (dashed line). Note how the DCF
is much more sensitive to lateral offset than the SMF but SMF is much more
sensitive to angular misalignments. The overlap integral calculations are performed
using a numerical solution to (4.13) and are thus more accurate than the Gaussian
approximation. Note how the Gaussian approximation for lateral offset splice loss
is more accurate for standard SMF than it is for the DCF
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Fig. 4.12. TIllustration of the effect of V-parameter on splice loss predicted by
(4.44) using (1.6) and (4.43). The amount of Gaussian splice loss is normalized to
the amount of splice loss that would occur when V=1.9794 ( V-parameter for stan-
dard step-index SMF at 1550 nm). This plot can be used to estimate the variation
of splice loss with operating wavelength for a given fiber design. For example, if
V=1.9794 at 1550 nm, and if we assume a cladding refractive index of about 1.444
and a core radius of about 4.15 pm (which are typical values for standard SMF),
(1.6) reveals that A is about 0.332%. Again using (1.6), we calculate that V is 2.342
at 1310 nm and thus we read off this plot that splice loss due to lateral core offset is
about 30% higher and splice loss due to angular misalignment is about 7% higher
at 1310 nm compared to 1550 nm. This plot is somewhat more useful than the one
in [4.16] which was normalized to V'=2.8 which is an unusual V-parameter for SMF
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4.2.3 Reflectance of Single-Mode Fusion Splices

Competing fiber interconnection technologies such as connectors or mechan-
ical splices can exhibit reflectances as high as -40 dB. As noted in Sect. 4.1.5,
the reflectance of a high quality fusion splice is nearly always below -80 dB,
which is so low that it is both difficult to measure and of little consequence
for most optical fiber transmission systems [4.2,4.3]. Moreover, the inherent
distributed Rayleigh backscatter that is found in all optical fibers induces a
reflectance on the order of -70 dB/meter (for conventional SMF) [4.25] so
that the total optical power reflected by a single km of conventional SMF
carrying a continuous wave signal is on the order of -40 dB, which is much
greater than typical fusion splices.

However, it is important to note that low-temperature fusion splices dis-
cussed in Sect. 8.2.4 can result in elevated reflectances between dissimilar
fibers because the low-temperature of the fusion splice limits dopant diffusion
across the splice joint thus yielding a more abrupt refractive index transition.
Furthermore, severe misalignments of low-temperature fusion splices between
dissimilar or even similar fiber types can have the same effect.

Generally speaking, fusion splice reflectance is minimized when the two
constituent fibers have similar refractive index profiles and similar mode
field shapes. Kweon et al suggests the following relation to approximate

the reflectance between two perfectly aligned but dissimilar single-mode
fibers [4.20]

2

RS]VIF =—-10 logm O —
(B + Ba)?

where (1 and (2 and are the axial propagation constants of the fundamental
modes of the two constituent fibers. This relation is really just a restatement
of (4.39) where the refractive index has been replaced by the effective refrac-
tive index of the guided modes, which is then simplified in terms of their axial
propagation constants. Note that this approximate equation implies that the
reflectance of a single-mode fusion splice is identical in both directions, which,
as we saw earlier in Sect. 4.1.5, is not necessarily accurate. More importantly,
(4.45) ignores the reduction in reflectance that results from dopant diffusion
across the splice joint so this expression can be considered an upper bound
estimate, albeit a better one than (4.40).

4.2.4 Modal Noise and Single-Mode Fiber Splices

Although single-mode fibers can theoretically only guide their fundamental
mode, in practice higher order modes can travel a short distance before they
dissipate [4.34]. If two low-quality single-mode fusion splices are too close to
each other, it is possible for some amount of the original LPg; optical signal
to be scattered into a higher-order mode at the first splice and then recoupled



4.2 The Optics of Single-Mode Fiber Fusion Splices 117

back into the LPg; at the second splice (Fig. 4.13). This higher order mode is
most commonly the LP11, which can be strongly excited at a splice exhibiting
substantial lateral core offset such as in a splice between eccentric core fibers.
Since the LP;; mode travels at a slightly different velocity than the LPg;
mode, one signal will be delayed with respect to the other, so the two signals
will interfere to produce noise that reduces the bandwidth of the optical
transmission system. This interference noise is termed modal noise [4.10,4.34—
4.36].

LPy, | [P ~— (i
LPy, °~ -7
A ; 1
LP splice loss i Jj

o1 | splice loss

S /|
/ Distance in fiber

Fig. 4.13. Schematic illustration of modal noise arising from two closely spaced
lossy fusion splices. The optical signal initially occupies the LPo1 mode. At the first
lossy splice some of the energy from the LP; mode is converted into the LP11 mode
where it is slowly attenuated. However, there is still some power remaining in the
LPi1 at the second lossy fusion splice where it interferes with the original signal in
the LPg; thus degrading the system signal-to-noise ratio. After [4.35]

Power

All optical fibers exhibit a cutoff wavelength, below which they guide
more than one mode, above which they guide only the fundamental mode.
Modal noise is naturally more pronounced at shorter wavelengths, where a
single-mode fiber is closer to guiding multiple modes. For a modern telecom-
munications fiber designed for operation at 1550 nm, this corresponds to
wavelengths shorter than about 1350 nm. Modal noise can be identified by
measuring the variation of splice loss with wavelength since the splice loss
exhibits strong wavelength dependent fringes at shorter wavelengths which
grow weaker at longer wavelengths (Fig. 4.14). The spacing of the fringes
shrinks when the spacing between the two splices increases [4.37].

Since modal noise depends on converting energy from the LPy; mode to
the LP1; mode at the splice joint, it can be suppressed by ensuring that
the splice is high quality (low-loss in the LPg; mode and minimal power
exchanged between the LP(; and LP1; modes). Experimental and theoretical
results indicate that splice losses on the order of 0.5 dB are sufficient to result
in substantial modal noise [4.37,4.38]. Optical fiber fusion splices between
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Fig. 4.14. Interference fringes characteristic of modal noise in a single-mode fiber
near the cutoff wavelength. After [4.37]

very dissimilar fibers such as DCF and SMF can be this lossy, but if the fiber
cores are well aligned to each other, the lost power won’t couple into the LP1
mode so modal noise shouldn’t be a problem.

When the spacing between single-mode fiber fusion splices is greater than
about two meters, the natural attenuation of higher-order modes is typically
sufficient to suppress modal noise [4.39]. Consequently, pigtails and bridge
fibers should be longer than 2 m, when possible. Modal noise can also be
suppressed by putting a bend in the fiber between the two splices that will
attenuate the LP1; mode much more than the more strongly guided LPg;
mode [4.34].

Another type of interference noise can occur when two highly reflec-
tive splices interact with each other. In this phenomenon, termed multipath
interference or MPI, a fraction of the optical power is delayed by reflec-
tion at the two splices and then interferes with the original optical signal
(Fig 4.15) [4.34,4.36,4.40]. Unlike modal noise, the interference signal re-
sponsible for MPI remains in the fundamental mode. Fusion splices usually
do not induce such MPI because, as we saw earlier in Sect. 4.1.3, fusion splices
usually exhibit extremely low reflectance.

Original optical signal

- a -
) Optical signal with MPI
e

reflection from first+second splice )\reﬂection from second splic
gt -

First splice Second splice

Fig. 4.15. Ilustration of multipath interference (MPI) arising from two highly
reflective splices. Unlike modal noise, the interference signal responsible for MPI
remains in the fundamental mode
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4.3 The Optics of Multimode Fusion Splices

The optical characteristics of multimode fiber splices are much more com-
plex than single-mode fiber splices. This is because a multitude of individual
modes interact with each other both at the splice joint and also along the
length of the fiber. The distribution of energy amongst the various guided
modes slowly evolves along the length of a multimode fiber. Thus, the optical
characteristics of an individual multimode fiber splice depends on its prox-
imity to other multimode splices, connectors, and sources as well as upon the
propagation direction and the geometry of splice itself.

Detailed treatments of multimode optical fiber splices are available in [4.16,
4.41]. In this section we will provide an introduction to the optics of multi-
mode fiber splices. We begin with a discussion of some of the unique prop-
erties of multimode fibers. We will then present some approximate formulae
for the estimation of fusion splice loss in multimode fibers. We conclude this
section with a discussion of the reflection properties of multimode fiber fusion
splices and an analysis of fusion splices between single- and multimode fibers.

4.3.1 Propagation Characteristics

In order to properly understand the optics of multimode fiber fusion splices,
a basic understanding of optical propagation in multimode fiber is required.
When the normalized frequency, the V-parameter, of multimode fiber is larger
than about 10 (as it is for most commercial multimode fiber), ray optics
(also termed geometrical optics) can be used to describe the path of the
propagating signal [4.4]. Ray optics ignores interference or wave phenomena
and treats the optical signal as if it were comprised of individual ballistic
photons following a path determined by the refractive index of the medium
they travel through.

According to this ray optics approach, a step-index multimode fiber guides
light due to total internal reflection at the core-cladding interface. Light prop-
agating inside the fiber at an angle (measured relative to the fiber axis) that
is less than a critical angle (Sect. 1.3.1) will be guided in the fiber’s core.
The fiber’s numerical aperture (NA) is the sine of the critical angle for light
impinging on the fiber’s end face in air. In other words, the NA defines the
cone of incident light that is successfully coupled into the fiber’s core. The
NA is also defined for graded-index multimode fibers and also describes the
sine of the critical acceptance angle at the fiber’s end face.

Fusion splices will exhibit loss when the receiving fiber has a smaller core
diameter or a smaller NA than the launching fiber. In such a case, some of
the incident photons won’t be captured by the receiving fiber. This helps to
explain why multimode fiber splice loss, unlike single-mode fiber splice loss,
depends on propagation direction. When the V-parameter of the fiber is less
than 10, this ray optic picture is inadequate for describing the propagation
characteristics of multimode fiber so the modal description is necessary.
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As we saw in Sect. 4.1.3, scattering matrices are non-commutable, mean-
ing that their order is important. This implies that the optical performance
of a multimode fiber span can depend on the precise order and spacing of the
fusion splices within. By definition, multimode fibers guide a large number
of individual modes which are orthogonal to each other. The electric field,
and hence the optical intensity, of lower-order guided modes are confined to
the central region of the fiber’s core and do not penetrate deeply into the
fiber’s cladding. Meanwhile, the higher-order modes tend to sample regions
of the fiber at larger radius where the fiber’s cladding, and the interface be-
tween the core and cladding, is more lossy. Thus, energy in the higher order
modes is gradually depleted as it propagates down the fiber. However, as
higher order modes are depleted, energy is scattered from the lower order
modes to populate the higher order modes. This mode mixing is unavoidable
and results from imperfections and microbends in the multimode fiber. These
competing phenomena will tend to establish an equilibrium distribution of
power amongst the various modes. Many km of multimode fiber are required
to establish a steady-state population of the modes.

As Fig. 4.16 demonstrates, a fusion splice can change the amount of power
distributed amongst the various modes. Generally speaking, some power will
be scattered from lower-order modes into higher-order modes at a splice
joint. The excess power in the higher-order modes will gradually be scat-
tered amongst the various modes, as well as completely out of the fiber in
the portion of fiber downstream of the splice. If another fusion splice is situ-
ated close to this first splice, the amount of loss measured at the second splice
may be different than that measured at the first splice since the population
of the modes is different at the second splice.

splice 1
p splice 2
L L
I 15
R {— Bere —
segment A T
segment B segment C

Fig. 4.16. Schematic illustration of how fusion splice loss in multimode fiber can de-
pend on proximity to other fusion splices. The power in fiber segment A is assumed
to conform to the equilibrium distribution amongst the modes. The Gaussian curve
is intended to schematically illustrate how the intensity might depend on radial
position in fiber segment A. At splice number 1, there is a small offset, dcore, which
causes power to be scattered to higher-order modes. Fiber segment B is assumed
to be short enough (on the order of meters) so that the power does not achieve an
equilibrium mode distribution. The same amount of offset dcore at splice number 2
will result in a different amount of loss than dcore at splice number 1 because the
modal power distribution is different. Thus the splice loss depends on the proximity
of the splices as well as the geometry of the splice itself. After [4.42]
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Since splices tend to scatter energy from the lower-order modes into the
higher-order modes, and since higher-order modes are in general more lossy
than lower-order modes, a large number of closely spaced multimode fusion
splices will tend to exhibit more loss per splice than fusion splices spaced by
long lengths of fiber. Moreover, a large number of closely spaced splices can
tend to increase the dispersion of a multimode fiber link by encouraging a
larger fraction of energy to travel in the higher order modes. In rare cases,
the mode scrambling behavior of a fusion splice can actually increase the
bandwidth of a multimode fiber by fostering a more desirable distribution of
power amongst the modes [4.16,4.34].

The fusion splice loss between dissimilar multimode fibers has been found
to exhibit a wavelength dependence that oscillates about some constant
value [4.43]. The amplitude and period of the oscillation increases with in-
creasing wavelength and results from the fact that the receiving fiber cannot
accept all the modes from the launching fiber [4.34].

4.3.2 Splice Loss Approximation Formulae

We may express the power lost at a multimode splice using the scattering
matrix formalism developed in Sect. 4.1.3. A precise description of optical
propagation across a multimode fiber fusion splice requires considering the
interaction of hundreds or even thousands of modes via the scattering matrix
n (4.28). From (4.26b) and (4.26c) we see that the total power lost at a
multimode splice, Liotal, may be expressed as

Liotal = PL7in PR out — =ata—-b"b. (446)

Now consider the subset of the scattering matrix S, termed Sgup, which
relates @ to b in the same manner as (4.28)

b= Suna. (4.47)

Note that unlike S, Sq,1, is not necessarily square nor is it symmetric. With
some algebraic manipulation of (4.46) and (4.47) we can write

Ltotal =a (I - S Ssub) (448)

sub
where I is the identity matrix. If define a new matrix L such that L= 1 —

Sbubssub we may write

Liotat =a" La , (4.49)

which can be written as

M M
L= Sa (z L> , (4.50
j=1 i=1

where L;; is the component from the i*® column and j*" row of matrix L.

Equation (4.50) may then be written out as
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Liotal = Llla’{al + L12a§a1 + nga;‘ag + Lglaikaz + - (4.51)

When the number of modes is very large and the relative phase angle of
the modal amplitude coefficients are randomly distributed, the cross terms
in (4.51) are negligible [4.16,4.41]. Physically this means that the phases of
the various propagating modes are uncorrelated so that they do not interfere
with each other on a time averaged basis. With this assumption we may
approximate the total multimode fiber loss as

M
Liotal = L1 P+ Lo Py + LgPs + - -+ = ZLiPi ; (4.52)
i=1

where P; = aja; and thus denotes the amount of power carried in mode ¢
whereas L; denotes the fraction of mode i lost at the splice. We drop the
second subscript in L; to simplify the notation since we are neglecting all
cross terms.

Equation (4.52) suggests that the amount of power lost at a multimode
fusion splice is a linear function of the power carried in the various modes
of the fibers. This relationship implies that, in contrast to single-mode splice
loss, multimode splice loss depends on the relative amount of power in the
various modes. Since typical multimode fibers carry hundreds of modes, it
is very difficult to estimate the values for the hundreds of L; and P; at an
arbitrary fusion splice so even the approximate expression (4.52) is still far
to complex to yield practical estimates for multimode fusion splice loss.

In response to these difficulties, Sekai derived the following simple ap-
proximation formulae to predict the fusion splice loss of multimode fibers
with [4.41,4.44]

5corc
Fo set 2 5 4.
fiset 3Dcore ( 53&)
Dcore2
Tiiam ~ 4.5 (1 — =22 ) 4.53b
dia ( Dcorel) ( )
A
Rndex ~ 1.6 (1 - A_2> 3 (453C)
1

where [ogeet refers to the splice loss resulting from a lateral offset of the fiber
cores, Igiam refers to a mismatch in the multimode core diameters, Iindex
refers to a mismatch in the fibers’ core A, Dcore is the core diameter, dcore
is the lateral offset, and the subscript 1 refers to the launching fiber and
2 refers to the receiving fiber. Other approximate formulae for predicting
multimode fiber splice loss are available in [4.16,4.41]. All the splices losses
in (4.53) are expressed in units of dB. Obviously (4.53b) is only applicable
when Deorez < Deoret -
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4.3.3 Reflections from Multi-Mode Fusion Splices

Quantifying the reflectance of a multimode fusion splice is just as difficult as
quantifying its splice loss since an exact determination requires considering
the interaction between hundreds, and possibly thousands of modes at the
splice joint. Theoretically, multimode fusion splice reflectance depends upon
the amount of energy populating each mode, as well as upon the reflectiv-
ity coefficients for the individual modes. Kashima et al has found that in
practice, the reflectance of a fusion splice between graded index fibers is not
particularly sensitive to the mode power distribution [4.22,4.41]. As is the
case with single-mode fusion splices, lower loss multimode fusion splices gen-
erally exhibit lower reflectance as well. Reflectance values well below -60 dB
are typical [4.22,4.41]. As discussed in Sect. 4.1.5, dopant diffusion plays an
important role suppressing the reflectance of multimode fusion splices.

4.3.4 Fusion Splices Between Single- and Multimode Fibers

Fusion splices between single- and multimode fibers are rare, but are some-
times used to connect a single-mode system to a multimode fiber that is
coupled to either a source or a detector. Although the joint between a single-
and multimode fiber will be optically reciprocal, the fusion splice loss sensi-
tively depends upon propagation direction [4.10].

When the single-mode fiber is the launching fiber and the multimode
fiber is the receiving fiber, the fusion splice loss (defined as optical power
radiated out of the fiber) will generally be quite low since the energy from
the single-mode fiber will be scattered amongst the many guided modes of
the multimode fiber. The overlap integral, (4.33), can be used to compute
this partitioning of the energy [4.10].

The overlap integral also governs the characteristics of a fusion splice in
which the multimode fiber launches into the single-mode fiber. However, the
amount of energy in each guided mode of the multimode fiber, as well as the
relative phase angle of each mode, is generally unknown, so overlap integral
computation is impossible. Since the distribution of energy in a multimode
fiber, and especially the relative phase angle between the various modes,
varies with time, the splice loss from the multimode fiber into the single-mode
fiber will also vary with time. Neumann crudely estimates the transmitted
power from a general multimode fiber into a general single-mode fiber to be 2
divided by the number of modes in the multimode fiber, which is usually on
the order of 150. This works out to a splice loss on the order of 20 dB [4.10]
whereas Shumate [4.45] has measured it to be on the order of 15 dB in one
particular case. This measurement will be sensitive to the precise distribution
of the modal energy.

As noted in Sect. 4.1.5, the reflectance of a low-temperature fusion splice
between a large-core graded-index multimode fiber and a single-mode fiber
can be relatively large (on the order of -40 dB) because of the relatively
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large refractive index difference normally occurring between the two fibers.
As Fig. 4.6 shows, much lower reflectance values (<-80dB) are easily attained
by performing the splice at a sufficiently high temperature such that diffusion
across the interface between the two fibers creates a more gradual transition
in refractive index.

4.4 The Beam Propagation Method (BPM)

In many cases we would like to predict how the optical characteristics of a
fusion splice depend on the particular refractive index profile in the vicinity
of the splice. For example, we may wish to compute how dopant diffusion,
physical tapering, or dissimilar fiber designs affect splice loss or mode con-
version. We may wish to understand why fusion splices between certain fiber
types is unusually lossy or to gain insights that will speed the tedious process
of splice optimization. Finally, we may want to predict the loss of a fusion
splice based on knowledge of its geometric deformation, a process termed loss
estimation.

To accomplish these tasks, we require a computational tool that can pre-
dict the evolution of an initial optical signal as it propagates along a changing
waveguide. The Beam Propagation Method (BPM) is a numerical simulation
tool that can provide an accurate description of optical propagation in a
fiber based solely on the refractive index profile. In fact, BPM can be used to
numerically solve for the guided modes of an arbitrary refractive index pro-
file. Furthermore, BPM can be effective for a wide variety of initial optical
fields and fiber index profiles. As numerical computation becomes faster and
cheaper, simulation tools such as BPM become more attractive strategies for
understanding and optimizing fusion splicing. Several good general reviews
of BPM are available in the literature [4.46-4.50]. In this section we will in-
troduce BPM and demonstrate its utility for analyzing optical fiber fusion
splices.

4.4.1 Introduction to BPM

The original version of the BPM, termed the Fourier transform BPM (FT-
BPM), was developed by Feit and Fleck during the early days of optical
fiber [4.6,4.51-4.54]. Their algorithm provided a solution to the scalar wave
equation using a Cartesian coordinate system, which is useful and efficient for
solving a wide variety of optical wave propagation (including optical fiber)
problems. However, the FT-BPM is not efficient for strictly radially sym-
metric optical fibers. Since their invention of the original FT-BPM, a wide
variety of BPM techniques have been developed including finite-difference
BPM (FD-BPM), finite-element BPM (FE-BPM), as well as full-vectorial,



4.4 The Beam Propagation Method (BPM) 125

partial-vectorial, and scalar techniques [4.48-4.50,4.55]. One universal limi-
tation of the BPM is that it cannot model reflections or backward propagat-
ing waves. Time-domain algorithms such as the finite-difference time-domain
(FDTD) approach are a more rigorous solution to Maxwell’s Equations and
can model reflectance, but they require more computation time and data
storage [4.50,4.56-4.58]. Several BPM software packages are commercially
available. In this section, we will focus on one particular BPM implementa-
tion developed by Yamauchi and coworkers [4.59,4.60].

Yamauchi’s BPM is a scalar FD-BPM with a radially symmetric domain,
which is appropriate for analyzing radially symmetric fibers. Since the tech-
nique is based on the scalar wave equation, (4.8), it is not appropriate for
waveguides with large refractive index gradients or large electric field com-
ponents in the axial direction, which require a vectorial BPM. Yamauchi’s
BPM is particularly well suited to analyzing fusion splices of contemporary
single-mode fiber such as standard SMF, erbium-doped fiber (EDF), and
dispersion-compensating fiber (DCF). As a BPM, it cannot handle reflected
waves but this is not a problem since reflections from a fusion splice are usu-
ally weak enough to be neglected. This BPM assumes a perfectly radially
symmetric fusion splice so it cannot model lateral core misalignment or ra-
dially asymmetric core deformation. This is not a disadvantage since we are
usually interested in understanding how radially symmetric fiber refractive
index profiles, such as those resulting from dopant diffusion, splice tapering,
splice fattening, or dissimilar fiber designs, affect the optical characteristics of
fusion splices. The BPM described here utilizes a uniform radial grid spacing,
but non-uniform grid version are also available in the literature [4.61].

The derivation of the BPM assumes that the electric field in the fiber
varies along the z-direction so instead of (4.10) we postulate a scalar electric
field of the form

E(r,¢,z,t) = R(r, 2)P(¢) exp i(wt — konclad?) , (4.54)

where ¢ is the azimuthal coordinate, w is the angular frequency, ®(¢) =
cos(lg), ko is the vacuum wavenumber, nc.q is the refractive index of the
fiber’s cladding, and [ is an integer (0,1,2...). However, the radial electric
field envelope, R, is a now function of both radius, r, and axial position, z. By
separating the field envelope functions R and @ from the exponential phase
variation term, exp(ikgnclad2), we can utilize a relatively coarse grid spacing
in the z direction which contributes to the efficiency of the BPM [4.50].

We discretize the function R(r, z) into N + 1 equally spaced radial nodes
and an unlimited number of axial nodes such that

R(r,z) = R((i — 1)Ar, kAz) = RF (4.55)

where the subscript ¢ and the superscript k are integers denoting the radial
and axial node numbers, respectively, and Ar and Az are the uniform radial
and axial node spacings, respectively. (Note that ko refers to the vacuum
wavenumber, 27 /), whereas k is the axial mode number. Also note that 4
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is the axial node number whereas i denotes /—1) We define a vector, R*,
which denotes the discretized electric field envelope at axial node k (Note
that the superscript does not denote an exponent but rather is an index)

Rk R(0, kAz)
. R} R(Ar, kAz)
R™ = | Rk | = | R(2Ar, kA2) | - (4.56)

For the purposes of our BPM, this vector is a complete description of the
electric field at axial node k. Note that the R* will generally be a vector
of complex numbers. Likewise, we define a vector R*t! which denotes the
vector of electric field amplitudes at the next axial node, k + 1

Ry™! R(0, (k + 1)Az)
o B | R 1a2)
RY = | ghet | = | ROAr, (k+ 1)Az) | - (4.57)

Put succinctly, the objective of the BPM is to predict R**! based on R
and the known refractive index profile. This way, we can launch an arbitrary
electric field (optical signal) and observe how it evolves as it moves through
a region of optical fiber in which the refractive index profile changes along
its length, such as at a fusion splice.

To accomplish this goal (4.54) is substituted into (4.9) to arrive at

0’R OR 2 10 I?
oz T Zikonclad —— 92 {W e 2T kg (n® — nglad)} R, (4.58)

where the refractive index of the fibers is given by n = n(r,z). When we
neglect the first term in (4.58), the second derivative with respect to z, we
obtain the parazial equation which is valid for small values of n? — n?_4
OR 0? 1o I?
2konclad—=— =4 25 + —=— — — + kg(n® —nl.q) ¢ R. 4.59
1R0Tclad a2 {67“2 + ror r2 + O(n nclad) ( )

This simplification reduces the problem from a second-order boundary value
problem to a first order initial value problem which can be solved by stepping
along in the z-direction [4.50]. The paraxial equation, (4.59), may be rewritten
with the Padé (1,1) approximant as [4.60]

OR
o =1 2ko clad R, (4.60)
z
g,
where P is the operator
2 190 12 9
P:W"";E_T_Q—"_ko(n_nclad)' (4.61)
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The Padé approximant is useful because it can accurately model waves prop-
agating at relatively large angles to the z-axis. A set of finite difference equa-
tions can be constructed from (4.60-4.61) using a Crank-Nicholson implicit
differencing algorithm [4.60,4.62]. We can express the resulting finite differ-
ence algorithm as [4.60]

MMIRF — MFRF | (4.62)
where MF is the tridiagonal matrix [4.60]
[x+6& b 0 1
fa*  x+&C  La” 0
0 Ea™ X+ &C Ea™ 0
ME — 0 ot x+&C am 0 ,(4.63)
0 0
0 A L
i 0 0 0 |
and [4.60]
at =1F1/2(i—1) (4.64a)
12
¢ =Ar*ki(n? —nd,q) — Arzr—z -2 (4.64c)
&= (1 — ikoncladAZ)/(l + ikoncladAZ) (4.64d)
2
b= (1+¢'m) (2 — %) (4.64e)
12
L= Ar?k5(n® — n2q) — 2 (2 - 7) . (4.64f)

Notice that the first and last rows of M* appearing in (4.63) are different
than the middle rows. The first row is different because L’Hopital’s rule and
the symmetry of the electric field are used to derive the difference relation
at the origin (where r=0) [4.60]. The special nature of the final row is dis-
cussed in the next section which presents the transparent boundary condition.

M*+1 s the tridiagonal matrix [4.60)

[ x+¢ b 0
at x+<¢ a” 0
0 at x+¢ a” 0
MFEH — 0 at x+¢ a” 0 .(4.65)
0 0
0 at x+C¢ a”
| 0 kAr -1
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As in (4.63), the first and last rows of M**! appearing in (4.65) are different
from the interior rows. The last row of M**! will be explained in the next
section.

Tridiagonal matrices such as (4.63) and (4.65) are particularly attractive
since they can be solved very efficiently, often with commercially available nu-
merical routines. A reduced equation relating R*t! to R* may be expressed
as

R =TR" (4.66)
where
T = (M) M*, (4.67)

and (M’““)f1 is the matrix inverse of M*+1. Thus, given an initial field
distribution R°, R' is obtained by first assembling the matrix T and then
multiplying this matrix by RY. This process is repeated at each successive
axial node to propagate the field through the fusion splice region. Note that
the matrix T depends on the refractive index profile so it will change as the
refractive index profile changes.

Az usually is chosen to be on the order of 1 um so about 1000 computation
steps are required to propagate an electric field through a distance of 1 mm.
A typical value for Ar is about 200 nm which means that about 330 radial
nodes are required to model a 62.5 pm radius fiber. A 3 GHz Pentium IV PC
using efficient tri-diagonal matrix routines can propagate a field through a
fiber splice at a rate of about 4 mm/minute with this choice of Az and Ar.

Notice that there is a different set of M* and M**+! matrices for each
value of [ in (4.59). Thus, to handle a completely arbitrary input electric
field (exhibiting both r and ¢ variation), we must first decompose it into
components which exhibit l¢ variation and propagate each of these compo-
nents with the appropriate M* and M**! separately. Usually, we are only
interested in input electric fields exhibiting radial symmetry (i.e. (=0).

Another implication of the dependence of M* and M**! on [ is that
this BPM formulation does not allow electric field with [¢ dependence to
exchange energy with electric field exhibiting with I’¢ dependence if I # I'.
In other words, the LP;,,, mode cannot exchange energy with the LP;/,,,» mode
if I # I’. This feature of this BPM makes physical sense since the domain is
assumed to be radially symmetric. Exchanging power between LP;,, modes
with different values for [ requires a refractive index profile that is not radially
symmetric, such as a splice with laterally offset cores.

4.4.2 The Transparent Boundary Condition

At the outer boundary of the computational domain, where r = NAr, we
desire a boundary condition that will allow any outgoing electric field to
escape the domain without being reflected. Such a boundary condition is
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termed a transparent boundary condition (TBC) and was first developed by
Hadley [4.63,4.64]. The TBC is dynamic, meaning that it depends on the
electric field vector of the previous axial step, rather than depending directly
on the refractive index profile of the fiber.

Once the vector R is computed from the previous computation step,
we define a wavenumber k. based on the two vector elements R?vq and
Rk, [4.63]

k
By

exp(ik,Ar) = .
Ry

(4.68)

Generally k, will be complex. We adjust the value of the last element of RF,
R%;, so that [4.63]

R, = RY,_ | exp(ik.Ar) . (4.69)
To obtain k., we reject the positive, real portion of k,
if Re(k;) <0, then k. =k, ,
else k =ilm (k) . (4.70)

Note that we reject the positive, real portion of k. while Hadley rejects the
negative, real portion because we chose an exp(—ikoz) dependence in (4.54)
whereas Hadley chose a exp(ikoz) dependence [4.63]. In the ensuing propa-
gating step, levﬂ is given by

RA = REFL exp(iklAr) (4.71)

which corresponds to the final row of M**+! appearing in (4.65).

4.4.3 Mode Solving with BPM

The BPM algorithm described here can also be used to numerically solve
for the guided mode fields ;,(r) of a particular refractive index profile. By
definition, the eigenvectors of the matrix T, denoted by T, are special
vectors which do not change when multiplied by matrix T'. In other words,
they are the guided modes of the local refractive index distribution since
they propagate through the system unchanged. The eigenvalues associated
with these eigenvectors, Aeig, are related to the propagation constants of the
guided modes. Most commercial numerical software packages include efficient
routines for computing the eigenvalues and eigenvectors of a matrices such
as T'.

The procedure for numerically computing the guided modes of an ar-
bitrary refractive index profile is to assemble the M* and M**! matrices
according to (4.63) and (4.65) using the appropriate n(r), then compute T,
and solve for the eigenvectors Tciz. Az may be chosen to be 1 pm even though
no real propagation will occur. The transparent boundary condition cannot
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be applied when mode finding since we are not propagating the matrix. In-
stead, the final rows of M* and M**! differ from (4.63) and (4.65). We
choose the last rows of both matrices to be zero, except for the last element
in the last row of M*, and the second to last element in the last row of
MF*+1 both of which we set equal to 1. This is equivalent to forcing the last
two elements in T'e;z to be equal to each other. This is not the true behavior
of the guided mode but the error is negligible since the guided modes must
have negligible electric field near the domain boundary anyway.

As the electric field envelope, R, propagates through the system, energy
may be exchanged among the various modes. At a particular axial step k,
the fraction of power carried in mode m, F¥ | is given by

2
) ‘ NAT olg m)T der’
F = A ~A (4.72)
fO ' (Tlcclg m) 01g m dr f " Rk dr

where T denotes the transpose operator, T denotes the transpose of the com-
plex conjugate, R¥ is the electric field at axial step k, ng m 15 the eigenvector
of the m*™ mode at axial step k, N is the number of radial nodes, and the
integration is understood to be a numerical integration over the radial posi-
tions.

4.4.4 Computing Splice Loss with BPM

BPM can be used to compute splice loss based on knowledge of the local
refractive index profile. First, an analytical or measured data set defines the
refractive index profiles at each axial position near the splice. Then an initial
mode envelope R is chosen. If the splice joins two single-mode fibers, R°
is usually chosen to be the fundamental mode for one of the two fibers.
This mode is then propagated across the entire domain. The total power
propagating in a particular mode m at a particular axial step k, m, may
be computed by multiplying the fraction of power in mode m at step k, F¥,
given in (4.72) by the total power in the domain at step k, P¥, as follows

Pk = Fk pF (4.73)

The total power in the domain, P*, may be computed with the aid of
(4.16). An appropriate choice of units yields the numerical integration

NAr 27
k _ KT pk 2
P —/0 (R*)" R rdT/O cos” (l¢) do . (4.74)

The integral over the azimuthal angle, ¢, in (4.74) evaluates to 2m when =0
and evaluates to 7 for all other values of [.

The overlap integral, (4.38), applied to the relevant mode fields is a much
simpler way to predict fusion splice loss between two single-mode fibers whose
refractive index profiles are constant near the splice. The real power of BPM
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is to handle cases where the refractive index profiles in one or more fibers
changes near the splice. This capability is illustrated by the example in the
next section.

4.4.5 A Practical BPM Example

In this section we illustrate the capability of the FD-BPM to analyze the
optical characteristics of fusion splices. Consider an optical fiber fusion splice
between standard single-mode fiber (SMF) and erbium-doped fiber (EDF)
at an operating wavelength of 1550nm. The standard SMF is assumed to
have a step-index profile with a An of 0.0048 (A=0.33%) and a core radius
of 4.15 um while the EDF is assumed to have a step-index profile with a An
of 0.02 (A=1.4%) and a core radius of 2 um. Using (1.6) we find that the
normalized frequency is about 2 for both fibers.

The fundamental mode fields for each fiber can be obtained with the
methods discussed in Sect. 4.4.3. With these numerical mode fields, we can
numerically compute the overlap integral, (4.38), and find that the predicted
splice loss is about 1.6 dB, a very high value. Since the normalized frequency
of both fibers is very similar, and since both fibers have step-index profiles, it
seems reasonable to try to find a lower-loss fusion splice solution exploiting
dopant diffusion in the EDF. In fact, the core of EDF usually includes dopants
such as aluminum as well as erbium, both of which tend to diffuse more
rapidly than the germania dopant in the standard SMF core. Thus, if a fusion
splice between EDF and SMF is held at a high temperature for a sufficient
amount of time, the core dopants comprising the EDF core will diffuse until
the EDF mode field size and shape approaches the size and shape of the
guided mode in the standard SMF.

For the sake of simplicity, we assume that the EDF core is comprised of
a single dopant that diffuses much faster than the germania in the standard
SMF so that we may neglect diffusion in the standard SMF. Experiments
reveal this to be a reasonable assumption. Using (3.40) we solve for the dopant
distribution in the EDF for a variety of 7. We then solve for 1; for these
various dopant distributions and predict the splice loss using the overlap
integral, (4.38).

With this technique we find that when mp is about 0.5, the overlap integral
computation predicts a splice loss as low as 0.02 to SMF, much better than
the 1.6dB predicted between the original (undiffused) EDF and standard
SMF. Not surprisingly, the MEFD of the diffused EDF mode field is about
10 um which is very close to the 10.4 um MFD of the standard SMF.

Now we apply the BPM to predict what length for the transition region
between the original (undiffused) EDF and the splice, Liransition, results in a
low-loss fusion splice. In other word, we are interested in predicting how long a
region of the EDF must be heated to minimize transition losses (see Fig. 4.7).
For simplicity, we assume that mp will vary linearly along the length of the
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Fig. 4.17. The effect of dopant diffusion on the index profiles and mode fields
of EDF compared to standard SMF. Traces correspond to standard SMF (dashed
lines), EDF with 7p=0 (solid lines), EDF with 1p=0.1 (dotted lines), and EDF with
m=0.5 (dash-dot lines). (a) index profiles and (b) corresponding mode fields com-
puted using Sect. 4.4.3. Notice the good match between the shape of the standard
SMF mode field and the mode field corresponding to EDF with m=0.5

fiber from 7p=0 to 7p=0.5 at the splice. With this assumption, the problem
is reduced to determining the length of fiber required for this transition.

EDF | Standard SMF *

Y

thermally diffused region
+ ~4 um core

~8.3 um core *
! R Ltr;ms
< region simulated —
| by BPM
z= -Lyrans z =0 (splice position)

Fig. 4.18. Schematic illustration of the geometry for the BPM analysis of a fusion
splice between EDF (left fiber) and standard SMF (right fiber). The figure schemat-
ically shows the core radius growing linearly in the transition region but in reality it
is the normalized diffusion, 7p that is modeled as growing linearly in the transition
region. The BPM is used to model the transition region in the EDF which runs
from z=— Liransition tO the splice at z=0

We numerically solve for the guided mode of the original, undiffused EDF
using the method of Sect. 4.4.3 and use this mode field as the input mode
field, R. Using an efficient tri-diagonal matrix solving routine we propagate
the initial field step by step through the region of EDF where the amount
of diffusion, 7p, varies from 0 to 0.5. We take [ = 0, Ar=0.2 um, N=326,
Az=1um, and refractive index profiles based on dopant distributions com-
puted from (3.40). Once we have propagated through the section of EDF fiber
we overlap the resulting electric field with the fundamental guided mode field
of the standard SMF and obtain the results listed in Table 4.1.
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Table 4.1. Fusion splice losses predicted for EDF to standard SMF for a variety
of transition lengths. Liransition=0 corresponds to the case of no dopant diffusion

Liransition (um) BPM predicted splice loss (dB)

0 1.58
125 0.43
250 0.11
500 0.03

These results show that a transition length of about 500 um is sufficient
to achieve a very low fusion splice loss, a result that is consistent with ex-
perimental data. Note that we have assumed that mp of the erbium fiber
varies linearly over the transition length. This linear variation is probably
not the most efficient transition profile compared to other possibilities such
as a quadratic or square root dependence. The BPM analysis demonstrated
here can be used to determine the most efficient variation of /o so that a low-
loss transition can be achieved over a shorter transition length. Figure 4.19
depicts the electric field amplitudes, R(r,z), predicted by a BPM simula-
tion of a 500 pm transition length. The figure clearly shows how the effective
diameter of the electric field amplitudes smoothly expand over the 500 pm
transition length. A small discontinuity is the electric field amplitudes is vis-
ible right at the splice joint where z=0. The energy lost in the transition
region and at the splice joint manifests itself as radiation modes which slowly
leak out of the boundary of the computational domain. Since the refractive
index profile of the SMF is assumed to be constant along its length, energy
coupled into the standard SMF guided mode at the splice remains in that
guided mode.

Recall that in Sect. 4.1.3 we showed that fusion splice loss between sin-
gle mode fibers, such as EDF and standard SMF, is the same regardless of
propagation direction. Indeed when the BPM is applied to an electric field
propagating in the opposite direction, from the standard SMF to the EDF,
the splice loss is also predicted to be about 0.03dB by the BPM.

A similar strategy can be used to analyze other types of fiber splices,
including tapered or fattened splices (Sect. 8.2). Other versions of the BPM
can be used to predict fusion splice losses or mode conversion in a radially
asymmetric geometry. The BPM described here utilized a uniform radial
mesh but non-uniform grid schemes are available for cases in which the mode
field is concentrated in a local region [4.61].

Note that alternative strategies such as coupled-mode theory (CMT), de-
scribed in Sect. 5.2, can also be used to analyze the optical characteristics
of fusion splices. For example, Snyder and Love have developed general rela-
tionships for predicting the transition length required to preserve the optical
signal in the fundamental mode [4.5,4.65].
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Fig. 4.19. FD-BPM simulation of a fusion splice between erbium-doped fiber
(EDF) and standard single-mode fiber (SMF). The axial coordinate, z, is cho-
sen to be 0 at the fusion splice. At the input, R(r,z=-600 pm) is the fundamental
guided mode of the EDF. From z=-600 pm to z=-500 um the fiber is assumed to be
EDF with a core An of 0.02 (A=1.4% ) and a core radius of 2 um. The amount of
non-dimensional core dopant diffusion, measured by (3.41), is assumed to increase
linearly from 7p=0 to 7b=0.5 over the region from z=-500 um to z=0. From z=0
to z=200 um the fiber is assumed to be standard SMF with a core An of 0.0048
(A=0.33%) and a core radius of 4.15 pm. The conditions for the BPM are as fol-
lows: Nclaa=1.444, Ar=0.2 um, N=326 radial nodes, and Az=1 pum. The predicted
splice loss for this example is only 0.03 dB (compare to a splice loss of about 1.6 dB
without any diffusion of the EDF dopants)

4.5 Summary

The optical characteristics of fusion splices, such as optical transmission, loss,
and reflectance, are entirely determined by the refractive index of the fiber
in the vicinity of the splice. These optical characteristics can be described
using a ray-optic approach when the fiber’s normalized frequency is suffi-
ciently large (as in a multimode fiber). However, the modal description is
preferred since it is a more rigorous approach and is applicable when the
normalized frequency is small, as in a single-mode fiber. With the aid of the
scattering matrix formalism, one can show that single-mode fusion splice loss
is independent of propagation direction while multimode splice loss is gener-
ally directionally dependent. Reflectance from single- and multimode fusion
splices are much lower than those of connectors or mechanical splices and are
nearly always so small that they may be considered negligible.

Single mode fusion splice loss results from geometric deformation, fiber
mismatch, or transition losses near the splice. In many cases, the Gaussian ap-
proximation based on the mode field diameter (MFD) is useful for predicting
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fusion splice loss in the presence of lateral core offsets, angular misalignments,
and dissimilar mode field diameters. The most accurate description of splice
loss between dissimilar single-mode fibers is provided by the overlap inte-
gral. Interference effects such as modal noise and multipath interference can
arise when single-mode splices are particularly lossy and can degrade overall
system performance.

The optical characteristics of multimode fibers are difficult to predict
analytically due to the interaction of hundreds of distinct modes. The optical
characteristics of a fusion splice between multimode fiber depends on the
distribution of optical power amongst the various modes. This distribution
depends on the launch condition at the fiber input and varies along the
length of a multimode fiber. Greatly simplified splice loss formulae are useful
for estimating splice loss based on fiber parameters and the geometry of the
splice.

The beam propagation method (BPM) is a useful numerical technique for
simulating the optical characteristics of a fusion splice given a hypothetical
or a measured refractive index profile. It can be a powerful tool for under-
standing the performance of an existing splice or for providing insight for
splice optimization.



5. Splice Loss Estimation and Fiber Imaging

Among the optical characteristics of a fusion splice, the splice loss is typically
the most important. Unfortunately, direct measurement of the splice loss is
often impractical, or perhaps even impossible. In such situations, loss esti-
mation is used to help guarantee that the splice loss is below some maximum
threshold. Loss estimation is attractive since it is applicable to almost any
fusion splice, it is inherently non-destructive, and it does not require access
to the ends of the fiber as most other loss measurements do.

Loss estimation is integrated into most contemporary fusion splice hard-
ware, including single fiber splicers and mass fusion splicers [5.1-5.3]. Loss
estimation is most commonly applied to single-mode fiber (SMF) since SMF
typically exhibits higher splice loss than multimode fiber (MMF), and SMF
communication systems are typically less tolerant of splice loss than MMF
communication systems. Loss estimation has been applied to specialty fiber
fusion splicing, including splicing of erbium-doped fiber (EDF) [5.4].

Practical implementation of loss estimation usually amounts to detecting
unacceptably high loss single-mode fusion splices. For this reason, under-
estimating the splice loss (a false negative) is usually more dangerous that
overestimating the splice loss (a false positive). False positives may reduce fu-
sion splice yield, but false negatives can result in the installation of a high-loss
splices that will compromise system performance.

It is important to understand that loss estimation is fundamentally an
estimation rather than a measurement. There are numerous opportunities
for inaccuracies to creep into the loss estimation process so that loss esti-
mation should never be construed as a substitute for actual loss measure-
ments. It is also important to understand that loss estimation requires cer-
tain assumptions about the optical characteristics of the fibers participating
in the splice, so accurate loss estimation requires accurate supporting in-
formation about the fusion splice, which may include the refractive index
profile, operating wavelength, and mode field shape of the fibers comprising
the splice.

In most cases, loss estimation is used to differentiate the splice loss be-
tween splices fabricated with identical (and usually optimized) splicing pa-
rameters. The main source for variation among such splices is geometric de-
formation of the fibers rather than fiber mismatch or transition loss (see
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Fig. 4.7). Consequently, loss estimation strategies must be able to estimate
loss resulting from geometric deformation, but will often ignore splice loss
resulting from fiber mismatch or transition losses. Note that core eccentricity
can be thought of as a form of geometric deformation.

The performance of loss estimation routines varies somewhat from splicer
to splicer. Various standards bodies have sought to define loss estimation ac-
curacy requirements. One commonly cited standard is the Telcordia (formally
Bellcore) GR-1095-CORE [5.5]. This requirement was originally formulated
for mass fusion splicing so it can be considered to be relatively non-stringent
when applied to single fiber fusion splicers, which are typically more accurate
than mass fusion splicers. The GR-1095-CORE requirement is summarized
in Table 5.1.

Table 5.1. Loss estimation accuracy specified by Telcordia GR-1095-CORE. The
second and third columns detail the required estimation accuracy while the final two
columns detail the objective for the loss estimation, which may not be achievable
in all cases

Actual Accuracy req. for Accuracy req. for Objective for  Objective for
Loss  90% of splices 100% of splices  90% of splices 100% of splices

<0.40dB +0.10dB +0.25dB +0.05dB +0.10dB
>0.40dB +25% +50% +15% +30%

The basic problem of loss estimation can be summarized as follows: pre-
dict the optical loss of a fusion splice at its operating wavelength(s) based
solely on images of the splice. The solution to this problem involves two main
tasks (Fig. 5.1): (1) image processing and (2) loss computation. A tremendous
amount of information is included in an image of a fusion splice, but extract-
ing this information requires sophisticated image processing algorithms as
well as an understanding of the unique features occurring in an image of a
fusion splice. It is worth noting that many of the imaging and image process-
ing issues relevant to splice loss estimation are also relevant to other aspects
of fusion splicing such as fiber alignment. In this chapter we will discuss fiber
imaging primarily within the context of loss estimation but its significance
for fiber alignment should not be overlooked.

Once information about the geometry of a fusion splice is extracted from
images of the fusion splice, this geometry must be used to predict the splice
loss with the aid of a suitable theoretical model. In Sect. 4.2.2 we intro-
duced the Gaussian approximation, which can be used for loss computation
in special situations. In this Chapter we will perform loss computation with
coupled-mode theory, which is more accurate and can be used under much
more general conditions than the Gaussian approximation.
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splice splice

1age Image processing geometry CLoss computatio@—»(Splice loss)

Fig. 5.1. Illustration of the steps comprising loss estimation

5.1 Fusion Splice Imaging and Image Processing

Imaging an optical fiber is an important component of both fiber alignment
and loss estimation. When performing loss estimation, the goal of the imaging
system is to determine the refractive index geometry in the vicinity of the
splice. When aligning fibers in preparation for splicing, the goal of the imaging
system is to determine the relative position and orientation of the fiber tips.

5.1.1 The Imaging System

Commercial fusion splices always include an imaging system, which provides a
magnified transverse image of the optical fiber. This imaging system (Fig. 5.2)
generally consists of an illumination source, an objective lens for capturing
and focusing the image, and a charge-coupled device (CCD) camera to digitize
the resulting image. Most fusion splicers employ a light-emitting diode (LED)
to illuminate the fibers. An LED is attractive because it provides relatively
monochromatic illumination thus minimizing chromatic aberrations in the
lens. The emission from the illuminating LED is often collimated, meaning
that the illuminating rays travel in nearly parallel paths to further improve
the image quality.

<

Fig. 5.2. Schematic illustration of a generalized fiber imaging system consisting of
an illumination source (in this case an LED), an optical fiber, an objective lens to
capture and focus the image, and a CCD camera to digitize the image

The imaging system usually incorporates lenses and mirrors which allow
it to visualize the fiber from two perpendicular viewing directions, thus pro-
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viding orthogonal views of the fiber. This is not only important for fiber
alignment (see Sect. 2.3) but also for loss computation as we shall see in
Sect. 5.2.

Sophisticated techniques are employed to achieve two orthogonal, high-
magnification views when performing loss estimation on ribbon fiber in a
mass fusion splicer [5.2,5.3,5.6,5.7]. Figure 5.3 depicts two common strate-
gies for providing orthogonal views of ribbon fiber. Older mass fusion splicing
equipment utilized moving mirrors and objectives (Fig. 5.3a) but more con-
temporary mass fusion splicers typically use a compact system of multiple
fixed position objective lenses and CCD cameras (Fig. 5.3b) to rapidly ac-
quire multiple orthogonal images of the fiber ribbon tips with a minimum of
moving parts [5.7].
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Fig. 5.3. Strategies for obtaining orthogonal views of ribbon fiber in a mass fusion
splicer. The heavy arrows denote the two orthogonal paths of light through the
imaging system. The figure depicts an eight fiber ribbon, but contemporary ribbons
consist of as many as 24 ribbons. (a) An older design using a single objective lens
which is physically translated between two possible viewing positions. Note that
this strategy requires the objective lens position to be adjusted to preserve the
same working distance. (b) A more contemporary design using two LEDs, two
objective lenses, and two CCD cameras to minimize moving parts and reduce the
time required for splicing by instantaneously switching views. Note that in both
(a) and (b) each fiber has a slightly different distance to the objective lens. This
defocusing effect can be corrected by specialized objective lenses. After [5.2,5.3,5.6,
5.7]

One challenge when imaging a fiber ribbon is ensuring that all the fiber
strands are in proper focus since the need for two orthogonal views usually
dictates that the distance from the fibers to the objective lens varies from fiber
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to fiber (Fig. 5.3). This challenge grows more difficult with higher fiber count
ribbon cables. Special objective lenses can compensate for this effect [5.3,5.7].

5.1.2 Introduction to Fiber Imaging

Interpreting the image of an optical fiber or fusion splice requires an under-
standing of the unique features present in such images. Figure 5.4 highlights
some of these features. When imaged transversely, the cladding of an optical
fiber exhibits a wide bright band running down its center sandwiched be-
tween two dark bands above and below. If the imaging system has sufficient
magnification and resolution, the core of a single-mode fiber (SMF) is vis-
ible inside the central bright band. When the fiber is exactly in focus, the
core becomes nearly invisible (see Fig. 5.6b), so the fiber is often deliberately
defocused a bit to maximized visibility of the fiber core. The curved surface
of the fiber’s cladding actually magnifies the core region so that the core di-
ameter appears out of proportion to the cladding diameter. Diffusion of the
core during a splice causes the core to appear larger and more diffuse (dopant
diffusion is discussed in Sect. 3.3). Recently, both the size of the fiber’s core
and the extent of any dopant diffusion was extracted from images of a fusion
splice and used to improve the accuracy of loss estimation [5.8]. However,
most commercial loss estimators only take into account the contribution of
core deformation, which is typically the main source of loss variation from
splice to splice.

The refractive index geometry of an optical fiber determines how it inter-
acts with illumination during imaging. The polymer coating is stripped from
the optical fiber since it cannot tolerate the heat of the fusion splice and
furthermore will distort the image. Most optical fibers can be conveniently
described as radially symmetric cylinders of glass with a small amount of re-
fractive index contrast defining the core region. However, certain fibers, such
as microstructured fiber, polarization-maintaining (PM) fibers, or cladding-
pumped fibers have a complex, non-radially symmetric structure which com-
plicates interpretation of the image. The large refractive index contrast be-
tween the silica glass and the vacuum or air occupying the holes in microstruc-
tured fiber make images of such fiber particularly difficult to interpret.

5.1.3 Characteristics of Fiber Images

The circularly shaped cross section characteristic of most optical fibers com-
plicates the interpretation of transverse fiber images. The cladding surface
acts as a kind of lens because the large refractive index contrast between the
cladding and the surrounding air strongly refracts the illumination. Snell’s
law, (1.3), can be used to trace the trajectory of a light ray as it travels
through the fiber. Figure 5.5 depicts a large number of such ray traces for a
standard 125 wm diameter SMF. Such a ray trace is useful for understanding
a transverse fiber image.
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standard SMF

Fig. 5.4. Sample images acquired (a) before and (b) after a fusion splice between
ordinary SMF and erbium-doped fiber (EDF). This a low loss splice (~0.1dB at
1550 nm) obtained with the aid of substantial core diffusion, which is discussed
in Sects. 3.3 and 9.3. These images contain key features that are characteristic of
fusion splice images. For example, the images are not truly in focus since when
they are focused, it is nearly impossible to see the core of the fiber (see Fig. 5.6b).
A little bit of defocusing makes the cores much more visible. The cladding of the
fibers exhibits a bright region in the middle of two dark bands. The cores of the
fiber are actually magnified by the curvature of the cladding so that they are out
of proportion to the cladding diameter. The lower image acquired after the splice
shows how the SMF core was not affected by the heat of the splice while the EDF
core exhibits substantial diffusion of the core dopants causing the core to appear
both larger and more diffuse

Notice how the rays that are incident on the center of the fiber’s axis
travel along a straighter trajectory than the rays which are incident at more
oblique angles. In fact, some of the rays traveling through the cladding are
refracted so strongly that they are not actually captured by the objective
lens. These “missing” rays are responsible for the dark sections of the fiber
cladding that sandwich the core region in fiber images such as those in
Fig. 5.4. The NA and the aperture diameter of the objective lens deter-
mine the fraction of strongly refracted rays that are captured. A larger NA
and a larger aperture lens captures more rays which results in a wider bright
band in the core region and narrower dark bands above and below it [5.11].
The shaded region in Fig. 5.5 corresponds to the portion of the cladding con-
taining rays which are not captured resulting in dark bands in the cladding.
No information about these portions of the fiber is detected by the CCD.
This is usually not a problem since, when working with single-mode fibers,
we are primarily concerned with the core region. Of course, if a fiber is im-
mersed in refractive index matching oil, there is a minimal amount of re-
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Fig. 5.5. Collimated rays of illumination traced through a simple 125 pm diameter
step-index single-mode fiber with the aid of Snell’s law. The two thick rays represent
the marginal rays which are just barely captured by the imaging system. Rays
passing through the shaded portion of the fiber’s cladding are not captured by
the optical system because they are refracted at a sharp angle by the fiber. This
phenomenon gives rise to the dark bands in the outer regions of the cladding. Note
that the relatively small index difference (A is about 0.33%) between the core and
cladding results in minimal refraction of the rays passing through the fiber’s core.
After [5.9,5.10]

fraction at the cladding-oil boundary so the bright and dark bands are not
observed.

As noted earlier, when the cladding surface is a perfect cylinder, as is the
case for most optical fibers, it has the peculiar effect of magnifying the core
region relative to the other portions of the image (such as the cladding diam-
eter). The magnification is equal to the refractive index of the cladding [5.12].
For a silica fiber illuminated by visible light, this amounts to a magnification
factor of about 1.46. This phenomenon can be physically explained by con-
sidering that the wavelength of light inside the fiber is reduced in scale by
an amount equal to the refractive index. This effect is identical to that oc-
curring in a solid immersion lens or an oil-immersion microscope [5.13,5.14].
When a fiber is immersed in refractive index matching oil, the entire core and
cladding can be considered to be approximately magnified by the magnitude
of the index of refraction, but the effect goes unnoticed since the cladding
and core region are both magnified by the same amount.

Just as the strong refractive index contrast between the cladding and the
surrounding air strongly refracts the illuminating rays, the weak refractive
index contrast between the core and the cladding has a relatively small impact
on the trajectory of the illumination. This fact is evident from the ray trace
in Fig. 5.5 and is demonstrated in images of a lossy fusion splice depicted
in Fig. 5.6. In fact, when the objective lens is exactly focused on the optical
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fiber, the core is nearly invisible (Fig. 5.6b). In order to make the core more
visible, the image of the fiber is deliberately defocused by 10 to 30 microns
(Fig. 5.6d).

l!!'lﬁ!firi‘--n«-l-_—. T

(d)

Fig. 5.6. Images of a lossy (~0.2dB at 1550 nm) single-mode fiber (SMF) fusion
splice acquired at several focal positions: (a) microscope lens 10 pm too close to
fiber, (b) microscope lens focused exactly on fiber, (¢) microscope lens 10 um too
far from fiber, (d) microscope lens 20 pm too far from fiber. The images are each
about 500 microns wide and the cladding and core regions are annotated in the top
image. Note how the core is nearly invisible when the fiber is in focus (b) and how
the core region becomes much more distinct as the microscope objective is pulled
away from the fiber (c-d)

Note the characteristic shape of the core distortion of the splice depicted in
Fig. 5.6. This sort of core deformation often results when the fiber tips shear
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across one another during joint formation as a result of surface tension acting
on a lateral misalignment (see Sect. 3.2.3). A large initial cleave angle can
also cause this kind of core deformation. At the splice joint itself, the lateral
displacement between the cores is seen to be several microns, whereas the core
displacement decays to zero away from the splice in a roughly exponential
manner. In Sect. 5.2 we will derive a general model that estimates splice loss
based on core deformation.

The magnification of the fiber’s core region is only given by the cladding
refractive index when the core is precisely in focus (and invisible). When the
image is defocused by moving the objective a short distance away from the
fiber, the magnification of the core region is reduced. Ray tracing can be used
to compute the amount of defocus [5.11]. Such a computation was used to
produce the plot of core magnification versus defocus depicted in Fig. 5.7.
This phenomenon must be kept in mind when measuring features in the core
region such as the core diameter or the core eccentricity.

T
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Fig. 5.7. Variation of core magnification as a function of focal position when the
fiber is viewed with collimated illumination. This plot was generated for a standard
single-mode fiber (SMF) with a cladding diameter of 125 um. Most fusion splicers
image the core about 20 pm from the true focus in order to more readily detect it.
This amount of defocus reduces the effective magnification of the core caused by
the curved cladding surface. Similar to [5.11]

Most loss estimation and the associated splice imaging occurs after the
splice is completed and the fibers have cooled to room temperature. Zheng
and coworkers developed a novel method for imaging the core of single-mode
fibers during the actual joint formation process without using any external
illumination [5.15]. This method relies on the fact that germania doped silica
emits more radiation than undoped silica when heated to splicing temper-
atures (~2100C) [5.12]. During joint formation, a neutral density filter can
be placed in front of the objective lens to suppress radiant emission from the
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heat source and undoped silica while permitting radiation from germania-
doped portions of the fiber to illuminate the CCD. Crude images of the fiber
core during joint formation can then be used to tailor the alignment of the
fusion splice during joint formation. Disadvantages of this technique include
the fact that the image quality is often poor compared to standard transverse
illumination, it may not work well with fibers lacking germania in the core,
and it cannot be used once the fiber has cooled down to room temperature.

5.1.4 Basic Image Processing

When performing either fiber alignment or loss estimation, the image pro-
cessing algorithm must detect certain features in the image and convert those
features into quantitative data. During fiber alignment, tasks such as edge
detection are critically important and must be performed on the fiber end
faces as well as on the cladding edges [5.9,5.16].

Loss estimation, and sometimes alignment, in single-mode fibers depends
on detecting the core position in the vicinity of the splice. This can be a
difficult task due to the weak refractive index contrast between the core and
cladding. When the image is suitably defocused, as in Fig. 5.6¢c—d, special im-
age processing routines can detect the core location as a function of distance
along the fiber. Figure 5.8 shows the digital brightness data corresponding to
a particular column of pixels in Fig. 5.6d.

' — Original image
180 i -=- Filtered data
Core

o
2 140 ! [ | S
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» 100 A of claddlgng 1 of cladding 7cla%1?1i(r)1g
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= d
A 60 \ i
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Pixel position (vertical axis in image)

Fig. 5.8. Graphical representation of the image data from a column of pixels in
Fig. 5.6d showing both the original image data (solid line) and filtered data (dashed
line). The filtering was accomplished using a Gaussian filter in the Fourier domain
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The raw image data typically contains large amounts of noise which can
be removed through filtering. Various image processing texts provide detailed
information on noise filtering strategies (see for example [5.16]).

Once the image data is filtered, image processing algorithms can detect
features such as the cladding edges, or the core region, which appears as a
small hump in the filtered image data (Fig. 5.8). Features such as the edge
of the fiber’s core or cladding can be detected by differentiating the (noise-
filtered) brightnesses in a vertical slice of the fiber’s image and searching
for locations where the derivative is maximized. Interpolation can permit
sub-pixel measurement accuracy [5.9]. Figure 5.9 shows the core positions
detected by image processing overlaid onto the splice image from Fig. 5.6d.

Fig. 5.9. Detected core positions (black spots) overlaid onto image of fusion splice

5.2 Loss Computation

The specific geometry of a fusion splice determined by image processing is
converted into an estimated loss via a suitable loss estimation model in a
process termed loss computation. Loss estimation models range in complexity
from simple analytical expressions, such as those described in Sects. 4.2.2 and
4.3.2, to more sophisticated modal methods, such as coupled-mode theory, to
numerical techniques, such as the beam propagation method (BPM), which
was already discussed in Sect. 4.4.

The accuracy of loss computation depends on the accuracy of the model as
well as the accuracy of the information input to the model. All loss estimation
models require some amount of externally provided information about the
fibers comprising the splice and the wavelength of operation. This information
may be as limited as the mode field diameter (MFD) of the fiber or as detailed
as the full refractive index profile of the fiber. Some fusion splices use the
splice image to estimate the fiber core diameter or mode field diameter. Loss
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computation is sometimes performed with loss estimation models that are
calibrated against experimentally measured splice loss data to tune their
accuracy.

More complex loss estimation models, especially those which can take ad-
vantage of detailed information about the fibers comprising the splice, are
generally more accurate. However, simple models require less computation
time and fewer computational resources. Full vectorial solutions to the prop-
agation of an optical signal through a splice is generally beyond the capability
of laboratory, as well as commercial fusion splice hardware. Recent work has
demonstrated a particularly efficient form of the BPM which is quite effec-
tive for loss estimation [5.17]. As the cost of embedded computation power
falls, the cost of including sophisticated loss estimation models in commercial
fusion splicers falls as well.

In this section we will focus our attention on one particular loss computa-
tion technique that is ubiquitous in commercial equipment and represents a
successful balance between sophistication, accuracy, and computation power:
coupled-mode theory (CMT). Coupled-mode theory is more powerful than the
Gaussian approximation because it is can be used when the mode field is not
Gaussian in shape and can account for a wider variety of geometric defor-
mations. In this Section we show how coupled-mode theory can be used as a
loss computation model for single-mode fusion splices.

5.2.1 Introduction to Coupled-Mode Theory

As its name suggests, coupled-mode theory is an analytical description of
how various modes in a waveguide couple, or exchange energy, with each
other. As such, it is inherently a modal, rather than ray-optic, description of
the optical fiber waveguiding. Coupled-mode theory was first developed to
describe the interaction of modes in microwave systems and has since been
successfully used to analyze numerous optical fiber devices such as waveg-
uide couplers and gratings [5.18], as well as optical fiber characteristics such
as microbends [5.19]. Coupled-mode theory was first applied to describe fu-
sion splice loss by White and Kuhl [5.20], was further developed by Miller et
al [5.21], and made especially convenient by Zheng [5.22]. Coupled-mode the-
ory is particularly appropriate for describing fusion splice loss because unlike
the simple loss formulas presented in Sect. 4.2.2, it is valid for non-Gaussian
mode fields and can account for subtle geometric deviations as well as core off-
set or angular misalignments. Excellent general treatments of coupled-mode
theory are available in [5.23] and particularly [5.19], which is the seminal
reference for coupled-mode theory applied to optical fibers.

In this section we will present a limited introduction to coupled-mode
theory which will subsequently be applied to fusion splice loss computation.
The results of this subsection are completely general and thus applicable to
multimode as well as single-mode fibers. We follow the derivation in [5.19]
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although for simplicity we use scalar, rather than vector fields, and we employ
a different normalization for the orthonormal mode fields.

In Sect. 4.1 we saw that any electric field distribution, and hence any op-
tical signal, in an optical fiber can be described as a superposition of guided
modes and radiation modes. According to this view, if the transverse refrac-
tive index profile of the fiber remains perfectly constant along its length,
then the individual modes do not exchange energy as they travel along the
fiber because they are, by definition, orthogonal. Consequently, the amount
of power carried in each guided mode remains constant as it propagates along
the fiber’s length, although energy carried in the radiation modes will natu-
rally dissipate into the medium surrounding the fiber (such as the polymer
coating). However, a perturbation to the fiber’s refractive index can induce
energy to be coupled amongst the various modes. In the presence of such per-
turbations, it is convenient to express the modal amplitudes, which quantify
the amount of energy carried within each mode, as functions of axial position.

Our theoretical description begins with the Helmholtz equation, (4.8),
also known as the scalar wave equation, which was derived in Sect. 4.1. To
account for the possibility of energy exchange between modes along the length
of the fiber, we postulate an electric field, F, of the form

E(r,¢,z,t) = ¥(r, ¢, z)e! @17 | (5.1)

where t is time, r is the radial coordinate, ¢ is the azimuthal coordinate,
z is the axial coordinate, § is an axial propagation constant describing the
phase of the field as it propagates down the length of the fiber, and w is the
optical frequency. Equation (5.1) differs from (4.10) in that the envelope of
the oscillating electric field, v, varies along the fiber length z, whereas in
(4.10) it does not.
When (5.1) is substituted into (4.8) we obtain
oY 0%

2 2 Q2 o9t i
Vi + wpost — B4 — 255 + S5 =0, (5.2)

where ¢ is the electric field permittivity, which is given by the square of the
refractive index, n?, uo is the magnetic permeability (the fiber is assumed to
be non-magnetic), and VZ is the transverse Laplacian operator defined by

V2 =V? - —. (5.3)

For most optical fields of interest, we can assume that the electric field enve-

lope, 1, varies slowly enough with z that we may neglect the second derivative

term in (5.2) and obtain

0

ViY + wlpoetp — f2 — 2iﬁa—f =0.
Equation (4.18) describes how any arbitrary electric field, ¥, can be ex-

pressed as a superposition of bound modes ¥,,, and radiation modes, 3.

We extend this expression by permitting the modal amplitude coefficients,

(5.4)
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cim and ¢(B), to vary as a function of z. We also explicitly include the phase
of each mode oscillating along the length of the fiber according to its own
unique axial propagation constant,

W(r,¢,2) = Y cim(2)Uim (r, 6) exp (—iBimz)

lm

+ [ B 2)ntr ) exp (-i62) 45 (5.5)

To simplify the notation of the derivation that follows, we rewrite (5.5)
as follows

T (bv ZCV "/}V T, (b) eXp (_1/61/ ) ) (56)

where the subscript v distinguishes between different modes and the discrete
summation sign is understood to refer to an integration when radiation modes
are considered.

Since the modal amplitude coeflicients, the ¢, in (5.6), are functions of
z, we can think of the product formed by the modal amplitude coefficients
and the mode fields in (5.6), the ¢,1,, as individual z-varying electric field
envelopes analogous to the ¢ in (5.1). It is worth noting that, by definition,
the v, are solutions to the Helmholtz equation for a z-independent waveguide,
so that

(V2T + WQMOSCOnst - 612/) ¢l/ =0 P (57)

where we denote the electrical permittivity of the z-independent waveguide
with Econst -

The actual electric field permittivity, €, is assumed to be a function of
axial coordinate, z, as well as a function of transverse coordinates r and ¢.
However, we assume that the variation of e, and hence n, with z is small
enough that at any location the permittivity may be approximated as the
sum of the constant electrical permittivity €const(r, @), for which the 1, are
a solution, and a perturbation term, ¢’(r, ¢, z), as follows

e(r, ¢, 2) = n%(r, ¢, 2) = econst (1, @) + €' (1,0, 2) . (5.8)

When (5.6) and (5.8) are substituted into (5.4), and (5.7) is used to cancel
terms, we obtain

212@% r)? ( )

exp (—i8,2) = w?uoe' (1, ¢, 2)
x D (@) (r, @) exp (<if,2) | (5.9)

where the functional dependencies are explicitly included for clarity. This
equation can be simplified by multiplying both sides by the complex conjugate
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of another mode envelope function from the set of ¢,, denoted by v}, and
integrating over the entire cross sectional area, A.s, of the domain,

. Odc, . . B
21 ; ﬂl/% exp <_lﬂuz) /ACS wuwudAcs =

w? o Z ¢y exp (—ifyz) /A

Mode orthogonality (Sect. 4.1.2) ensures that

e'rab,dAcs - (5.10)

cs

/ VpydAes =0, forv # p. (5.11)
Acs

As in Sect. 4.1.2, we choose our modes here such that they are orthonormal
so that

/ YphudAcs = 1. (5.12)
Acs

Equations (5.11) and (5.12) permit (5.10) to be simplified into a coupled set
of linear first order differential equations

Oc,, .
o EV: KupCy exp (1 (B, — Bu2)) , (5.13)
where
Y
— / "y dAcs . (5.14)
25# Acs

Equations (5.13) and (5.14) are the central equations for scalar coupled-
mode theory. The x,,, are known as the coupling coeflicients because they
quantify how strongly the two modes v, and 1, are coupled together by a
perturbation &’. Notice that when the perturbation &’ vanishes, so do the
coupling coefficients, so that there is no energy exchanged between modes
and thus the modal amplitudes, the c,, are constant with respect to z.

5.2.2 Coupled-Mode Theory in a Single-Mode Fiber:
Microbend Theory

The coupled-mode theory developed in the preceding section is a general
theory that is applicable to multimode as well as single-mode fibers. In this
section we will specialize the coupled-mode theory for application to single-
mode fibers. Much of the analysis presented in this section was originally
developed by Marcuse [5.19] for analyzing the optical effects of microbends,
which are microscopic random deviations in the core of an optical fiber [5.24].
Thus, the theory developed in this section is also called microbend theory.
Microbends can result when an optical fiber is improperly wrapped around a
spool, packaged into a poorly fitting cable assembly, or strained by differential
thermal expansion [5.24].
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Most loss estimation problems are concerned with single-mode fibers.
Coupled-mode theory applied to single-mode appears to be an oxymoron
— by definition, a single-mode fiber can only guide the fundamental, or LPqq,
mode! However, in some single-mode fibers low-order cladding modes can
travel a relatively long distance (several centimeters) before they are atten-
uated. Furthermore, during the fusion splice process, the polymer coating
which normally surrounds the glass cladding is removed so that the glass-air
interface at the cladding surface in the vicinity of the splice locally transforms
a single-mode fiber into a multimode fiber in the vicinity of the splice. Fi-
nally, even in a purely single-mode fiber, splice-induced perturbations to the
fiber can couple energy from the fundamental mode to radiation modes. Thus
coupled-mode theory is an appropriate formalism for modeling single-mode
fusion splices.

In a single-mode fiber, we may safely assume that the vast majority of
the optical signal remains in the fundamental mode. Thus, we may neglect
mode coupling between radiation or cladding modes and restrict our attention
to coupling between the fundamental mode and other modes (cladding or
radiation). Moreover, for relatively small amounts of loss, we may assume
that the energy carried in the fundamental mode is nearly constant. If we
restrict our attention to the fundamental mode, whose amplitude coefficient
and axial propagation constant we denote by ceung and Brung respectively, we
may integrate (5.13) with respect to z to obtain

z=L
C,u|z:L - / ["ifundpcfund exp (1 (ﬁ,u - ﬂfund))] dz . (515)
z=0

Since we are assuming that the loss in the fundamental mode is small, we
approximate it as a constant and pull it out of the integral to obtain

z=L
C/J,|Z:L = Cfund/ [’ifund,u €xp (1 (ﬂu - ﬂfund))] dz . (516)

=0

In a typical single-mode fusion splice, a significant fraction of the optical
loss can result from geometric deformation of the fiber cores (see Fig. 4.7).
Moreover, when the splicing parameters are kept constant, the main source
of loss variation from splice to splice is geometric deformation. Modeling this
source of loss will yield a loss estimation process that is particularly effective
at discriminating between low loss and high loss splice.

The geometric deformation of the core in a single-mode fiber fusion splice
can be described as a displacement in the 7-¢ plane (or z-y plane) as a func-
tion of axial position, z. We will describe this as the core deviation function,
f(2), such that

f(z) = fx()2 + fy ()7, (5.17)

where fy is the core deviation function projected on the x-z plane, f is the
core deviation function projected on the y-z plane, and & and ¢ denote unit
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vectors in the z and y directions, respectively. We have chosen to use Carte-
sian coordinates since most fusion splicers use image processing to detect the
core deviation in two orthogonal viewing axes. In some cases, we may also
wish to account for changes in the core diameter, for example resulting from
dopant diffusion. In such cases we denote the core diameter as Deope(2).

Some sample core deviation functions are depicted in Fig. 5.10. We have
already considered core offset, illustrated in Fig. 5.10b, with the Gaussian
approximation in Sect. 4.2.2. However, core offset can also be modeled with
coupled-mode theory by using a step function to describe the core deviation
function. Sheared cores, Fig. 5.10c-d, are a common occurrence, and often
result from poor cleave angles or surface tension effects (see Sect. 3.2.3). A
decaying exponential can serve as the core deviation function for a sheared
core [5.20,5.22]. Such a deviation can be expressed as [5.21]

fx(z) = Aghear €xXp (_P)/shear |Z|) 5 (518)

where the splice is situated at z=0, Agpear is the amplitude of the shearing
(lateral displacement), and ~shear is the exponential decay constant, which is
typically 0.05 to 0.25 um~! [5.21]. It is important to recognize that a splice
can simultaneously exhibit core offset and sheared cores. Moreover, the devia-
tion function can appear very different when viewed from orthogonal direction
(in z-direction versus y-direction). For example fx could look like Fig. 5.10c,
while f, could look like Fig. 5.10d.

(2)

W)

@

Fig. 5.10. Core deviation function shapes useful for illustrating loss computation
via coupled-mode theory. The significance of the sine wave, (a), will be explained in
an ensuing section. Core offset, (b), and sheared cores, (c) and (d), are particularly
common sources of single-mode fiber fusion splice loss

The coupling coefficients between the fundamental mode and any of the
cladding or radiation modes can be expressed as [5.19,5.20, 5.22]

K/fund/t(z) = ’%funduf(z) , (519)
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where f(z) could be fx, fy, or a combination of both, and Afund, is constant
with respect to z that depends on which particular mode is coupling with
the fundamental. In other words, the coupling coefficient scales linearly with
the core deviation function. Also note that the Aung, are independent of the
particular core deviation function. When (5.19) is substituted into (5.16) we
obtain
z=L
Culz:L = Cfund’%fundu/ o f(Z) €xXp (i (ﬁu - ﬁfund)) dz . (520>
2=

Following Marcuse [5.19], we define the Fourier transform, F () of a func-

tion f(z) as

L
F(B) = %/0 f(z)e_iﬁzdz . (5.21)

The Fourier transform depicts the spectral frequencies present in the original
function. For example, the Fourier transform of a pure sine wave is zero
everywhere except at the frequency of the sine wave, where it is proportional
to the sine wave’s amplitude.

Substituting (5.21) into (5.20) yields

CM|Z=L = Cfund’%fundu]: (ﬁu - ﬁfund) \/Z (522)
where
F(B)=Fx(B)+Fy (B) (5.23)

and Fy and Fy are understood to refer to the Fourier transform pairs of fx and
fy, respectively. Note that the squared magnitude of the Fourier transform,
|7 (8)[?, is commonly called the power spectrum of the function since it is
a measure of the power present in each frequency component. The power
spectrum of the total core deviation function, f(z), can be expressed in terms
of the power spectra of fx(z) and fy(z) as

IF (B = F (B +|F (B)* - (5.24)

5.2.3 Coupled-Mode Theory for Loss Computation

In this section we will apply the microbend theory developed in the preced-
ing section to the specific problem of computing fusion splice loss based on
knowledge of the geometric deformation of the fiber cores.

According to (4.22), the total power carried in a guided mode (fundamen-
tal or cladding) is given by the squared magnitude of the modal amplitude
coefficient. Likewise, the total power carried in a radiation mode is given
by the squared magnitude of its modal amplitude coefficient. Thus, we may
express the initial power in the fundamental mode upstream of the splice as

-Pinitial = C?undcfund 5 (525)
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whereas the power lost from the fundamental mode may be expressed as
Plost = Y Chicp - (5.26)
I

Combining (5.20-5.26) we find that the fraction of power lost at the splice
is

-Pini ial — Pos
Temt = —10 x logy, (M)

]Dinitial

—10 x 10%10 (]_ — Z |/%ﬁmdu|2 |f (/BH - ﬁfund)|2 L) > (527)

12

where L is understood to be a distance spanning the entire region containing
geometric core deformation, from the region upstream of the splice where the
core deviation begins, to the region downstream of the splice where is ends.
Notice how (5.27) depends on the squared magnitude of the core deviation
function’s Fourier transform.

When the splice loss is small, this expression can be simplified to

cht =4.34 Z |/'%fundu|2 |«7: (6u - ﬁfund)‘2 L. (528>

m

This equation is significant since it demonstrates that the splice loss resulting
from geometric core deformation in a single-mode fiber is purely a function
of the power spectrum of the core deviation function and the coupling co-
efficients (which don’t depend on the core deviation function but rather on
the operating wavelength and the fiber design). Furthermore, this expression
for single-mode fusion splice loss does not depend on propagation direction
which is consistent with our derivation in Sect. 4.1.3. Note that when the fun-
damental mode is being coupled to radiation modes, the summation is really
an integration over a continuous set of radiation modes. For a given combina-
tion of fibers and operating wavelength, the only parameter that varies from
splice to splice is the power spectrum of the core deviation function.

In order to better understand (5.28), it is worthwhile to consider the
relative magnitudes of the axial propagation constant, 3, of the various modes
(including cladding modes) of a standard single-mode fiber. These can be
visualized by considering their relative locations on the f-axis (Fig. 5.11). As
Fig. 5.11 shows, the fundamental mode exhibits the largest axial propagation
constant in a standard single-mode fiber while the axial propagation constant
of the cladding modes are smaller and grow dense near where 3 takes on
the value 27nciad /A (Relaa refers to the cladding refractive index). There are
an infinite number of radiation modes, all exhibiting an axial propagation
constant that is less than 27nc.q/A. Note that when 8 < 0, the optical
signal is propagating in the backward direction.

We can now appreciate the physical significance of (5.28) by considering
the Fourier power spectra of a few sample core deviation functions such as



156 5. Splice Loss Estimation

2"tnclad

0 A
/ Brad ﬁd.ad Bfund
[N | &
-
IILERD |

-
low spatial frequency

-

h high spatial frequency -

Fig. 5.11. Schematic illustration of the axial propagation constant, 3, for a stan-
dard single-mode fiber. When the spatial frequency (measured in radians per unit
length) of a perturbation, such as core deviation function, matches the spatial fre-
quency difference between the fundamental mode and a cladding or radiation mode,
energy will be coupled between them. The amount of coupling depends on the mag-
nitude of the perturbation. The figure illustrates how a lower spatial frequency can
couple energy from the fundamental mode to a low order cladding mode while a
higher spatial frequency can couple energy from the fundamental mode to a radia-
tion modes

those depicted in Fig. 5.10. Consider an idealized pure sine wave core devia-
tion function such as that depicted in Fig. 5.10a. The corresponding Fourier
power spectrum is zero, except for delta functions at the positive and neg-
ative spatial frequencies of the pure sine wave, as depicted in Fig. 5.12a. In
fact, real sine waves are never “pure” — real core deviation functions have
imperfections which broaden their delta functions into frequency spikes with
a small, but finite, linewidth. When the axial propagation constant of the
fundamental mode differs from that of a cladding mode (or radiation mode)
by a spatial frequency very close to that of the sine wave (see Fig. 5.11),
energy will be coupled between them, and the resulting splice loss will be
proportional to the amplitude of the sine wave. However, if there are no ra-
diation modes or cladding modes with an axial propagation constant that
differs from the fundamental by the appropriate range of spatial frequencies,
no energy will be lost (coupled) from the fundamental.

Now consider a core deviation function that resembles a step offset, as
in Fig. 5.10b, which exhibits a power spectrum similar to that of Fig. 5.12b.
This power spectrum contains a series of delta functions which grow weaker
as the magnitude of the spatial frequency increases. As is the case for a sine
wave, a real core offset has imperfections that ensure that the individual delta
functions are actually narrow linewidth features. Once again, energy will be
coupled if any cladding or radiation modes have an axial propagation constant
that differs from the fundamental’s axial propagation constant by an amount
matching one of those spectral lines. The amount of energy coupled will be
proportional to the strength of the spectral line. We are guaranteed that some
energy will be coupled out of the fundamental mode by (1) the generally large
number of spectral lines and (2) the fact there is a continuity of radiation
modes whose axial propagation constant differs from the fundamental by a
relatively high spatial frequency (Fig. 5.11).
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Fig. 5.12. Sample Fourier power spectra corresponding to the core deviation func-
tions depicted in Fig. 5.10. The z-axis represents spatial frequencies and the zero
frequency (DC component) is centered in each axis. The y-axis represents the
amount of power contained in a given spatial frequency. Note that the graphs are
not to scale. (a) A pure sine wave, such as the core deviation function depicted in
Fig. 5.10a, corresponds to delta functions at the positive and negative frequencies
of the sine wave. (b) A core offset, such as the core deviation function depicted
in Fig. 5.10b, corresponds to an infinite series of equally spaced (harmonic) delta
functions which grow weak at high frequencies. (¢) Sheared cores, such as those
depicted in Fig. 5.10c, yield a Fourier power spectrum that resembles a smoothed
version of the power spectrum for offset cores. (d) When the cores are sheared in
the same direction, as in Fig. 5.10d, the Fourier power spectra is more tightly con-
centrated near the zero frequency. The broader spectrum of Fig. 5.10c causes it to
couple more energy out of the fundamental mode than Fig. 5.10d which explains
the observation that splice loss is typically higher when the cores are sheared in
opposite directions [5.20]

Figure 5.12¢ is the power spectrum for a core deviation function where
the cores are sheared in opposite directions, as in Fig. 5.10c. Because the core
deviation function is a kind of decaying exponential, it represents a super-
position of a continuity of spatial frequencies, so that the power spectrum is
also continuous, in contrast to Figs. 5.10a-b. This ensures that there will be
some spectral power found at the spatial frequency differences between the
fundamental and cladding modes. When the cores are sheared in the same
direction, as in Fig. 5.10d, the power spectrum resembles Fig. 5.12d. This is
also a continuous distribution of spatial frequencies but since it is inherently
more narrow than Fig. 5.12d, it couples between a smaller set of modes and
will typically exhibit lower splice loss.

Generally speaking, most single-mode splice loss results from coupling to
the lowest order cladding modes which typically exhibit axial propagation
constants very close to that of the fundamental mode. For a typical SMF,
the relevant axial propagation constant difference is about 8300rad/m. This
corresponds to perturbations with a period on the order of 750 pm or per-
turbations with a spatial frequency of about 1300 perturbations per meter.

By considering the coupling between the fundamental mode and cladding
modes in a specifically step-index single-mode fiber, Zheng was able to derive
a closed form solution expressing .yt in terms of the fiber parameters and
operating wavelength that also takes into account core diameter fluctuations
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(for example due to dopant diffusion) [5.22]
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where Imt—gi is the coupled-mode theory splice loss for a step-index fiber in
dB, A is the familiar fractional refractive index difference between core and
cladding, w is the mode field radius of the fundamental mode, Rgper is the
radius of the fiber (cladding), F denotes the Fourier transform of the core
deviation function, D.q.. denotes the Fourier transform of the core diameter
variation feore(2), Jo is the ordinary Bessel function of the first kind with
order 0, J; is the ordinary Bessel function of the first kind with order 1 and
the jo, and ji,, are eigenvalues defined by

Jo(jop) =0 (5.30a)
J1(j1u) =0 (5.30b)

In actual practice, the closed form solution (5.29) is not always accurate,
in part because of the many assumptions used to derive it. Moreover, it does
not apply to fibers that do not have a step-index profile, such as dispersion-
shifted fibers (DSF), dispersion-compensating fibers (DCF), or fibers with
substantially diffused cores. However, (5.28) shows that the actual loss result-
ing from geometric deformation can be expressed as a series of coefficients
(the Afundu) multiplied by the power carried in each frequency of the core
deviation function. We may express this concept as

Fem = 3 aw (IF@) + 17 (0)) + by 1Deore(0)] (5.31)

where a,, and b, are coefficients that depend on the fiber design and the
operating wavelength and v is a spatial frequency (with units of radians
per unit length). As expected, this expression for single-mode fusion splice
loss does not depend on propagation direction. This expression reveals that
we can calibrate a loss estimation model for a particular combination of
fibers at a particular wavelength by performing a large number of splices and
determining the best fit set of a,, and b, coefficients. This calibration strategy
leads to the most accurate loss estimation model. When estimating the loss,
we take the Fourier transform of the detected core positions in two orthogonal
axes and sum the squares of the magnitudes of the Fourier coefficients. This
yields a power spectrum for the core deviation which can be multiplied by the
previously determined coefficients and summed to rapidly yield an accurate
estimate of the splice loss.

The dimensions (or severity) of a core deformation can be normalized to
the operating wavelength, which suggests that the same splice will exhibit
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higher loss at shorter wavelengths. Indeed in Sect. 4.2.2 we showed that ac-
cording to the Gaussian approximation, the loss of a fusion splice with a
fixed amount of core offset or angular misalignment increases with decreas-
ing wavelength. Although this behavior is not obvious from (5.29) or (5.31),
these equations do generally predict that fusion splice loss increases with de-
creasing wavelength for core deformation functions such as those depicted in
Fig. 5.10. Thus, for a given core deformation, the loss at 1310 nm is generally
higher than the loss at 1550 nm

The performance of an exemplary commercial loss estimation system (in-
cluding image processing and loss computation) is illustrated in Fig. 5.13.
This loss estimation utilized a coupled-mode theory loss computation model,
was performed on standard single-mode fiber at 1550 nm, and was calibrated
against a different sample set of data points. About 95% of the estimated
losses are within 0.03 dB of the actual measured losses. The accuracy of the
estimation is remarkable, easily satisfying the requirements of the Telcordia
GR-1095-CORE specification [5.5].
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Fig. 5.13. Performance of a sample loss estimation system on standard step-index
single-mode fiber (SMF) at 1550 nm. The accuracy and effectiveness of the loss
estimation is evident from the proximity of the data points to perfect accuracy
(solid line). About 95% of the estimated losses are within 0.03 dB of the actual
measured losses. Also shown is the boundary of the 90% accuracy requirement
(dashed lines) and the forbidden region (shaded), both mandated by Telcordia GR-
1095-CORE [5.5]. Data obtained on Vytran FFS-2000 and provided by Vytran
Corp.
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5.3 Summary

Loss estimation provides an estimate of the loss of a fusion splice based on
digital images of the splice without explicitly performing a loss measurement.
Loss estimation should not be misconstrued as a substitute for accurate splice
loss measurement. Loss estimation is comprised of two tasks: (1) extracting
the refractive index geometry of the splice from images, termed image process-
ing, and (2) predicting the splice loss based on the detected refractive index
geometry, termed loss computation. Most single-mode fusion splice loss re-
sults from the deformation or distortion of the fiber core. Such perturbations
to the fiber core can be characterized by a core deviation function.

Correctly determining the core deviation function of a fusion splice re-
quires an understanding of subtleties in the splice image, such as the ray
paths of light traversing the fiber, or the magnification of core features. Fil-
tering and averaging of the image can be improve core detection accuracy.

In special cases, the Gaussian approximation can be used to compute the
loss of a fusion splice based on knowledge of the refractive index geometry.
Coupled-mode theory is a more general and more accurate formalism for loss
computation. Coupled-mode theory shows that the Fourier power spectrum
of the core deviation function determines the amount of energy coupled from
the fundamental mode into cladding and radiation modes, and thus lost at a
single-mode fusion splice. By comparing the measured loss of a large number
of splice samples to the power spectrum of the corresponding core deviation
functions, one can perform a calibration procedure, which is specific to a
particular fiber combination and operating wavelength, that results in highly
accurate loss estimation.
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Since their initial deployment in communications systems more than two
decades ago, optical fibers have exhibited a reliability record that is superior
to that of conventional copper cables [6.1]. Extensive research and develop-
ment concerning the mechanical integrity, protection, and long-term reliabil-
ity of optical fiber fusion splices is partly responsible for this success. Even
if only a single fusion splice fails, an entire optical fiber span or optical fiber
device, as well as adjacent devices or spans, could be rendered inoperable.
Proper fusion splice reliability, lifetime estimation, and splice packaging min-
imizes the risk of such failures. Fortunately, the exemplary reliability record
of optical fiber fusion splices has permitted the construction of high reliability
communications networks.

The main failure mode of an optical fiber fusion splice is a mechanical
fracture, which usually occurs very near to, but often not exactly at, the
splice joint itself. When we refer to a fusion splice fracture in this chapter, we
refer not only to the specific case of a fracture at the exact splice joint, but
also to any case in which a fracture occurs near the splice joint. The likelihood
of a fracture primarily depends on the condition of the fiber surface in the
vicinity of the splice, the humidity of the fusion splice environment, and the
mechanical load experienced by the splice. The condition of the fiber surface
depends in turn on the stripping technique employed to remove the original
fiber polymer coating, the splicing equipment and splicing parameters, the
splice package, and the ambient environment. As for mechanical loads, only
tensile stress can contribute to a fracture, but tensile stresses are present
whenever a splice is stretched, bent, twisted, or buckled. Residual elastic
stresses in the fiber may encourage, or inhibit, fracture.

An optical fiber fracture is usually easy to detect since the optical loss
will suddenly increase by multiple decibels when the fiber cores fall out of
alignment at the fracture site. An optical time-domain reflectometer (OTDR),
which is described in Chap. 7, can identify the location of a fractured splice
from kilometers away. However, it is theoretically possible for a fusion splice
fracture to exhibit minimal change in optical loss if the cores happen to
remain in alignment at the fracture site, and thus go undetected by an OTDR.

Optical fiber fusion splices must be protected from the environment to
ensure their long-term reliability. A good fusion splice package will shield
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the surface of the fiber from mechanical or chemical degradation. It must
also be relatively cheap, easy to apply, and compact. Various splice protec-
tion strategies have been developed over the years to meet these needs. Some
splice packages incorporate splints or other load-bearing members to mini-
mize mechanical loads applied to the splice whereas others, such as acrylate
recoats, rely on the mechanical strength of the fusion splice itself.

Reliability is inherently a statistical quantity so it is impossible to predict
whether an individual splice will be reliable [6.3]. However, the reliability
of a large set of fusion splices can be statistically predicted. Suitable physi-
cal models combined with tensile strength tests of fusion splice strength can
estimate the probability of a fracture and estimate the lifetime of a fusion
splice exposed to a known mechanical load. The statistical reliability require-
ments for optical fiber fusion splices depends on their environment and the
costs associated with their repair. Fusion splices in a trans-oceanic commu-
nication system must exhibit both exceptional long-term reliability and high
tensile strength. The cost of repairing a failed submarine fiber optic cable
is enormous since a specialized ship must haul the cable up from the ocean
floor. Furthermore, the repair process will subject the cable, and the splices
within, to significant mechanical stresses which could lead to other failures.
On the other hand, the physical characteristics of an undersea environment,
such as temperature or applied load, can be considered to be relatively stable
compared to most terrestrial environments [6.4]. Terrestrial fusion splices are
much easier and cheaper to replace, but seasonal or even daily temperature
fluctuations can stress optical fiber cables and devices, and in turn stress the
fusion splices contained within them.

Good reviews of optical fiber reliability, mechanical strength, and the ef-
fects of fusion splicing are available in [6.5-6.8]. In this chapter we present a
detailed analysis of the mechanical strength and reliability of optical fiber fu-
sion splices, as well as strategies for packaging splices. In the first section, we
introduce important concepts pertaining to the mechanical integrity, packag-
ing, and reliability of optical fiber fusion splices. Following this, we show how
crack growth in optical fibers is analyzed with fracture mechanics. Weibull
statistics are introduced for analyzing the statistical nature of fusion splice
strength. Theoretical and practical aspects of fusion splice proof testing are
presented. Proof testing hardware is discussed. Finally, we discuss some con-
temporary optical fiber fusion splice packaging technologies.

6.1 Introduction to Splice Strength and Reliability

The strength and reliability of fusion splices in silica fibers is mainly deter-
mined by the material properties of silica glass. Silica is a brittle material
meaning that it fractures rather than deforming plastically, like a ductile
material, such as copper wire. The main failure mode of an optical fiber fu-
sion splice, as well as an optical fiber, is mechanical fracture, which requires
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tensile stress. Silica glass is extremely strong with a theoretical ultimate frac-
ture strength on the order of 20 GPa [6.8]! However, the real failure strength
is much lower because of the inevitable presence of cracks and flaws on the
fiber’s surface. Short lengths of commercial 125 um diameter optical fiber
usually fracture at a tensile load of about 69 N, which is equivalent to about
5.5 GPa of tensile stress. The axial tensile load applied to an optical fiber is
often measured in an industry unit termed kpsi which stands for kilo-pound-
force per square-inch. For a standard 125 um diameter telecommunication
fiber, 1kpsi is about equal to 6.9 MPa so 5.5 GPa is equivalent to about
800 kpsi.

Fracture is the ultimate conclusion to the process of crack growth. Cracks
in silica fiber grow continuously under normal ambient conditions. Surface
cracks, rather than internal cracks, are nearly always responsible for optical
fiber fracture for several reasons. Firstly, cracks are created on the surface
of the optical fiber by abrasion. Secondly, crack growth at the fiber surface
is accelerated by the presence of ambient moisture. Finally, certain types of
loading, such as bending, apply the greatest amount of tensile stress on the
fiber surface. For these reasons, the surface of any optical fiber is riddled
with microscopic cracks or flaws introduced during the initial fabrication of
the fiber. Very high strength optical fibers exhibit very small (sub-micron)
cracks whereas lower strength optical fibers exhibit larger crack sizes. The
fact that the surface condition of an optical fiber determines its strength is
apparent from experiments showing that a low-strength optical fiber can be
transformed into a high-strength optical fiber by etching away a ~1 pm thick
surface layer with hydro—fluoric acid [6.9-6.11].

Since the mechanical integrity of a glass fiber is controlled by the quality of
its surface, proper handling of optical fibers during fusion splicing is critical
to obtaining high strength splices. Once the protective polymer coating is
stripped from an optical fiber, it immediately becomes vulnerable to surface
damage. Even the gentlest physical contact of a bare glass fiber can cause
a flaw which significantly reduces the strength and reliability of the fiber.
Many fusion splicer manufacturers have introduced fully automatic splicing
equipment that eliminates the need for a human operator to manipulate
stripped fibers, thus minimizing the risk that the bare fiber surface will be
inadvertently damaged.

Aside from the handling of the stripped optical fiber, the stripping process
is a common source for the introduction of new surface flaws which reduce
the strength of the subsequent fusion splice. Generally speaking, mechanical
coating stripping techniques produce more fiber surface damage than solvent
based (i.e. methylene chloride or hot sulphuric acid) stripping techniques. The
high temperatures occurring during joint formation can encourage residual
coating debris left behind by the stripping process to chemically interact
with the glass, also reducing the splice’s mechanical strength. Techniques for
stripping the optical fiber are discussed in detail in Chap. 2.
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Water has long been implicated as a contributor to crack growth in silica;
in fact glass blowers sometimes breathe on a scribed piece of glass to encour-
age it to fracture more easily [6.12]. Water is thought to contribute to crack
growth via the following reaction [6.5]

| | | |
~Si—-0-8i +Hy0 = —Si—O-H+H-0-Si — . (6.1)

Thus, long-term exposure to high humidity, especially at elevated tempera-
tures, can greatly accelerate crack growth in optical fibers. Splice packages
can also decompose after long term exposure to high humidity (100%) and
elevated temperatures (> 60° C) [6.13].

Numerous investigators have observed that optical fiber fusion splices
often fracture in a region of fiber adjacent to the splice joint rather than
exactly at the joint itself (Fig. 6.1). This region approximately ranges from
500 um to 1.5mm from the splice joint. The stripping process may have
introduced new flaws or left coating debris behind in this region. Unlike
the fiber at the splice joint itself, this section of fiber is heated during the
splice to a temperature well above room temperature, but not hot enough for
surface tension to heal surface flaws. The elevated temperatures experienced
by this region of fiber can accelerate moisture-induced crack growth [6.14].

Splice joint

~500 um | <1000 um
—r>a—>
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Regions where fracture
is most likely to occur

Fig. 6.1. Illustration of the most common location for fracture in an optical fiber
fusion splice

Devitrification, meaning the growth of localized silica crystals, has been
proposed as a mechanism for strength reduction of optical fiber fusion
splices [6.9,6.16]. The lowest energy state of room temperature silica is a
crystalline structure, but optical fibers are amorphous (meaning glassy or
non-crystalline) because they are cooled from their molten state too rapidly
for crystals to form. However, if fused silica is held for long periods of time
at elevated temperatures, crystals can begin to form at nucleation sites. As
discussed in Sect. 3.1, fusion splice joints in silica fibers are formed at tem-
peratures on the order of 2100° C. The glass on either side of the fusion splice
joint is heated to intermediate temperatures that are high enough to permit
devitrification of the glass. However, the glass is held at these intermediate
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temperatures for only a few seconds. Some researchers have concluded that
this short time interval is long enough to permit localized devitrification that
weakens the fusion splice [6.9,6.16]. However, this conjecture is contradicted
by other data showing that acid stripping and suppression of ambient mois-
ture is sufficient to achieve splices whose failure stress nearly matches that
of the original as-drawn fibers [6.17-6.19].

During normal operation, silica vaporized off the fiber surface can con-
dense onto the electrodes of an arc fusion splicer when the arc is terminated.
The resulting silica particles can be ejected from the electrodes during a sub-
sequent fusion splice and deposited onto the fiber surface [6.19-6.23]. Particles
deposited onto the splice joint itself will be melted into the surface by the high
temperatures experienced there, but particles deposited a little further away
from the joint, in the intermediate temperature region, can serve as crack
nucleation sites, thus weakening the splice. Proper cleaning and maintenance
of splicer electrodes can minimize this undesirable phenomenon.

Some fusion splicers perform a fire polish at the conclusion of the fu-
sion splice in order to improve the surface quality in the vicinity of the
splice [6.14,6.15]. During a fire polish, the fusion splice heat source is scanned
over the vicinity of the splice joint in an effort to encourage surface tension
to seal up any surface cracks in the vicinity of the splice. Such a fire polish
may also re-vitrify any devitrified regions in the vicinity of the splice. Fu-
sion splice manufacturers have reported that a fire polish improves the splice
strength and consequently its long term reliability. Fire polishing is discussed
in Sect. 8.2.1.

6.2 Crack Growth Theory

The tensile stress required to fracture an optical fiber depends on the density
and severity of microscopic cracks on its surface. Microscopic surface cracks
are inevitably introduced to the surface of optical fibers during fabrication,
and these cracks determine the inherent tensile strength of as-drawn fiber.
New surface cracks can be introduced during fusion splicing by the strip-
ping process, joint formation, splice packaging, or simply by inappropriate
handling of the bare fiber.

Surface cracks inevitably grow in size over time, especially in the pres-
ence of moisture or tensile stress, thus weakening the mechanical strength of
the fiber. Crack growth in the absence of mechanical stress is termed zero-
stress aging and can be minimized by splice packages which prevent ambient
moisture from reaching the splice. Modeling and predicting zero-stress aging
in optical fiber fusion splices is difficult and there is little published work
concerning the matter. In contrast, crack growth resulting from mechanical
stress, termed stress corrosion, is extensively discussed in the technical lit-
erature. Stress corrosion can be minimized by limiting the amount of tensile
stress applied at the splice as well as moisture in the vicinity of the splice.
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Unlike a ductile material, such as copper, a brittle material, such as silica
glass, responds to an increasing tensile load by elastically stretching until a
slow-growing microscopic crack exceeds a certain threshold at which point
the crack grows rapidly and the material fractures. Fracture mechanics is
concerned with the formation and growth of cracks which cause such fractures
in brittle materials. Good general reviews of fracture mechanics are provided
in [6.24,6.25]. In this section we will use fracture mechanics to analyze crack
growth in silica and the strength of optical fiber fusion splices.

The stress intensity factor of a crack, K, is defined as [6.5,6.7,6.8,6.24,
6.26]

Ki = 0.Y Ve , (6.2)

where o, is the local tensile stress applied in the vicinity of the crack, Y
is a dimensionless constant on the order of unity that depends on the crack
geometry, and a. is the length of a surface crack. Y has been variously cited as
/7 [6.5,6.7,6.8,6.24], 1.2 [6.27], or about 0.8 [6.8]. When the stress intensity
factor, K7, is equal to the fracture toughness of the material, Ky, the crack
grows rapidly and the fiber immediately fractures. The fracture toughness of
fused silica has been estimated to be about 0.8 MPa /m [6.5,6.8,6.26,6.27].

The failure stress, or ultimate tensile strength, of an optical fiber, o¢, is
the applied tensile stress required for K7 to equal Ki. and can be expressed
as

_ KIC

= Yo
To measure the ultimate tensile strength of a fusion splice, the stress applied
to a fusion splice is continuously ramped upwards until the splice fractures.
The tensile load required to fracture an optical fiber is simply given by o
times its cross sectional area. Equation (6.3) shows how the strength of an
optical fiber depends on the size of a surface crack. Furthermore, a length
of optical fiber is only as strong as its weakest portion so the largest crack
determines the fracture stress of the fiber. We define the critical crack size,
Geritical, tO be the crack length required to cause fracture in the presence of
an applied tensile stress o,. Thus, the critical crack size is a function of the
applied stress. Rearranging (6.2) and substituting K. for K7 yields

K\’
Geritical = <Y;’ > . (64)

Equation (6.3) suggests that the observed failure stress of short lengths
of commercial 125 um diameter fiber, 5.5 GPa, corresponds to surface cracks
on the order of 10 nm in length. The small variation in the measured failure
stress across large numbers of fiber samples suggests that all silica fibers are
covered with a large number of surface cracks of this size. Most commercial
125 um diameter optical fiber is only rated to survive a 700 MPa (100 kpsi)

of (6.3)
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Fig. 6.2. Critical crack size, acritical, plotted against corresponding applied tensile
stress, 0. according to (6.4). Y was taken to be 0.806. After [6.8]

tensile stress which corresponds to about 9N of load. This suggests that the
largest surface crack in such commercial fiber is on the order of 1 pum.

Modeling crack growth due to zero-stress aging is difficult as it depends on
the chemical environment of the fiber surface. However, various simple models
exist for modeling the crack growth due to stress corrosion. The rate of crack
growth is usually expressed as a function of the crack length. Exponential
models are thought to be more physically realistic but power law models
are more mathematically convenient and are sufficiently accurate for most
purposes [6.5,6.26]. A commonly used crack growth power law is [6.7,6.8,
6.26,6.27]

dac _
dt

where Vack is the crack growth velocity and A, and n, are material con-
stants. The parameter n, denotes the stress corrosion susceptibility factor.
In contrast to most of the technical literature, which denotes the stress cor-
rosion susceptibility factor by m, we have chosen the symbol n, to avoid
confusion with the refractive index. For practical optical fiber applications,
n, ranges from about 16 in humid environments (which are conducive to
crack growth) to about 25 in very dry environments [6.28]. Since K is less
than one in conventional units, larger values of n, correspond to slower crack
growth. Measurement of the stress corrosion susceptibility factor is discussed
in [6.28,6.29]. The constant A, is not as well characterized but has been cited
to be 1x10'? to 8.5x103% when n,, varies from about 10 to 20 (note that the
units of A. depend on n,) [6.28]. In Sect. 6.4 we will show how practical
results for splice lifetime estimation and reliability can be obtained without
a detailed knowledge of A..

%rack = ACKInG ’ (65)
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If we raise o¢ from (6.3) to the n, —2 power, then differentiate with respect
to time, and finally substitute in (6.5), we obtain

d(o" %)
dt

2 —n, B
- ( 2” )ACYQK;? 2500 (6.6)

where o, is the applied stress and is in general a function of time. This
equation can be integrated over time to yield

tfinal
=2 -2 ng — 2 2 7ne—2 o
i~ othad = ("5 ) A [Corwa, )

tinitial

where 0t initial is the initial failure stress of the fiber prior to the application
of a tensile load, o fina1 is the final failure stress, and o,(t) is the applied
stress as a function of time between times tinitial and tna. Equation (6.7) is
significant since it quantifies how an applied stress, g,, reduces the ultimate
tensile strength, of fnal, of an optical fiber as a function of the initial ultimate
tensile strength, of initial. More specifically, the ultimate tensile strength of
a fiber is degraded by an amount proportional to the time integral of the
applied stress raised to the n, power.

If the applied stress, 0y, is approximately constant over time, (6.7) may be
rearranged to estimate the lifetime of the optical fiber, 5. Since the applied
load is a constant, it may be pulled out of the integral in (6.7). Furthermore,
we assume that at the end of the fiber’s lifetime, it fractures because its
ultimate failure strength, ot fnal, is equal to the applied load, o,. Based on
these assumptions, the fiber’s lifetime when exposed to a constant applied
stress may be estimated as

(ne —2)
2A.Y?2
Since the exponent of the final terms of (6.8) will be larger than 10, we

may neglect the final term when oy initia1 is much larger than o, to obtain a
simplified lifetime equation

(ns —2)
2A.Y?

This equation predicts the lifetime of a fiber with initial strength oy initial
exposed to a constant tensile stress of o,.

te =

f,initial —

Klzc_""cf;"” (0"0_2 02’72> . (6.8)

ty = Ky "o "ol (6.9)

a f,initial *

6.3 Characterizing Splice Failure Strength:
Weibull Statistics

The statistical distribution of the ultimate tensile strength of a set of fusion
splices can be approximated by a normal distribution which is characterized
by a mean value and a standard deviation. However, real fusion splice strength
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data is usually poorly described by a normal distribution. The Weibull distri-
bution is a better choice because it more accurately captures the underlying
physics responsible for fiber fracture. In this section we will describe how the
Weibull distribution can be used to characterize fusion splice strength, and
even provide some interesting insight into the failure mode of a fusion splice.

Weibull proposed a simple relationship for the strength of a material based
on a distribution of flaws inside its bulk. This relationship was predicated on
a “weakest link” model for fracture meaning that a sample is assumed to
fracture at the site of the largest flaw. The resulting statistical description
of failure probability can be applied to the problem of optical fiber failure
strength in general and optical fiber fusion splice fracture in particular.

As we have already seen, empirical evidence and theoretical arguments
show that the failure strength of an optical fiber depends on the distribution
of scratches and flaws on its surface. A longer length of optical fiber will
exhibit a lower ultimate tensile strength than a shorter length of fiber because
its larger surface area is more likely to contain a larger flaw. The probability
that a piece of fiber with surface area Ay will survive a proof test, Ps, can
be expressed as [6.25]

m
Ps(Ag, 0¢) = exp [— (ﬁ> ] , (6.10)
g0
where ot is the applied stress and oy and m are constants that depend on
the state of the glass surface. Equation (6.10) can also be thought of as the
probability that the particular fiber sample exhibits a failure stress of or. We
can express (6.10) in terms of the failure probability, Pr, since the failure
probability is the complement of the survival probability, Pr=1-Pg, so
of

m
Pr(Ap,0t) =1 —exp {— (—) } . (6.11)
0o

Note that these equations imply that the probability of the failure stress,
ot, equaling or exceeding oy is about 37%. We will denote oo as the nominal
failure stress of the fiber. Equation (6.10) is an empirical relationship that has
been found to agree well with experimental data for a variety of materials in
a variety of contexts. Some researchers have attempted to provide a physical
justification for (6.10) [6.30].

The utility of the Weibull distribution is apparent by considering how
(6.10) can be used to describe the survival probability of another identical
fiber sample with a different surface area. The survival probability of an
identical sample with the arbitrary surface area A, where A = vAg, can be
written as

Ps(A, 01) = [Ps(Ao, 01)]" = [Ps(Aog, o))V . (6.12)

If we take the natural logarithm of (6.10) twice we obtain the follow-
ing [6.25]
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In {m (mﬂ =mln <Z—;> . (6.13)

Thus, if In (g—(f)) is plotted against In [ln (m)}, a straight line with
slope m, now termed the Weibull slope, results. Note that we can also express
(6.13) in terms of the failure probability, Pr. Furthermore, the surface area
of fiber affected by the fusion splice is usually the same for all splices so we
can neglect the dependence on Aj to obtain

In {m (ﬁ)] = mln (Z—;) =mln (o¢) — mln () . (6.14)

As-drawn commercial optical fibers with a 125 pm cladding diameter typ-
ically exhibit a nominal failure stress, oo, of about 5.5 GPa (800kpsi) and a
Weibull slope, m, ranging from about 25 to 125 [6.5]. Sample data for the
failure probability of such as-drawn commercial optical fiber is presented in
Fig. 6.3.

The parameters characterizing the Weibull distribution, oy and m, can
be estimated from the parameters characterizing a normal distribution for
the same data. Typically, o9 is comparable to the mean value of a normal
distribution while m is approximately 1.28 times the mean divided by the
standard deviation [6.5].

The Weibull distribution of failure stresses for a particular type of optical
fiber fusion splice can be compiled by measuring the failure strength of a
large enough set of splices. At least 20 splice failure stress measurements are
required for a practical Weibull representation, but at least measurements 30
are recommended. The raw data is initially a simple list of failure stresses.
To transform this relationship into the form of (6.14), one must first compute
the failure probabilities associated with each strength measurement. If the
Nyeib, measured failure stresses are listed in size order from lowest to highest,
the failure probability for the ith measurement can be estimated as

Pr— = : (6.15)

" Nweib . ’
A Weibull plot, such as Fig. 6.3, is prepared by plotting the left hand side of
(6.14) computed with the aid of (6.15) on the y-axis against the logarithm of
the measured failure stress on the x-axis. An estimate for m can be obtained
from the slope of the resulting data set

8 (i (=) (6.16)

m = 5

A(lnoy)

while an estimate for og is given by the stress where In (ln (ﬁ)):o.

A Weibull plot of fusion splice data can be a helpful tool for characterizing
the performance of particular splice parameters or splicing equipment. It can
also provide insight into the failure mode of the fusion splice. As long as all
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Fig. 6.3. Weibull plot of failure stress for as-drawn commercial optical fiber (cir-
cles), fusion spliced fiber (x’s), and fusion spliced fiber following a 1.6 GPa (235 kpsi)
proof test (squares). Note that In(or) is plotted on the x-axis and In [In ( ﬁ)] on
the y-axis. To provide a more physical appreciation for the data, o, is indicated in
GPa by the (non-linearly spaced) tick marks above the plot while Pr is indicated
in % by the (non-linearly spaced) tick marks to the right of the plot. The as-drawn
fiber data and the fusion splice data were both fit to Weibull distributions (dotted
line and dashed line respectively). o9 and m for the as-drawn fiber are 5.47 GPa and
39 while ¢ and m for the spliced fiber are about 2.51 GPa and 7.1. The two outliers
on the low-strength end of the fusion spliced fiber probably incurred surface flaws
due to inappropriate handling or stripping procedures. The solid line represents the
failure strengths predicted by (6.23) in Sect. 6.4

of the fusion splice samples exhibit a similar distribution of surface flaws, the
data can be expected to approximate a Weibull distribution, thus yielding
a straight line in a Weibull plot. However, if a few fusion splice samples are
mishandled, or weakened by some extrinsic phenomenon, those samples will
not conform to the same distribution, so the data will be poorly approxi-
mated by a Weibull distribution. Excessive departure from linear behavior
indicates that there are significant extrinsic sources of strength reduction,
such as improper handling or improper fiber stripping procedures.

The 20 fusion splice samples (2’s) depicted in Fig. 6.3 include 2 data
points at the low end which do not line up with the others. These outliers
probably incurred extra surface flaws due to inappropriate handling or strip-
ping procedures. The amount of splice-induced strength reduction relative to
the original as-drawn fiber is substantial, but is typical even for high quality
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fusion splices. About 90% of the fusion splice samples in Fig. 6.3 exceed the
stringent proof test requirement for submarine fiber splices, which is about
1.6 GPa.

Fusion splices exhibiting no measurable strength degradation, meaning
that both their nominal failure stress and their Weibull slope matches that
of the original fiber, have been documented in the literature [6.17]. These
splices were performed with a very clean burning oxy-hydrogen torch in the
presence of chlorine gas on fibers stripped by hot sulphuric acid. Such an
hazardous and complex apparatus is not very practical for most laboratory
fusion splicing, let alone factory splicing or field splicing! Nearly equivalent
results have also been achieved using a conventional arc splicer on fibers
stripped with hot sulphuric acid [6.19]. However, since commercial as-drawn
optical fiber is rarely proof tested to greater than 1.6 GPa, achieving such
high fusion splice strengths is not of much practical interest. Consistently
achieving a minimum proof test threshold such as 700 MPa for terrestrial fiber
applications and 1.6 GPa for submarine applications is far more important.
This consistency can be achieved with a large Weibull slope, m, as well as
with a high nominal failure stress, og.

6.4 Theory of Proof Testing for Long-Term Reliability

An optical fiber fusion splice must not only be strong enough to survive
handling during splice packaging and installation, but also must withstand
zero-stress aging and stress corrosion over its long service life, often 25 years
or more. Proof testing is the main method for ensuring mechanical robustness
and long term reliability of fusion splices because it requires relatively simple,
low-cost equipment and can be preformed in less than a minute. Proof test
stress levels must be set high enough to ensure the robustness and reliability
of a splice, but not so high that the proof test yield, or fraction of splices
surviving the proof test, is too low. Moreover, the failure rate of other compo-
nents in the optical network, such as the optical fiber or cable itself, puts an
upper limit on the long term reliability requirements of optical fiber splices.
For example, the reliability of optical fiber cables in the United States has
been cited to be on the order of 2 failures per thousand km per year [6.1].
These failures are overwhelmingly due to causes other than fusion splices.

In this section, we will show how the results of the preceding two sections,
crack growth theory and Weibull statistics, have been combined to create a
theory which quantifies the strength and reliability of proof tested fusion
splices. The interested reader is referred to many important treatments of
this topic in the literature [6.11,6.28,6.29,6.31-6.35,6.37-6.39].

When an optical fiber fusion splice is proof tested, a tensile stress oy, is
applied to the fiber for a time duration t,. In practice, there will be a finite
time interval, ¢, at the beginning of the proof test when the applied load
is ramped up to o, and a finite time interval, ¢,, at the end of the proof
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test during which the applied load is ramped back down to zero (Fig. 6.4).
Clearly the fusion splice will fracture during the proof test if o, exceeds the
ultimate tensile strength of the splice, o¢r. On this basis, a proof test would
appear to be an obvious way to eliminate fusion splices which do not satisfy
the fracture stress requirement o,. However, we have already seen that the
presence of tensile stress induces crack growth via stress corrosion so it is
logical to suspect that during the unloading phase of the proof test, cracks
could grow to the point that the ultimate tensile strength of a fusion splice,
which previously survived the peak proof test stress of o, may be less than
op after the proof test is completed.

-
-

Applied tensile stress, o,

y

Time

Fig. 6.4. Schematic illustration of the tensile stress applied to an optical fiber
fusion splice during a proof test. The loading time is o], the proof stress o} is
applied for time ¢, and the unloading time is oy,. The time axis is not to scale and
in a real proof test, the loading and unloading may not be linear

Ideally we would like to quantify the long term reliability and strength
benefits of proof testing while accounting for the possibility of strength reduc-
tion during the unloading phase. In other words, we would like to predict the
probability of fusion splice fracture as a function of applied stress following a
proof test. Building on the important work of Kalish and Tariyal [6.28], Mit-
sunaga and coworkers [6.29] showed how the failure probability of an optical
fiber following a proof test could be predicted from the Weibull distribution of
the fiber prior to the proof test and the stress corrosion susceptibility factor,
ne. Remarkably, this prediction accounts for the possibility of crack growth
during the unloading phase of the proof test and does not require knowl-
edge of the crack growth parameter A, geometric parameter Y, or fracture
toughness Kj. appearing in (6.2-6.8). Mitsunaga’s result can be expressed

as [6.29]
1+ ks e -1 (6.17)
op 7 tpe ’ '

where kg is a parameter characterizing the amount of tensile stress applied
to the splice during its service life, m is the Weibull slope of a distribution

Pr=1 —eXp{—Np
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of an equivalent group of (non-proof tested) fusion splices, Ny, is the fraction
of splices that fail the proof test, o, is the proof test level, and ¢, is the
effective proof test time, given by [6.29]

tl + tu
ne +1°
accounting for the influence of loading and unloading. /N, can either be di-
rectly measured, or computed from the Weibull statistics determined from a
large set of fusion splice samples. Note that the failure probability of proof
tested splice samples given by (6.17) is not a true Weibull distribution.

The fusion splice experiences a strength degradation resulting from the
(potentially time varying) service stress, o over the course of its service life
ts. This phenomenon is captured by the parameter ks [6.29]

the = tp + (6.18)

ts
ks:/ omedt . (6.19)
0

This expression is essentially a restatement of (6.7): it states that the strength
degradation of an optical fiber fusion splice is proportional to the time integral
of the applied tensile stress raised to the n, power. When the applied stress
is constant over the entire service life, (6.19) simply reduces to ks=ol"ts.

Equations (6.17-6.19) are the central equations for describing the long
term reliability of fusion splices experiencing stress corrosion. They are ex-
tremely powerful because they relate the probability of fusion splice fracture
to the tensile stresses experienced during the splice’s service life and to other
well characterized parameters (inherent Weibull slope of the fusion splice m,
stress corrosion susceptibility parameter n,, proof test level o, proof test
failure rate N, and effective proof test time ¢p.). Note that the inherent
Weibull slope for a fusion splice is easily computed from measurements of
the failure strength of 20 (non-proof tested) sample fusion splices while the
stress corrosion susceptibility factor of silica fibers is a well characterized
function of ambient humidity [6.28].

If the service stress og is constant over the entire service lifetime, (6.17)
can be rearranged to estimate the service lifetime, ts, as a function of the
other parameters

In(1 — Pp)\ ™ =2/m oo\
=4 (1- 20 (2 .. 2
(o) )", o0

An example of a service stress that is constant over the lifetime of a fusion
splice is the tensile stress resulting from wrapping a fusion splice around a
spool. As we shall soon discuss in Sect. 6.6, some splice packages contain a
rigid splint which prohibits bending and limits packaging options whereas
other splice packages, such as a recoat, are as flexible as the original polymer
coating and permit the splice to be coiled in the manner of an ordinary fiber.
Bending a fiber into a loop of radius Rpena (Fig. 6.5) results in a maximum
tensile stress obend,max given by [6.40,6.41]
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Rﬁber
Rbcnd

By, (6.21)

Obend,max =

where Rgper is the fiber radius and Ey is Young’s modulus for silica glass,
which is about 73 GPa. A typical bend radius for a fusion splice coiled inside
an optical fiber device is on the order of 10cm which implies a maximum
bending stress on the order of 46 MPa (6.6 kpsi) for a 125 um diameter fiber.

If we assume typical values such as o,=700 MPa (100kpsi), n,~20 (for
a reasonably dry environment), m~4, Ny~0.1 (10% of the initial splices fail
the proof test), and ¢pe~15s, then (6.17) predicts a vanishingly small fracture
probability Pp after 25 years of service. The stress corrosion susceptibility
factor, n,, has been measured to be on the order of 18 in the case of recoated
fusion splices [6.36]. Even a very moist environment resulting in n,=16, a
failure probability of only 0.1%, and a tight bend radius of 2.5 cm inducing
a service stress of about 185 MPa (26.7kpsi) is predicted by (6.20) to have a
service life to be about 25 years. In reality, we expect an actual fusion splice
to be much more reliable than these examples since bending only induces
high tensile stress on the small portion of the fiber surface at the outside of
the fiber loop — most of the fiber surface experiences a much lower tensile
stress.

tension

compression

g
b

R

Fig. 6.5. Stress resulting from a bend in an optical fiber. The outer surface of
the loop experiences the highest tensile stress while the inner surface of the loop
experiences compressive stress which does not induce stress corrosion

The validity of the preceding theory can be established by evaluating its
ability to predict the ultimate tensile strength of fusion splices that have been
previously proof tested. We can approximate a measurement of the ultimate
tensile strength of a fusion splice as the application of a service stress which
is continuously ramped upwards at a rate of ¢ until the splice fails at of.
Substituting into (6.19) and integrating yields

0’"“+1

- tsd No _ f
@fl(o dt=os (6.22)

This expression can be substituted into (6.17) to yield
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— m/(ne—2)
ag
Pr=1-—exp{ —N, (1 + (f—t> —1| 3 . (6.23)
pe

ne + 1)o0p°

The solid line in Fig. 6.3 was computed with (6.23) for fusion splice sam-
ples proof tested at 1.61 GPa (235kpsi) and agrees well with experimen-
tally measured fracture strengths (squares). Notice that since (6.23) is not
a true Weibull distribution it appears as a curved, rather than straight, line
in Fig. 6.3. The agreement between the predicted (dashed line) and the ex-
perimentally measured (z’s) ultimate failure strengths of proof tested fusion
splice samples in Fig. 6.3 confirms the accuracy of the theory [6.37].

Proof test requirements for optical fiber fusion splices are derived by con-
sidering the maximum tensile stress expected to be experienced by the fusion
splice and ensuring that the proof test exceeds this level by a safe margin.
Furthermore, (6.17-6.19) can be used to estimate the lifetime of proof tested
fusion splices experiencing stress corrosion resulting from known levels of ten-
sile stress. Various standards bodies have issued publications detailing specific
tensile strength requirements for fusion splices. Published standards gener-
ally require proof test loads ranging from 50 to 100kpsi [6.42—-6.44]. Other
standards require the packaged splice to withstand tensile loads on the order
of 5N [6.45], which is equivalent to tensile stress on the order of 50 kpsi if all
the load is borne by the fiber itself.

High tensile loads are applied to submarine optical fiber cables during
their initial deployment on the ocean floor, during subsequent recovery of the
cable from the ocean floor, and while they are suspended from a cable ship
for repair [6.27]. When typical submarine cable values are used, (6.17-6.19)
reveal that the appropriate proof test stress, o, must be on the order of 1.2
to 1.6 GPa (160 to 235kpsi) [6.27,6.33]. When all safety margins are factored
in, proof test requirement is set to about 1.6 GPa (235ksi). If proper fiber
stripping, handling, and splicing procedures are followed, proof test yields,
even at these high proof test stress levels, can exceed 90%. Corresponding
computations for terrestrial fiber cables yield proof test requirements on the
order of 700 MPa (100 kpsi), which are much easier to satisfy.

6.5 Proof Testing Methods and Hardware

A fusion splice can be proof tested either by applying an axial tensile load
across the splice or bending the splice through a tight radius. Commercial
strength testing equipment usually employs the axial tensile method since
bending only exposes a portion of the optical fiber to high tensile stresses
(Fig. 6.5).

Short lengths of standard as-drawn 125 um diameter silica fibers are very
strong: they typically fail at tensile loads of about 69 N or 5.5 GPa (800 kpsi).
High strength fusion splices can approach this strength [6.17,6.19]. It is diffi-
cult to apply such high loads to a fusion splices without damaging the fiber’s
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polymer coating. Usually, both ends of the fiber to be tested are wrapped
around mandrels (Fig. 6.6). However, at the lower tensile stress levels typical
for fusion splice proof testing, the fiber gripping chucks can be much simpler
in design.

Splice joint

Left mandrel Coated Right mandrel

Fig. 6.6. Illustration of fusion splice strength testing geometry. Rotary mandrels
can apply tensile forces in excess of 69 N, which is the ultimate tensile strength
of most commercial telecommunication fibers. In this diagram, the proof test is
performed on a fusion splice prior to packaging. When a splice is recoated, the
recoat should always be applied prior to the proof test to ensure that the splice
strength is not compromised by the recoating process

Standard proof testing of a fusion splice usually involves three stages:
linearly ramping the tension up to a desired level; holding the fiber at the
desired tension for a short time interval; and ramping the tension back down
to zero (Fig. 6.4). The entire process usually takes about 15 seconds. As we
have seen, stress corrosion can weaken fusion splices during the unloading
phase so the fiber is usually unloaded within one second [6.1].

When an optical fiber fractures at stresses of 1.4 GPa (200 kpsi) or greater,
the fiber usually shatters violently. For this reason, safety precautions such
as eye-goggles and a shatter shield should always be used when proof testing
optical fibers. Small shards of shattered optical fiber have been known to
embed themselves in exposed skin. When the fiber fails at lower tension and
it does not shatter, the root cause of the crack leading to the fracture of a
fusion splice can often be identified by analyzing the end face of the fractured
fiber with a scanning electron microscope (SEM). However, analyzing the
cause of high strength fractures is impossible when the fiber shatters since
the end faces of the fractured fiber are destroyed.

6.6 Splice Packaging
Optical fiber fusion splices are nearly always protected from the environment

by a packaging technology. In this context, splice packages refers to coatings,
tubes, cases, and splints applied to protect the specific portion of the optical
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fiber exposed or modified during the fusion splice process. Multiple fusion

splices are sometimes further packaged in a splice tray or splice housing.
Fusion splice protection is designed with some or all of the following goals

in mind

protect surface of fusion splice from mechanical degradation (i.e. abrasion)

protect surface of fusion splice from chemical degradation (i.e. humidity)

low cost

easy and quick to apply

withstand thermal cycling

minimize optical loss resulting from geometric distortion of splice

minimize tensile, bending, or torsion loads applied to the splice joint

record data about splice (i.e. date of manufacture, optical loss, etc.)

Fusion splice packages may be divided into two general categories: recoats
and rigid splice protectors. A recoat restores a flexible polymer coating onto
the bare fusion splice but does not satisfy the last three items in the list
above. The polymer comprising the recoat is usually similar in composition
to the original fiber polymer coating. Since a recoat is soft and flexible like the
original fiber coating, the mechanical integrity of the splice entirely depends
upon the fusion splice itself. In contrast, a splice protector is designed to
satisfy all the items in the list by employing a rigid splint to transfer tensile,
bending, and torsional loads across the splice joint.

6.6.1 Splice Recoating Technology

A recoat is a fusion splice packaging technology in which a polymer coating
similar to the original polymer coating is restored to the original fiber. Typ-
ically this is a UV-cured urethane acrylate although thermally cured poly-
imide is occasionally used. The mechanical integrity of the recoated splice
is entirely dependent on the fusion splice joint itself so successful recoating
requires high strength splices. Several commercial optical fiber recoating sys-
tems have been introduced in recent years. Even ribbon fibers spliced on a
mass fusion splicer can now be recoated. Recoated ribbon fiber splices often
need not be high strength since any applied load is distributed over a larger
number of fibers (up to 24). Typical single fiber recoated splices are depicted
in Fig. 6.7.

Recoated splices can usually be coiled into a tight radius because the
recoat is just as flexible as the original polymer coating. The ability to coil
a recoated splice makes recoating attractive for applications in which the
finished splice must be wound around a fiber spool or tightly coiled to fit
inside a small fiber device package. Recoats are typically employed in the
assembly of undersea optical fiber cables where high fusion splice strength
is already necessitated by stringent reliability requirements. Recoats are also
attractive for submarine optical fiber cables since their cross section matches
that of the original coated fiber.
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Fig. 6.7. Recoated fusion splices illustrating how they may be bent into very tight
radii. Fiber shown here is 125 pm diameter standard SMF with a 250 um diameter
UV-curable acrylate coating applied using a Vytran model PTR-100 recoater. Note
how similar the recoated portion is to the original fiber coating

To recoat a fusion splice, the completed fusion splice is loaded into a mold
and liquid acrylate material is injected into the mold around the bare glass
surface of the fiber (Fig. 6.8). The recoat material envelopes the fusion splice
and overlaps or mates against the edge of the original polymer coating. Once
the mold is filled, high intensity UV-radiation is used to cure the liquid poly-
mer. Recoat diameters can range from as little as 100 pm to as much as 1 mm
depending on the size of the recoat mold and the original coating diameter of
the fiber, but 260 pm is the most common diameter for a single fiber recoat

fi
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§ %
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(@)  recoatmolg (b)

Completeq recoat

Fig. 6.8. Schematic illustration of fusion splice recoat process. (a) Completed
fusion splice positioned above recoat mold. (b) Completed fusion splice laying in
open recoat mold. (c) Recoat mold closed as recoat material is pumped into the
mold and cured, typically using high-intensity UV lamps. (d) Completed recoat
(shaded) after removal from mold
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(the recoat is typically slightly larger than the coated fiber diameter so a
portion of the coated fiber can fit into either end of the mold). Depending
on the application, special recoat material may be chosen to have a refrac-
tive index that is either higher or lower than the fiber’s glass cladding. Some
fusion splicers have fiber recoating equipment integrated into their design.

Sometimes the quality of a recoat is so good that it is difficult to distin-
guish it from the rest of the fiber. In such cases, the recoat material can be
dyed to facilitate identification of the recoat location.

6.6.2 Rigid Splice Protectors and Splints

Fusion splices are often packaged in rigid splice protectors, two examples of
which are depicted in Fig. 6.9. These splice protectors can be divided into
two categories: heat shrinkable tubes and clam-shell designs. Splice protectors
are inexpensive and easy to apply and are designed to carry tensile, bending,
and torsional loads across the splice joint. Splice protectors should enable a
fusion splice to withstand the equivalent of several hundred kpsi of tensile
load. However, their rigid design means that they cannot be easily wound
around a fiber spool and are difficult to accommodate inside a small fiber
device housing.

Heat shrinkable splice protector tubes must be slipped onto one of the fiber
tips prior to splicing. Once the splice is completed, the tube is then slid back
over the spliced region and after a few minutes of gentle heating contracts
around the fiber including the coated fiber far from the splice. These heat
shrink splice protectors typically include a rigid metal pin to act as a strength
member. Many commercial fusion splicers include a special heating oven for

Fig. 6.9. Two examples of typical fusion splice protectors: (a) ULTRAslecve™ ™
rigid clam-shell style splice protector and (b) typical heat-shrinkable fusion splice
sleeve containing a metal splint. These splice protectors are rigid and cannot be
readily wound around a fiber spool like a recoat. Fusion splice protectors like these
are available in several lengths from 10 to 60 mm
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curing the heat shrinkable splice protector. Heat shrink splice protectors are
available for mass fusion splices as well [6.46,6.47].

Recently, fusion splicer and splice protector manufacturers have sought to
reduce the total length of stripped fiber required to perform a fusion splice
so as to minimize the require length for rigid splice protectors. Shorter splice
protectors yield smaller component packages by permitting tighter coiling
radii. Splice protectors can be as short as 10 mm [6.15].

An alternative to heat shrinkable protectors are clam-shell designs that
do not need to be prepositioned on the fiber prior to splicing. These clam-
shell designs are typically fabricated from rigid plastic and fold down over
the bare fusion splice and neighboring coated fiber regions to carry tensile
loads across the splice joint and prevent bending or torsion.

6.7 Summary

The reliability of an optical fiber communication system depends on the relia-
bility of the numerous fusion splices within the transmission cable and optical
fiber components comprising the system. The main failure mode of an optical
fiber fusion splice is a mechanical fracture. The likelihood of a fracture de-
pends on the humidity of the ambient environment, the stress applied at the
fusion splice, and the condition of the fiber surface in the vicinity of the fusion
splice. The surface quality of an optical fiber fusion splice, and the resulting
mechanical strength of the splice, can be maximized by minimizing damage
to the fiber’s surface when stripping the polymer coating from the fiber, or
otherwise handling the fiber. Fire polishing the surface of a completed fusion
splice can also improve its surface quality and therefore its reliability.

Fracture mechanics describes how the surface condition of an optical fiber
interacts with applied stress to cause a fracture. The Weibull distribution and
Weibull plots are useful tools for characterizing the mechanical strength of
optical fiber fusion splices and can provide insights into the failure mode of
fusion splices.

Proof testing is an important technique for ensuring the mechanical ro-
bustness and long-term reliability of an optical fiber fusion splice. Fracture
mechanics and Weibull statistics can be combined to yield equations which
predict the failure probability and service lifetime of a fusion splice exposed
to a known tensile stress. Such equations can be used to determine the ap-
propriate stress level for a fusion splice proof test.

Many splice packaging technologies are available for satisfying the various
fusion splice packaging requirements. Recoating restores a flexible polymer
coating 