
Chapter 1

Introduction

Optical fibers have revolutionized telecommunication. Much of the success
of optical fiber lies in its near-ideal properties: low transmission loss, high
optical damage threshold, and low optical nonlinearity. The combination
of these properties has enabled long-distance communication to become
a reality. At the same time, the long lengths enabled the optical power
to interact with the small nonlinearity to give rise to the phenomenon of
optical solitons, overcoming the limit imposed by linear dispersion. The
market for optical fiber continues to grow, despite the fact that major
trunk routes and metropolitan areas have already seen a large deployment
of fiber. The next stage in the field of communication is the mass delivery
of integrated services, such as home banking, shopping, Internet services,
and entertainment using video-on-demand. Although the bandwidth
available on single mode fiber should meet the ever-increasing demand
for information capacity, architectures for future networks need to exploit
technologies which have the potential of driving down cost to make ser-
vices economically viable. Optical fiber will have to compete with other
transport media such as radio, copper cable, and satellite. Short-term
economics and long-term evolutionary potential will determine the type
of technology likely to succeed in the provision of these services. But it
is clear that optical fibers will play a crucial role in communication systems
of the future. The technological advances made in the field of photosensi-
tive optical fibers are relatively recent; however, an increasing number
of fiber devices based on this technology are getting nearer to the market
place. It is believed that they will provide options to the network designer
that should influence, for example, the deployment of wavelength-divi-
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sion-multiplexed (WDM) systems, channel selection, and deployment of
transmitters in the upstream path in a network, and should make routing
viable. The fascinating technology of photosensitive fiber is based on the
principle of a simple in-line all-fiber optical filter, with a vast number of
applications to its credit.

1.1 Historical perspective

Photosensitivity of optical fiber was discovered at the Canadian Communi-
cation Research Center in 1978 by Ken Hill et al. [1] during experiments
using germania-doped silica fiber and visible argon ion laser radiation.
It was noted that as a function of time, light launched into the fiber was
increasingly reflected. This was recognized to be due to a refractive index
grating written into the core of the optical fiber as a result of a standing
wave intensity pattern formed by the 4% back reflection from the far end
of the fiber and forward-propagating light. The refractive index grating
grew in concert with the increase in reflection, which in turn increased
the intensity of the standing wave pattern. The periodic refractive index
variation in a meter or so of fiber was a Bragg grating with a bandwidth
of around 200 MHz. But the importance of the discovery in future applica-
tions was recognized even at that time. This curious phenomenon re-
mained the preserve of a few researchers for nearly a decade [2,3]. The
primary reason for this is believed to be the difficulty in setting up the
original experiments, and also because it was thought that the observa-
tions were confined to the one "magic" fiber at CRC. Further, the writing
wavelength determined the spectral region of the reflection grating, lim-
ited to the visible part of the spectrum.

Researchers were already experimenting and studying the even more
bizarre phenomenon of second-harmonic generation in optical fibers made
of germania-doped silica, a material that has a zero second-order nonlin-
ear coefficient responsible for second-harmonic generation. The observa-
tion was quite distinct from another nonlinear phenomenon of sum-
frequency generation reported earlier by Ohmori and Sasaki [4] and Hill
et al. [51, which were also curious. Ulf Osterberg and Walter Margulis [6]
found that ML-QS infrared radiation could "condition" a germania doped-
silica fiber after long exposure such that second-harmonic radiation grew
(as did Ken Hill's reflection grating) to nearly 5% efficiency and was soon
identified to be a grating formed by a nonlinear process [7,8]. Julian
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Stone's [9] observation that virtually any germania-doped silica fiber dem-
onstrated a sensitivity to argon laser radiation reopened activity in the
field of fiber gratings [10,11] and for determining possible links between
the two photosensitive effects. Bures et al. [12] had pointed out the two-
photon absorption nature of the phenomenon from the fundamental radia-
tion at 488 nm.

The major breakthrough came with the report on holographic writing
of gratings using single-photon absorption at 244 nm by Gerry Meltz et
al. [13]. They demonstrated reflection gratings in the visible part of the
spectrum (571-600 nm) using two interfering beams external to the fiber.
The scheme provided the much-needed degree of freedom to shift the
Bragg condition to longer and more useful wavelengths, predominantly
dependent on the angle between the interfering beams. This principle
was extended to fabricate reflection gratings at 1530 nm, a wavelength
of interest in telecommunications, also allowing the demonstration of the
first fiber laser operating from the reflection of the photosensitive fiber
grating [14]. The UV-induced index change in untreated optical fibers
was ~10~4. Since then, several developments have taken place that have
pushed the index change in optical fibers up a hundredfold, making it
possible to create efficient reflectors only a hundred wavelengths long.
Lemaire and coworkers [15] showed that the loading of optical fiber with
molecular hydrogen photosensitized even standard telecommunication
fiber to the extent that gratings with very large refractive index modula-
tion could be written.

Pure fused silica has shown yet another facet of its curious properties.
It was reported by Brueck et al. [16] that at 350°C, a voltage of about 5 kV
applied across a sheet of silica, a millimeter thick, for 30 minutes resulted
in a permanently induced second-order nonlinearity of ~1 pm/V.
Although poling of optical fibers had been reported earlier using electric
fields and blue-light and UV radiation [17-19], Wong et al. [20] demon-
strated that poling a fiber while writing a grating with UV light resulted
in an enhanced electro-optic coefficient. The strength of the UV-written
grating could be subsequently modulated by the application of an electric
field. More recently, Fujiwarae£ al. reported a similar photoassisted poling
of bulk germanium-doped silica glass [21]. The silica-germanium system
will no doubt produce further surprises.

All these photosensitive processes are linked in some ways but can
also differ dramatically in their microscopic detail. The physics of the
effect continues to be debated, although the presence of defects plays a
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central role in more than one way. The field remains an active area for
research.

1.2 Materials for glass fibers

Optical fiber for communications has evolved from early predictions of
lowest loss in the region of a few decibels per kilometer to a final achieved
value of only 0.2 dB km"1. The reason for the low optical loss is several
fortuitous material properties. The bandgap of fused silica lies at around
9 eV [22], while the infrared vibrational resonances produce an edge at
a wavelength of around 2 microns. Rayleigh scatter is the dominant loss
mechanism with its characteristic A~4 dependence in glass fibers indicat-
ing a near perfect homogeneity of the material [23]. The refractive index
profile of an optical fiber is shown in Fig. 1.1. The core region has a higher
refractive index than the surrounding cladding material, which is usually
made of silica. Light is therefore trapped in the core by total internal
reflection at the core-cladding boundaries and is able to travel tens of
kilometers with little attenuation in the 1550-nm wavelength region. One

Figure 1.1: Cross-section of an optical fiber with the corresponding refractive
index profile. Typically, the core-to-cladding refractive index difference for single-
mode telecommunications fiber at a wavelength of 1.5 /am is —4.5 X 10~3 with a
core radius of 4 /nm.
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of the commonly used core dopants, germanium, belongs to Group IVA,
as does silicon and replaces the silicon atom within the tetrahedron,
coordinated with four oxygen atoms. Pure germania has a band edge at
around 185 nm [24]. Apart from these pure material contributions, which
constitute a fundamental limit to the attenuation characteristics of the
waveguide, there may be significant absorption loss from the presence of
impurities. The OH~ ion has IR absorptions at wavelengths of 1.37, 0.95,
and 0.725 /mi [25], overtones of a stretching-mode vibration at a funda-
mental wavelength of 2.27 /an. Defect states within the ultraviolet and
visible wavelength band of 190-600 nm [26] also contribute to increased
absorption. The properties of some of these defects will be discussed in
Chapter 2.

The presence of phosphorus as P2O5 in silica, even in small quantities
(—0.1%), reduces the glass melting point considerably, allowing easier
fabrication of the fiber. Phosphorus is also used in fibers doped with rare
earth compounds such as Yb and Er for fiber amplifiers and lasers. In
high concentration rare earth ions tend to cluster in germanium-doped
silicate glasses. Clustering causes ion-ion interaction, which reduces the
excited state lifetimes [27], Along with aluminum (A12O3 as a codopant
in silica) in the core, clustering is greatly reduced, enabling efficient
amplifiers to be built. Phosphorus is also commonly used in planar silica on
silicon waveguide fabrication, since the reduced processing temperature
reduces the deformation of the substrate [28].

Fluorine and trivalent boron (as B2O3) are other dopants commonly
used in germania-doped silica fiber. A major difference between germa-
nium and fluorine/boron is that while the refractive index increases with
increasing concentration of germanium, it decreases with boron/fluorine.
With fluorine, only modest reductions in the refractive index are possible
(—0.1%), whereas with boron large index reductions (>0.02) are possible.
Boron also changes the topology of the glass, being trivalent. Boron and
germanium together allow a low refractive index difference between the
core and cladding to be maintained with large concentrations of both
elements [29]. On the other hand, a depressed cladding fiber can be fabri-
cated by incorporating boron in the cladding to substantially reduce the
refractive index.

The density of the boron-doped glass may be altered considerably by
annealing, by thermally cycling the glass, or by changing the fiber drawing
temperature [30]. Boron-doped preforms exhibit high stress and shatter
easily unless handled with care. The thermal history changes the density
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and stress in the glass, thereby altering the refractive index. The thermal
expansion of boron-silica glass is ~4 X 10"~6°C-1, several times that of
silica (7 X 10~7°C~1) [31]. Boron-doped silica glass is generally free of
defects, with a much reduced melting temperature. Boron being a lighter
atom, the vibrational contribution to the absorption loss extends deeper
into the short wavelength region and increases the absorption loss in the
1500-nm window. Boron with germanium doping has been shown to be
excellent for photosensitivity [29].

1.3 Origins of the refractive index of glass

The refractive index n of a dielectric may be expressed as the summation
of the contribution of i oscillators of strength ft each, as [32]

where e and m are the charge and mass of the electron, respectively, (t)t is
the resonance frequency, and Fj is a damping constant of the ith oscillator.
Therefore, refractive index is a complex quantity, in which the real part
contributes to the phase velocity of light (the propagation constant), while
the sign of the imaginary part gives rise to either loss or gain. In silica
optical fibers, far away from the resonances of the deep UV wavelength
region, which contribute to the background refractive index, the loss is
negligible at telecommunications wavelengths. However, the presence of
defects or rare-earth ions can increase the absorption, even within in the
transmission windows of 1.3 to 1.6 microns in silica optical fiber.

Fj can be neglected in low-loss optical fibers in the telecommunications
transmission band, so that the real part, the refractive index, is [32]

With i = 3, we arrive at the well-known Sellmeier expression for the
refractive index, and for silica (and pure germania), the Ai (i = 1 -» 3)
are the electronic resonances at 0.0684043 (0.0690) and 0.1162414
(0.1540) /mi, and lattice vibration at 9.896161 (11.8419) /mi. Their
strengths At have been experimentally found to be 0.6961663 (0.8069),
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0.4079426 (0.7182), and 0.8974794 (0.8542) [33,34], where the data in
parentheses refers to GeO2. The group index N is defined as

which determines the velocity at which a pulse travels in a fiber. These
quantities are plotted in Fig. 1.2, calculated from Eqs. (1.1.2) and (1.1.3).
We note that the refractive index of pure silica at 244 nm at 20°C is
1.51086. The data for germania-doped silica may be found by interpolation
of the data for the molar concentration of both materials. Although this
applies to the equilibrium state in bulk samples, they may be modified
by the fiber fabrication process.

The change in the refractive index of the fiber at a wavelength A may
be calculated from the observed changes in the absorption spectrum in
the ultraviolet using the Kramers-Kronig relationship [32,35],

where the summation is over discrete wavelength intervals around each
of the i changes in measured absorption, at. Therefore, a source of photoin-
duced change in the absorption at Al < A' < A2 will change the refractive
index at wavelength A.

Figure 1.2: Refractive index n and the group index, N of pure silica at 20°C.
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The refractive index of glass depends on the density of the material,
so that a change in the volume through thermally induced relaxation of
the glass will lead to a change AM in the refractive index n as

where the volumetric change AV as a fraction of the original volume V is
proportional to the fractional change e in linear dimension of the glass.

We now have the fundamental components that may be used to relate
changes in the glass to the refractive index after exposure to UV radiation.

Other interesting data on fused silica is its softening point at 2273°C,
and the fact that it probably has the largest elastic limit of any material,
—17%, at liquid nitrogen temperatures [36].

1.4 Overview of chapters

The book begins with a simple introduction to the photorefractive effect
as a comparison with photosensitive optical fibers in Chapter 2. The
interest in electro-optic poled glasses is fueled from two directions: an
interest in the physics of the phenomenon and its connection with
photosensitive Bragg gratings, and as the practical need for devices that
overcome many of the fabrication problems associated with crystalline
electro-optic materials, of cutting, polishing, and in-out coupling. A fiber-
compatible device is an ideal, which is unlikely to be abandoned. The
fiber Bragg grating goes a long way in that direction. However interesting
the subject of poled glasses and second-harmonic generation in glass
optical fibers and nonlinear behavior of gratings, they are left for another
time. With this connection left for the moment, we simply point to the
defects, which are found to be in common with the process of harmonic
generation, poling of glass, and Bragg gratings. The subject of defects
alone is a vast spectroscopic minefield. Some of the prominent defects
generally found in germania-doped fused silica that have a bearing on
Bragg grating formation are touched upon. The nature and detection
of the defects are introduced. This is followed by the process of photosen-
sitizing optical fibers, including reduced germania, boron-germanium
codoped fibers, Sn doping, and hydrogen loading. The different tech-
niques and routes used to enhance the sensitivity of optical fibers,
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including that of rare-earth doped fibers are compared in a summary
at the end of Chapter 2.

Chapter 3 is on fabrication of Bragg gratings. It deals with the princi-
ples of holographic, point-by-point replication and the technologies in-
volved in the process: various arrangements of the Lloyd and mirror
interferometers, phase-mask, along with the fabrication of different type
of Bragg and long-period gratings, chirped gratings, and ultralong grat-
ings. The attributes of some of the laser sources commonly used for fabrica-
tion are introduced in the concluding section of the chapter.

Chapter 4 begins with wave propagation in optical fibers, from the
polarization response of a dielectric to coupled mode theory, and formu-
lates the basic equations for calculating the response of uniform gratings.
A section follows on the side-tap gratings, which have special applications
as lossy filters. Antenna theory is used to arrive at a good approximation
to the filter response for the design of optical filters. Long-period gratings
and their design follow, as well as the physics of rocking filters. The
last section deals with grating simulation. Here two methods for the
simulation of gratings of arbitrary profile and chirp based on the transfer-
matrix approach and Rouard's method of thin films are described.

Chapter 5 looks in detail at the different methods available for apodi-
zation of Bragg gratings and its effect on the transfer characteristics.
These include the use of the phase mask, double exposure, stretching
methods, moire gratings, and novel schemes that use the coherence prop-
erties of lasers to self-apodize gratings.

Chapter 6 introduces the very large area of band-pass filtering to
correct for the "errant" property of the Bragg grating: as the band-stop
filter! We begin with the distributed-feedback (DFB) structure as the
simplest transmission Bragg grating, followed by the multisection grating
design for the multiple band-pass function, chirped grating DFB band-
pass filters widening the gap to address the Fabry-Perot structure, and
moving on to the superstructure grating. Other schemes include the Mi-
chelson-interferometer-based filter, Mach-Zehnder interferometer, prop-
erties, tolerances requirements for fabrication, and a new device based
on the highly detuned interferometer, which allows multiple band-pass
filters to be formed, using chirped and unchirped gratings. An important
area in applications is the optical add-drop multiplexer (OADM), and
different configurations of these are considered, along with their advan-
tages and disadvantages. The special filter based on the in-coupler Bragg
grating as a family of filters is presented. Simple equations are suggested
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for simulating the response of the Bragg reflection coupler. Rocking and
mode-converting filters are also presented, along with the side-tap radia-
tion mode and long period grating filter, as band-pass elements.

Chirped gratings have found a niche as dispersion compensators.
Therefore, Chapter 7 is devoted to the application of chirped gratings,
with a detailed look at the dispersive properties related to apodization
and imperfect fabrication conditions on the group delay and reflectivity
of gratings. Further, the effect of stitching is considered for the fabrication
of long gratings, and the effect of cascading gratings is considered for
systems applications. Systems simulations are used to predict the bit-
error-rate performance of both apodized and unapodized gratings. Trans-
mission results are also briefly reviewed.

The applications of gratings in semiconductor and fiber lasers can be
found in Chapter 8. Here configurations of the external cavity fiber Bragg
grating laser and applications in fiber lasers as single and multiple fre-
quency and -wavelength sources are shown. Gain flattening and clamping
of erbium amplifiers is another important area for long-haul high-bit-rate
and analog transmission systems. Finally, the interesting and unique
application of the fiber Bragg grating as a Raman oscillator is shown.

The ninth and final chapter deals with measurements and testing of
Bragg gratings. This includes basic measurements, properties of different
types of gratings, and measurement parameters. Life testing and reliabil-
ity aspects of Bragg gratings conclude the book.
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