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ABSTRACT

The photosensitivity of gennanium-doped silica glass is studied in optical fiber
waveguides excited with visible light. A model is developped to describe the growth
dynamics of Bragg gratings photo-induced using the longitudinal writing technique. The
model assumes that the change of the dielectric constant is proportional to the square of
the local light intensity. Good agreement with the experimental results is obtained by
including the thennal effects in the calculations.

The photosensitive response is

measured as a function of the excitation wavelength. The results establish a clear link
between the photosensitivity phenomnemon and an ultraviolet absorption band previously
attributed to a reduced germanium defect.
The intensity of the ultraviolet absorption band is measured by monitoring the
associated photoluminescence signal. The relative concentration of defect centers induced
by treatment of the optical fibers under reducing atmosphere is deduced from the
photoluminescence measurement. The photosensitivity of the optical fibers is qualitatively
related to the decrease of the photoluminescence signal observed during the exposure of
the fibers to high intensity of visible laser light. The linear and two-photon absorption
cross-sections of the defect center are also estimated from the dependence of the
luminescence signal on the excitation intensity.

20

The application of photo-induced Bragg gratings to vibration sensing is
demonstrated. The amplitude and frequency of the vibrations are detected by monitoring
the reflection or the transmission of a probe beam close to the filter resonance. The strain
resulting from the presence of vibration modulates the frequency response of the grating.
Cross-phase modulation was also used to modulate the transmission of a CW probe beam.
The all-optical switching induced by short detuned pump pulses, propagating co-linearly
with the probe beam, is investigated numerically and experimentally.
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INTRODUCTION

In the past two decades, the rapid development of low loss optical fiber
waveguides and of reliable laser diodes has revolutionized the field of communications.
In comparison to traditional copper cables, optical fiber links are characterized by reduced
weight and size, lower cost, and greater immunity to electrical

interferences(lX~.

One of

the main advantages of optical fibers however resides in their very low loss, now typically
less than 0.2 dB/Km. Moreover, optical fibers present very large bandwidths.
Optical fibers can act not only as transmission lines, but they can also constitute
active elements. For example, optical fibers doped with rare earth ions can be used as
lasers and optical amplifiers(3X4). Furthermore, the propagation of intense laser pulses over
long lengths of optical fibers can generate new frequencies through stimulated scattering
processes(5). In communication systems, increased loss and cross-talk sometimes result
from these undesirable effects(6)(7).

However, it was recently shown that nonlinear

phenomena can also be used advantageously to obtain high-bit rate transmission in long
range communication systems(S).
All-optical communication systems also require the development of integrated
passive elements like filters and beamsplitters. Such elements can be obtained by altering
the properties of an optical fiber, for example by twisting the optical fiber periodically
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or by etching the fiber cladding to make gratings(9)(lO). In 1978, Hill and co-workers
reported that index gratings could be directly induced in some germanium-doped silica
optical fibers by visible laser lighr llXl7J . It was then observed that the growth of Bragg
gratings occurred spontaneously when optical power of several tens of milliwatts from an
argon ion laser, operating around 500 nm, was launched into the optical fibers. Typically,
reflectivity of 50% were achieved in 1 m long optical fibers resulting in a filter with a
bandwidth of 200 MHz. Hill et al. also demonstrated that these reflectors could be used
as distributed feedback mirrors for an argon ion laser cavity.
Following the discovery of this photosensitivity phenomenon, much work was
done to characterize the Bragg filters and to describe the grating growth(13){19). The photoinduced index change was reported to be permanent over a period of at least one month(lS).
Also, it was shown that gratings of slightly different peak wavelengths could be
successively written in the same optical fibet 1Z).

In 1980, Bures and co-workers

introduced a phenomenological model to describe the growth of Bragg gratings in
photosensitive optical fibers(13 xlS)(17).

The model assumed that the modulation of the

refractive index was proportional to the depth of an interference pattern. It was proposed
that the interference pattern was initially created inside the optical fiber by the Fresnel
reflection from the far fiber end. A year later, Lam and Garside showed that the photoinduced index change was in fact proportional to the square of the writing intensiiY 19).
It then became apparent that a two-photon absorption process was at the origin of the
refractive index change.
Despite the interest in understanding the physical mechanism at the origin of the
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photosensitivity phenomenon, its potential applications seemed limited at that time.
Indeed, phase-matched Bragg gratings could only be written at wavelengths that were not
compatible with the existing laser diodes. Furthennore, although a similar photosensitive
effect had been observed in Ge02 waveguides(2D), the first observation of the phenomenon
in a fiber other than the original photosensitive fiber was reported ten years later by
Stone(21).

In 1987, Meltz and co-workers proposed that the refractive index change observed
in photosensitive optical fibers was related to the bleaching of an ultraviolet absorption
band located at 242 nm(22). This absorption band had been previously attributed to a
reduced germanium defect present in silica glasses doped with germanium dioxide(23){31).
Furthennore, Cohen and Smith had demonstrated as early as 1956 that the absorption
band could be bleached with ultraviolet radiation(27). Meltz et al. therefore proposed and
successfully demonstrated that Bragg gratings could be optically written by exposing
optical fibers to ultraviolet laser

lighr22)(32)~).

At the same time, they introduced a side

writing technique in which two ultraviolet beams are focused on the outside of the optical
fiber core to create the interference pattern. By varying the angle between the two
writing beams, Bragg gratings phase-matched at arbitrary wavelengths could be induced
in the optical fiber core. The important work of Meltz et al. contributed to a renewed
interest in the study of the photosensitivity phenomenon in germanium-doped silica
optical fibers(lS){64). Several laboratories now write gratings in commercially available
optical fibers. Beside Bragg gratings, other types of gratings have been demonstrated,
notably inter-polarization and inter-modal grating couplers(3.S){38XS2),

Several potential

24

applications of these gratings have also been explored, for example all-fiber lasers have
been built using Bragg grating filters written in GeOz:SiOz optical fibers co-doped with
erbium ionS<39X4O). The well-known sensitivity of photo-induced Bragg grating filters to
temperature and strain has also been used to make optical fiber

sensors(22)(3~41X42).

Furthermore, it was suggested that the dispersion of Bragg grating filters could be used
to compress optical pulses(43X44) with potential application in communication systems(44).
Recently, much research effort has also been aimed at getting a better
understanding of the origin of the photo-induced index change. Experimentally, the
dispersion and birefringence of the refractive index change have been investigated(4S){SI).
It was found that the photosensitivity of optical fibers was related to the germanium
content and could be enhanced by treating the optical fiber in reducing atmosphere(21X48).
Typically, a positive refractive index change of the order of 5xlo-s can be induced in
gennanium-doped optical fibers using visible lighr I9X47), and an index change reaching
5xlO-4 can be obtained using UV radiation(34). The refractive index change also has a
small anisotropic component(3S)(36)(SOX5\). The induced birefringence is of the order of 10-6
and is negative in the direction of the writing beam polarization(5\). The dispersion of the
refractive index change was found to be negligible for waveleng"hs longer than 700 nm(46).
Theoretically, two main classes of models have been proposed to explain the
photoinduced index change: photorefractive like models that rely on the excitation and
drift of carriers to create a large electric field inside the material(S4), and so-called
Kramers-Kronig models in which the photorefractive index change is calculated solely
from the modification of the absorption spectrum(47). Other models also include the
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creation of dipoles(47xsS) and the compaction of the glasS(SSI, or a combination of all the
effects.
The modification of the absorption occurring simultaneously with the refractive
index change has also been studied(34X52)(S3X62l. The absorption induced by ultraviolet
exposure of the optical fiber can be quite high at visible wavelengths, with an absorption
coefficient of about 0.5 cm-1 at 500nm(34I. However, this absorption gradually decreases
in the infrared portion of the spectrum where the absorption coefficient is typically 0.001
cm-1 at 1550 nm. Exposure of the germanium-doped optical fibers to visible light
generally results in less induced absorption. The increase in the absorption coefficient
is typically of the order of 0.002 cm-1 when the germanium-doped optical fibers are
exposed to a few hundreds milliwatts of CW visible laser lighr52X531.
Although photosensitivity of alumino-silicate optical fibers doped with europium(SSI
and cerium(56) ions has recently been observed, only the photosensitivity of germaniumdoped silica optical fibers was studied in this dissertation. The physics behind the photoinduced refractive index change and the formation of Bragg gratings is investigated in the
first portion of the text. In the last two chapters, the possibility of using photo-induced
Bragg gratings to detect vibrations or to achieve all-optical switching is explored. In
almost all of the experiments, visible laser light propagating inside the optical fiber core
was used to excite the material. The growth dynamics of Bragg gratings induced in
photosensitive optical fibers using the longitudinal writing technique is examined in
Chapter 2. We develop a simple model that relates the change of the dielectric constant
to the square of the local intensity of the writing beam. It is found that the photosensitive
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response of the material can be characterized by a single parameter. Good agreement is
obtained between the experimental results and the proposed model when thermal effects
are included in the calculations.
The dependence of the photosensitive response parameter on the excitation
wavelength is presented in Chapter 3. The photosensitive response parameter is measured
from the early time of the Bragg grating growth characteristic. The results are correlated
to the ultraviolet absorption band at 242 nm and to the concentration of photo-induced
defect centers measured with electron spin resonance spectroscopy.
The luminescence properties of photosensitive optical fibers are investigated in
Chapter 4. In particular, we examine the 400 nm luminescence band associated with the
242 nm absorption band of the germanium related defect.

The intensity of the

luminescence, measured in three different optical fibers, is used to compare the relative
concentration of defect centers.

The decrease of the luminescence signal, observed in

optical fibers exposed to visible light for prolonged periods of time, is related
qualitatively to their photosensitive response. A three-level model of the defect center
is also used to describe the intensity dependence of the photoluminescence signal, and an
attempt to determine the absorption cross-sections of the defect using that model is
presented.
The application of photo-induced Bragg gratings to vibration sensing is briefly
discussed in Chapter 5. We show that the strain caused by the presence of vibration can
easily detune a probe beam from the Bragg condition. Small amplitudes vibrations are
therefore detected by monitoring the modulation of probe reflectivity or transmissivity.
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A refractive index change produced by nonlinear effect can also detune a probe
beam from the Bragg condition. In Chapter 6, intense pump pulses are used to achieve
all-optical modulation of the reflectivity and transmissivity of a Bragg grating written
inside an optical fiber waveguide. Through cross-phase modulation, the detuned pump
pulses induce a refractive index change at the frequency of a CW probe beam close to
the filter resonance. Numerical simulations of the problem and experimental results are
presented.
Before investigating the photosensitive behavior of gennanium-doped silica optical
fibers, some properties of optical fiber waveguides are first reviewed in Chapter 1. A
brief introduction to the description of optical wave propagation in perturbed dielectric
media, using the slowly-varying envelope approximation, is also presented. The frequency
response of uniform and non-uniform Bragg gratings are then calculated. Finally, the last
section of Chapter 1 contains an overview of some common defects present in
germanium-doped silica glasses, with emphasis on the "reduced germanium" defect center
that is believed to be at the origin of the 242 nm absorption band.
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CHAPTER 1

AN INTRODUCTION TO OPTICAL WAVE PROPAGATION IN A
PERTURBED DIELECfRIC MEDIA, AND A REVIEW OF SOME
PROPERTIES OF OPTICAL FIBER WAVEGUIDES AND GLASSES.

1.1 INTRODUCTION

Photosensitivity of germanium-doped silica glasses has been mainly studied in
optical fiber waveguides. Indeed, the transverse confinement provided by the waveguide
structure allows an optical wave of high intensity to interact with the material over a long
length without diffracting. Furthermore, silica glass optical fibers exhibit very low losses,
typically a few tens of dB/km at visible wavelengths. Therefore, although the index
change that can be photo-induced in germanium-doped silica is usually very small,
noticeable effects can be observed due to the long interaction length. For example, the
refractive index modulation of a Bragg grating written in a photosensitive optical fiber
with visible light is only of the order of 1xlO-6, but a reflectivity of 90 % can be
achieved with an interaction length of 30 cm corresponding to 1.2x1<f grating periods.
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All the experiments reported in this dissertation were done using optical fiber waveguides
with gennanium-doped silica core of circular or ellipsoidal geometty. In this chapter, we
review some well-known notions about optical fiber waveguides, optical wave propagation
in perturbed media, and optical glasses. These concepts will be useful in understanding
and interpreting the results presented in subsequent chapters.
Section 1.2 is devoted to the analysis of the modal structure of optical fiber
waveguides. After a brief derivation of the EBv" and the

HE"" modes,

the generalized

LP'Il" modes are introduced using the weakly guiding waveguide approximation. Particular
attention is paid to the fundamental

LPOI

mode that was primarily observed

experimentally. Finally, we present some properties of polarization-maintaining optical
fibers with elliptical-core.
Optical wave propagation in homogenous and isotropic media is examined in
Section 1.3. We use the slowly-varying envelope approximation to obtain the equations
describing the evolution of the amplitudes of counter-propagating optical fields in a
perturbed media.

A periodic modulation of the dielectric constant of the media is

considered first, followed by an analysis of tapered and chirped index gratings. This
formalism will be used to describe the growth and all-optical switching of Bragg gratings
written in photosensitive optical fibers (Chapter 2 and Chapter 6).

The frequency

response of Bragg filters, also presented in this section, will be used to gain insight into
the possibility to use these gratings as vibration sensors (Chapter 5).
In Section 1.4, the microscopic structure of silica glasses is examined. We first
explain how the photosensitivity of germanium-doped silica glasses has been linked to the
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presence of a reduced gennanium defect. A review of some well-known defects present
in silica glasses is then presented with emphasis on the reduced germanium defect center.
Since it has been shown that hydrogen treatment can increase the photosensitivity of
optical fiber"), we also discuss hydrogen related defects.

All the models proposed to

explain the photosensitive effect in optical fiber rely at one point or another on the
annihilation or the creation of one or more defect centers. We will therefore refer to
these defects throughout the dissertation, and principally in Chapter 4 where we present
measurements of the luminescence of the reduced germanium defect.
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1.2 INTRODUCTION TO OPTICAL FIBER WAVEGUIDES

Optical waves propagating in dielectric waveguide are confined near a high index
guiding region surrounded by lower index material. Optical dielectric waveguides with
circular symmetry can support a finite number of bounded modes that propagate inside
the structure without diffracting. In this section, we briefly present the mode profiles and
the eigenvalue equations of circular core optical fiber waveguides with a step index
profIle. We also consider the weakly guiding fiber approximation and examine the lowest
order of the linearly polarized modes. In the last part of this section, we introduce the
rectangular waveguide approximation that can be used to analyse elliptical core optical
fibers with large eccentricity.

1.2.1 Guided modes of circular core optical fiber waveguides

A step-index optical fiber waveguide is made of a small cylindrical core
surrounded by a region of lower refractive index called the cladding. Also, the optical
glass fiber is usually protected by a plastic jacket to improve its strength. The refractive
index profile of a step-index optical fiber with circular symmetry is depicted in Figure
1.1. The fiber core has a radius p and a refractive index Do while the cladding index is
n 1• The silica core is usually doped with germanium to increase its refractive index.
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Figure 1.1: Geometry and index profile of a step index optical fiber waveguide with a
circular core.
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Propagation in an optical fiber waveguide is often characterized by a nonnalized
frequency or V parameter

(1.1)

where

Ao is the wavelength of the optical beam in vacuum.

The quantity (nl - n/)lfl is

also sometimes referred to as the numerical aperture (NA). In optical fibers used for
telecommunications, the core radius is of the order of 5 J.1m, and the index difference
between the core and the cladding is typically 0.003.
To find the guided modes of the step-index optical fiber waveguide, the core and
the cladding materials are assumed to be homogenous and isotropic. Furthennore, since
the amplitude of the guided modes decays exponentially in the cladding region, and since
the cladding radius (=60 J.1m) is much larger than the core radius, we suppose that the
cladding extends to infinity. The waveguide geometry is also assumed to be constant
along the propagation axis (z axis). The electric and magnetic fields of an optical wave
propagating inside such an optical fiber waveguide can be written as a sum of a finite
number of guided modes and an infinite number of radiation modes.

However, only

guided modes will be considered in this thesis and we do not further develop the
contributions of the radiation modes. We therefore write the fields as

E (r ,cp ,z,t) = ~ EjA j(r ,cp) exp(i (13jZ -cot»
J

E HjBir,cp) exp(i(13jz -cot»

H(r ,cp ,z,t) =

j

(1.2)
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where Ej and

~

are the modal amplitudes. The sum is over the orthogonal bounded

modes with j=±(1,2,3,.. M). The positive values of j refer to optical fields propagating
along the positive z-direction while the negatives values refer to propagation along the
negative z-direction. The propagation constants of the guided modes are given by ~j
with ~_j=-~j' and

konl<l~~ where ko=27tJAo.

The modal fields, Aj(r,cp), can be

expressed in terms of components along the longitudinal and transverse direction with
respect to the propagation axis,

Aj(r,cI»

= Air,cI> ) + Ajzz

(1.3)

B/r,cI»

= Bir,cI> ) +Bjzz

with Air, cp)=Ajl(r, cp)-Air, <p)~ and B_j(r, cp)=-Bjlr, cp)+Bjz(r, cp)~. The longitudinal
components of the mode fields can be obtained by solving the scalar wave equation in
the core and the cladding regions, and by applying the following boundary conditions:
1) the amplitudes of the fields must be fmite at r=O, and 2) the amplitudes of the fields
must tend to zero as r goes to infinity. Once the longitudinal field components are
known, the four remaining components of the transverse fields can be calculated using
Maxwell's equations. We thus need only to determine the longitudinal field components
to be able to calculate the whole field distribution. An additional boundary condition
requires that the tangential components of the fields be continuous at r=p.

The

application of this last boundary condition results in an eigenvalue equation from which
the propagation constants of the modes can be obtained. A detailed derivation of the
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equations can be found in Snyder and Love(67), Kapany and Burke(68), and Marcuse(69). In
this section, we only briefly sketch the solutions.
The scalar wave equation in the core and the cladding is written
(1.4)

where ~(r,cp) is either ,,(r,cp) or Ba(r,cp), and m=O or 1.

We now find the general

solutions of equation 1.4. In cylindrical coordinates, the transverse Laplacian is

(1.5)

Because of the circular symmetry of the optical fiber, equation 1.4 can be solved by
separation of variables. We therefore write ,,(r,cp)= a",<l>(cp)F(r) and Bz(r,cp)= bm<l>(cp)F(r),
where

~

and bmare constants, with m=O or 1 referring respectively to the core and the

cladding regions. Furthermore, the fact that the function <l>(cp) has to repeat itself every

21t leads us to write <l>(cp)=exp(ivcp) where v=O,±I, ,±2,... The radial dependence of
~(r,cp)

can now be calculated by substituting Az(r,cp)=a,F(r)exp(ivcp) in equation 1.4.

We thus obtain the Bessel differential equation

2

d F(r)

_~+

~2

(2k2 _tJ

1 dF(r)
_
_ _ +n

r

~

~

0

A2_

2

-V JF()
r~

0

(1.6)

Inside the optical fiber core ~~, and the solution of the differential equation is given
by Bessel functions of the first kind Jy(ur) and Yy(ur), where

u2=no~2-W.

However, the

function Yy(ur) has a singularity at r=O and therefore this function cannot contribute to
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a physical solution of the mode fields. In the optical fiber cladding ~~lko, and the
solution of equation 1.7 is given in terms modified Bessel functions l,(wr) and K.(wr),
with w=J3Z-n/kol • Since the function l, diverges as r goes to infinity, its contribution
to the mode field solution is also rejected. The radial dependence of the longitudinal
fields is therefore given by
for
F(r) - H!l)(iwr)

where the Hankel functions
Kv(r)=(1tfl) iV+l H,,(l)(ir).

H"

(1)

~p

for r>p

(1.7)

are related to the modified Bessel function by

The Hankel functions decay exponentially to zero for large

values of r.
The transverse components of the fields can now be calculated from the
longitudinal components.

The results can be found in Snyder and Love(67).

The

continuity of the tangential components of the fields, A.. A., Bz , and B., at the core
cladding interface (r=p) results in a set of four equations involving the constants aual,bl>
and bl • A non-trivial solution of these equations can be found if the determinant of the
matrix coefficient is zero. After several mathematical operations, the eigenvalue equation
can be written(68)
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(n; + n~)
+ 2n;

JV!l(UP) __
Jv(up)

1

up
iwp

dH~l:(iWr)1

H~l)(iwp)

d(lwr)

i"P
2

2

1

(no - nl)

V

+ up { (Up)2 -

2

[(

2n;

iwp

H~l)(iwp)

(1) •

dHv (lwr)
d(iwr)

t"P]

(1.8)

Using the defmition of u and w, we can easily express the eigenvalue equation in terms
of the propagation constant~. Equation 1.10 generally has multiple solutions, and each
value of

~

thus obtained corresponds to the propagation constant of a guided mode.

There are two large families of guided modes: the EBvjl (upper signs in equation 1.8), and

HI;.jI. (lower signs). In this notation, the fIrst subscript v corresponds to the azimuthal
periodicity of the

~

and Bz fields, and the subscript J.1. to the root number of the

appropriate eigenvalue equation for a given v.
The solution of equation 1.8 is a function not only of the waveguide geometry but
also of the optical beam frequency. This dependence is sometimes referred to as the
waveguide dispersion. As the wavelength of the optical beam propagating inside the
optical fiber is increased, fewer guided modes will be supported by the waveguide. A
mode will reach the cut-off condition when its propagation constant becomes equal to
n1ko.

The cut-off condition of the guided modes can be expressed in terms of a

normalized cut-off frequency Vc such that when V<Vc the mode is cut-off. The value of

vc are shown in Table 1.1 for the fIrst few guided modes of a step index optical fiber.
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It can be seen that the fundamental mode

HEll

does not have a cut-off frequency,

therefore a fiber is said to be monomode if V is smaller than 2.405 .

Table 1.1: Cut-off frequency of the lowest order
modes of a step-index optical fiber.

Modes

Vc

LP modes

HEll

0.00

LPOI

ElIoI' HEal

2.40

~l

2.42

LP u

HEl2

3.83

LP02

EHu

3.83

~l

3.86

LP21

1.2.2 Weakly guiding optical fibers

Although in general the modal fields have components along each axis, in the
special case where v=O, the ~ modes are TE modes

(~=O)

and the HEOjL correspond

to TM modes (Bz=O). The guided modes can also be approximated by TEM waves if the

&--..------
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index difference between the core and the cladding is very small (n 1/I1o>O.9). In the case
of such weakly guiding structures, the description of the modes is greatly simplified. In
particular, the eigenvalue equation becomes

J Y :!:l(UP)

=

up Jy(up)

H~I~I(iwp)
iwp H~l)(iwp)

(1.9)

where the upper signs are used for the ElIvll and the lower signs for the BEvIL" Under the
weakly guided wave approximation, some guided modes of an optical fiber waveguide
become degenerate. Using the recurrence relation of the Bessel function, it can be shown
that equation 1.9 predicts that the

E~

fI'F.o.J, HEO\L <TMo,J and ~ modes have the

same propagation constant, as well as the EI\Y.l}jL and the HE(Y+l}jL modes for v~l. In fact,
exact calculations show that these modes are only quasi-degenerate. Nonetheless, because
of their similarities, these groups of modes will generally be excited simultaneously. As
indicated in Table 1.1, the degenerate modes are designated as LPYIl modes. The intensity
distribution of the LPYIl modes is characterized by J.1 bright rings modulated by 2v
azimuthal nodes.
The mode field of the fundamental mode LP01 is linearly polarized in a plane
perpendicular to the propagation axis. Since all radial axis of a circular core optical fiber
waveguide are equivalent, the fundamental mode is in fact a combination of two
degenerate modes with orthogonal polarization (x polarized or y polarized).
mathematical expression of the transverse mode field of the LP01 are

The
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A =
I

and A =
I

1 Jo(ur)
N Jo(up)

.£ or J

1 H~I)(iwr)
N H~I)(iwp)

for

~p

,
(1.10)

.£ or j

for r2!p ,

with N a nonnalization constant such that the modal power is given by (c£on~l)/2 where
El is the modal amplitude.

The intensity distribution of the LP01 mode is often

approximated by a gaussian J(r)=Ioexp(-2?-/W2) where the width W is a function of the
nonnalized frequency

y(69).

This approximation leads to great simplification in the

calculation of the optical power confined in the fiber core or in the calculation of overlap
integral between two modes. Agrawal(S) mentions that the validity of this approximation
is exceptionally good for V::2.
The experiments that will be presented in this dissertation were done with optical
fibers that could sustain the propagation of one or two LPyJI. modes at the laser beam
wavelength. The presence of the second mode was generally undesirable, and therefore
the coupling of the laser beam to the optical fiber was optimized to favor the excitation
of the fundamental mode.

1.2.3 Elliptical-core polarization-maintaining optical fibers

We have seen that two degenerate modes of orthogonal polarization can in fact
propagate in a single mode optical fiber with a circular core. The degeneracy between
these two modes can be lifted by introducing an asymmetry into the waveguide structure,
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for example an elliptical core (Figure 1.2).

Because of the large difference in the

propagation constant of the two orthogonal modes, the polarization of an optical beam
initially polarized along one of the principal axis will be maintained during its
propagation through the fiber. However, if the two modes are simultaneously excited,
they will periodically exchange energy with a beat length given by ~=21t/«(3x-(3y).
The mathematical analysis of an elliptical core waveguide is very involved. A
detailed treatment can be found in Yeh(7O). IT the eccentricity of the optical fiber is small

(l_p/lp/)lJ2<I, the elliptical waveguide can be approximated by a circular core optical
fiber with the same core area(67). Alternatively, if the eccentricity is large (p/Px~2) the
waveguide can be approximated by an equivalent rectangular waveguide with the same
core area and aspect ratio, as well as the same core and cladding indices(7l). The halfwidths, Rx and

Ry, of the equivalent rectangular waveguide are thus
(1.11)

The solution of this type of rectangular waveguide are well-known and can be found for
example in Kumar an Varshney(71).
Single-mode optical fibers with elliptical cores were used in most of the
experiments presented in this dissertation. This choice was motivated by the fact that the
core of these optical fibers contains a high percentage of germanium.

As will be

presented in Section 1.3, the presence of germanium has been related to the photosensitive
response of silica glasses. The birefringence of these elliptical core fibers was of the
order of «(3x-(3y)/(3x == 1 x 10-4. Also, to increase the index difference between the core and

L - o - - - ..
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Figure 1.2: Geometry and index profile of an optical fiber waveguide with an elliptical
core and a depressed cladding. The rectangular waveguide approximation to the elliptical
core structure is also schematically represented.

43

the cladding, the elliptical-core optical fibers single-mode at visible wavelength often have
a cladding doped with fluorine to lower its refractive index (Figure 1.2). An additional
property of optical fibers with such depressed cladding is that the fundamental mode has
a cut-off wavelength(72).
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1.3

OPTICAL WAVE PROPAGATION IN DIELECTRIC MEDIA WITH WEAK

PERIODIC PERTURBATION

In this section, the slowly varying envelope approximation (SVEA) is used to
describe the evolution of optical plane waves propagating in an homogenous and isotropic
media. We only briefly outline the derivation of the SVEA equations; a more detailed
treatment of the approximation can be found in the literature(73)(74)(75). We then examine the
coupling induced between two-counter-propagating waves by a weak periodic perturbation
of the media dielectric constant. The frequency response of non-uniform index gratings
is also calculated. Finally, the equations are generalized to describe the coupling of two
guided modes in a weakly perturbed optical fiber waveguide.

1.3.1 The slowly varying envelope approximation

The wave equation in an homogenous and isotropic dielectric media can be
derived from the macroscopic fonn of Maxwell's equations. We fmd

(1.12)

where E is the electric field, c is the speed of light, Do is the refractive index of the
media and p. its magnetic penneability. The linear polarization PO=C.oX(l>:E is included in
the refractive index.

On the right hand-side of the equation, p.. represents weak

contributions to the polarization that can arise, for example, from the nonlinear optical
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response of the material or from a small permanent perturbation of its refractive index.
We now consider two plane waves propagating in opposite direction along the z axis and
write the electric field as
E(z,t) -:f [E.(z,t) exp(i(Jh-ro t» + E_(z,t) .exp(i( -~z-ro t))] + c.c.

where E.(z,t) and E.(z,t) are complex amplitudes,

~=l1oro/c

(1.13)

is the wavevector inside the

medium and ro the optical frequency. Similarly, the corresponding weak polarization is
written as
P.,(z,t) -:f[p.(z,t)exp(i(~pz-ro t» +P_(z,t)exp(-i(~pz-ro t»] + C.c.

(1.14)

where p.(z,t) and P.(z,t) are also complex. If the amplitudes E±(z,t) and P±(z,t) vary
slowly in time and space compared to the optical frequency and wavevector, the following
inequalities are valid

The equation describing the evolution of the slowly varying amplitudes of the electric
fields can now be obtained by substituting equations 1.14 and 1.13 in 1.12 and using 1.15.

46

We find

dE.(z,t) + no dE.(z,t) _ i_J3_ P (z,t) exp(-i2AJ3z)
dZ
C
dt
2n:Eo·
dE_(z,t)
dZ

(1.16)

no dE.(z,t) _ -i_J3_ P (z,t) exp(i2AJ3z)
C
dt
2n:Eo -

where AJ3=(J3-J3p)/2. Equations 1.16 will be used in Chapter 6 to analyse the all-optical
switching induced by a short pump pulse on a probe beam propagating inside a Bragg
grating structure. Two contributions to the polarization terms will then be considered: a
weak and permanent periodic perturbation of the dielectric constant of the media, and a
non-linear refractive index change induced by the pump-pUlse.

The steady-state

reflectivity of Bragg gratings can be calculated using the time independent equations,

dE.(z) _ i_J3_ P (z) exp( -i2A~z)
dZ
2n:Eo·
dE_(z) _ -i+P_ (z)
dZ
2noEo

(1.17)

exp(i2A~z)

In Chapter 2, we will propose a model to describe the growth dynamics of Bragg gratings
in photosensitive optical fibers. Since the grating grows very slowly compared to the
transit time of an optical beam through the fiber, we will use equations 1.17 combined
with a weak and time dependant perturbation of the dielectric constant.

In equations 1.16 and 1.17, only the polarization components with slowly varying
phase are kept in the polarization amplitude P±(z). The rapidly varying phase terms, that
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average to zero when the integration is performed, are neglected. If the phase of the
polarization amplitude is constant in space, the interaction is said to be phase-matched.

1.3.2 Uniform periodic perturbation of the dielectric constant

We now examine the energy coupling occurring between two counter-propagating
waves when a periodic perturbation of the media dielectric constant is induced along the
propagation axis.

The problem is depicted in Figure 1.3. We consider a plane wave

incident on a permanent grating of length L and find the dependence of the Bragg grating
reflectivity on the optical beam frequency. The steady state solutions of this problem are
obtained using equation l.17.
The media dielectric constant, E(Z), can be expressed in terms of an average
background component,
~E(Z).

We write

~,

and a weak harmonic modulation of the dielectric constant

E(z)~+M:(z)

where
(1.18)

In this equation, the grating wavevector ~G is of the order of the optical field wavevector

p.

Also, we note that both the amplitude and phase of the dielectric constant perturbation

are included in Ez(z). The weak polarization induced by the modulation of the dielectric
constant is
(1.19)
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~(O)

Ae(z)

z=O

E-CL) =0

..

..

:--A-----.

z=L

Figure 1.3: The dielectric constant of a media is periodically mcxlulated from z=O to z=L.
The weak perturbation couples of a plane wave E+ propagating along the positive
direction of the z axis to a counter-propagating plane wave E_ propagating in the opposite
direction. Assuming that an optical beam is incident on the grating at z=O, the boundary
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If we substitute equations 1.13 and 1.18 in equation 1.19, and keep only the slowly

varying phase tenns of equation 1.19 in equation 1.17, we obtain
dE+(z)

dZ

= iK(z)EJz) exp( -i(2 A~z»

dE (z)
- -ilC·(z)EJz) exp(i(2A~z»

(1.20)

dZ

where A~=~-~d2 is a generalized detuning and lC(Z) the coupling coefficient. We will
see that for small detunings a large portion of the incident beam can be reflected by the
grating structure.

The coupling coefficient K(z) is related to the dielectric constant

perturbation by

lC(Z)

=~ ~(z)

2n;

(1.21)

The media perturbation can also be expressed in terms of a modulation of its refractive
index with an amplitude An(z) and a phase <I>(z). If we write n(z)=I1o+An(z)cos[13Gz
+<I>(z)], the coupling coefficient is given by

K(z)=[ru\n(z)~]exp[i<l>(z)].

When the amplitude and phase of the dielectric constant perturbation are constant
in space, an analytical solution to the equations 1.20 can be obtained. With the boundary
conditions E+(z=O)=E+(O) and E.(z=L)=O, we find
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E+(z)

=E+(O)

exp( -iA(3z) in cos(n (L-z)) + A~ sin(n (L-z))
in cos(n L) + A~ sin(n L)
(1.22)

E_(z)

=-KE+(O)

exp(iA(3z)

sin(n (L-z))
in cos(nL) + A(3 sin(nL)

where Q2=(A(3)2_IKI2. The frequency dependence of the grating reflectivity can easily
be calculated from equation 1.22. At z=O, the reflectivity is

The maximum reflectivity is thus given by
(1.24)

and it occurs when the optical beam wavelength satisfies the Bragg condition
(1.25)

where A=21t/13a is the grating period. Figure 1.4 displays the frequency response of
Bragg gratings calculated with 1CL=l.O, KL=2.3, and 1CL=21t. It can be seen how the
bandwidth and the reflectivity of the filter increase with the strength of the coupling
coefficient. If the filter bandwidth is defined as the frequency interval between the first

'"'-------
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Figure 1.4: Frequency response of uniform Bragg grating filters with different coupling
coefficient strengths.
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two zeros on each side of the reflectivity maximum, it can be written as

(1.26)

where Av is in hertz. For example, the peak reflectivity of photo-induced Bragg gratings
written in photosensitive optical fibers reaches typically 90% for fiber lengths of 30 cm.
ff these gratings are assumed to be uniform over the fiber length, we obtain 1CL=1.8 and

Av=368 MHz. Because of this narrow bandwidth, Bragg gratings are very sensitive to
changes in temperature and strain. In Chapter 5, we will discuss how this characteristic
can be advantageously used to realize optical fiber sensors.

1.3.3 Non-uniform almost periodic gratings

In Chapter 2, we will develop a model to describe the growth of Bragg gratings.
in photosensitive optical fibers. This model predicts that the gratings are not uniform
over the entire fiber length. We now examine how the frequency response of such nonuniform gratings can be calculated. When the amplitude and phase of the dielectric
constant perturbation of a non-uniform grating vary slowly compared to the grating
period, its reflectivity can be calculated by dividing the grating length into M segments
over which the grating is assumed to be uniform. Following the derivation of Yamada
and Sakuda(76), we first express the solution of equation 1.19 in the form of a matrix
product. We then calculate the frequency response of tapered and chirped gratings.
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If the coupling coefficient of a unifonn grating of length L is written as

X:=Kexp(hv), the complex amplitudes of the electric field at z=O can be related to the
amplitudes at z=L. By solving equation 1.19, we find

(1.27)

where the F matrix is

F" - (cos(n L) + i ~ sin(n L») exp ( -i (1i.,lJ2»
F12 - -ihd sin(Q L) exp (i (~aL/2 +

'If»

Fz, - ihd sin(Q L) exp (-i (~aL/2 +

'If»

Q

Q

F" - (cos(n

(1.28)

L) - i ~ sin(n L») exp (i (~.,lJ2»

Furthennore, with E.(L)=O, the grating reflectivity is given by

(1.29)

where r=lrlexp(i9) is the reflectivity coefficient of the electric field amplitude.
A chirped grating is characterized by a space-dependent spatial frequency

~G(z)

and a tapered grating by a space-dependent coupling coefficient Ix:(z) I. The frequency
response of such non-unifonn gratings can be evaluated by dividing the grating into M

54

segments of length Lm over which the grating is assumed to be uniform, and by
calculating the associated matrix P(xm, ~~m, ~t, VU, Lm) for each segment. The total
F matrix is then obtained from the product of the individual matrices, F=IIP. Since the
grating phase must be continuous at each interface, VU is given by VU=vn-l+~Gm-1Lm-l.
Also, xm and ~m are the average values of K(z) and ~(z) over the mth interval. This
method will give accurate results if Lm>Amfor each segment.
For example, we consider a linearly chirped and tapered grating with a spatial
frequency ~G=~G(0)+2S(z-L/2)/I} and a coupling coefficient 1d...-4t(1 +T(z-U2)/L). The
frequency dependence of the grating reflectivity calculated with M=250 and T=O is
plotted in Figure 1.5 for S=O, 10 and 20. Figure 1.6 displays the results obtained with
S=O and T=O,l, and 2.

In both cases, the frequency response is broadened and

smoothered by the non-unifonnity of the grating.
The dispersion of the grating reflectivity can be calculated from the second
derivative of the phase of the grating amplitude reflectivity coefficient, dze/(M~L)2.
Figure 1.7 shows the dispersion of the reflectivity of a linearly chirped grating (S=201t)
with a gaussian tapered coupling coefficient given by 1CL=21t exp(-16(z-L!2)2/L2). It can
be seen that the dispersion is approximately constant over a large bandwidth. Ouellette
has shown that such a grating can be used to compensate for the linear chirp induced on
a short optical pulse by the fiber dispersion during long range transmission on an optical
fiber link(44). The linearly chirped pulse was compressed upon reflection on the grating.
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1.3.4 Bragg index gratings in optical fibers

In Section 1.1, we saw that the modal fields of an optical wave propagating inside
an optical fiber are very different from a plane wave. In general, the amplitude and
orientation of the electric field varies over the fiber cross-section.

However, the

fundamental mode of an optical fiber is linearly polarized. We also showed that four
degenerate modes can in fact propagate in a single-mode optical fiber; two-orthogonal
polarization of the fundamental mode propagating along both directions of the fiber axis.
In a polarization-maintaining optical fiber, the degeneracy of the two-orthogonal
polarizations is lifted but the two counter-propagating modes polarized along one of the
principal axis are still degenerate. These two modes can be coupled by the presence of
a weak periodic perturbation of the dielectric constant of the fiber core. It can be shown
that the evolution of the modes amplitude in such a structure are accurately described by
equation 1.20,(67)(77) providing that the coupling coefficient is redefined as
2.. ...,2

K(Z) _ _

Ul
_

2 f3 c 2

J JIA,(r,cp)1
_ o_o~

2

E2(r,cp,z)

rdrdcp

_ _ _ _ _ _ __

ff IA ,(r,cp) 12 r dr dcp

(1.30)

2K -

o

0

where At includes the transverse components of electric field.
In the remaining portion of this thesis, we will use a plane-wave approximation

of the guided modes to describe optical wave interaction with index Bragg gratings
written in photosensitive optical fiber. Therefore, we assume that the dielectric constant
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modulation is uniform over the optical fiber core and that all the guided light propagates
in the core. Furthermore, the propagation constant is approximated by f3=CllnJc where no
is the refractive index of silica. In this case equation 1.30 reduces to 1.21.
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1.4 DEFECfS IN GeOz:SiOl GLASSES

Since the discovery of the photosensitivity effect in optical fibers, several
experimental results have linked that the origin of the phenomenon to the presence of
germanium related defects in the glass matrix. In 1981, Lam and Garside measured the
strength of the dielectric constant perturbation Ez induced in photosensitive optical fibers
as a function of the writing power I9).

Assuming uniform Bragg gratings, Ez was

determined from the measurement of the filter bandwidth. For writing powers lower or
equal to 100 mW, Ez was also calculated from the length dependence of the measured
filterreflectivity. The dielectric constant perturbation was found to be proportional to the
square of the writing power indicating that a two-photon absorption process might be at
the origin of the photo-induced index change. A few years later, Meltz et al. noted that
an absorption band located around 242 nm had been observed previously in glassy
germania and in germanium-doped-silica glasses(21). As early as 1958, Cohen and Smith
had demonstrated that this absorption band, attributed to a reduced germanium specie,
could be bleached by exposure to ultraviolet lighrZ7l. It was therefore proposed that the
bleaching of the 242 nm absorption band could be responsible for the photo-induced index
change.

Furthermore, Meltz et al. showed that Bragg gratings could be written in

germanium-doped-silica optical fibers by exciting the absorption with ultraviolet radiation.
It then became clear that a good understanding of the nature of the defects present in the
germanium-doped silica core of photosensitive optical fibers was necessary to elaborate
a physical model of the structural changes taking place in the glass.
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Although a tremendous amount of work has been done concerning the structure
of glass and its defects(23H 31),(78)-(94), we will only attempt in this section to give an overview
of the well-know defects that are relevant to our study. General properties of silica
glasses will fIrst be presented, and the structure of the most common defects will be
introduced. Defects related to the presence of germanium will then be reviewed with
emphasis on the so-called "oxygen vacancy" or "GeO" defect at the origin of the 242 nm
absorption band.

Since hydrogen diffusion at high temperature has been shown to

increase the photosensitivity of optical fibers(48), we will also briefly discuss the hydrogen
related defects.

1.4.1 Structure and defects of silica glasses

The structure of silica glass is usually described as a continuous random network:
(CRN)(78)(79). The network basic units are the SiO" tetrahedra with O-Si-O bond angles of

109.5±O.7° while the Si-O-Si bonds can have angles ranging from 139.70 to 173.20(78).
The binding energy between the silicon and the oxygen atom is about 4.5 eYCPJ:J). The
bandgap energy of this amorphous solid is about 9 eYCZ1XSf1l. In optical fibers, dopants are
often incorporated in the glass to modify its refractive index(79)(81). For example, germanium
dioxide is added to the optical fiber core to raise the refractive index. The germanium
atoms are then incorporated in the silica glass matrix as network fonner cations replacing
silicon atoms. Fluorine is sometimes added to the optical fiber cladding to lower the
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glass refractive index.

Also, to decrease the processing temperature and ease the

fabrication process, the glass is sometimes doped with PlO!!.
A large number of defects are present in glass as a result of its amorphous
structure.

These defects include trapped charges or color centers, missing atoms or

vacancies, displaced atoms and ring structurei"'x( 1). These defects can be caused by the
fabrication process or can be induced by irradiation with UV light, X-rays, 'Y-rays, or by
bombardments with electrons or neutrons. The defect properties are investigated using
several experimental techniques, for example electron spin resonance spectroscopy (ESR),
optical absorption and luminescence measurements.

ESR spectroscopy obtains the

signature of paramagnetic defects, or unpaired electrons, by measuring the Zeeman
splitting of energy levels. ESR is sometimes used to quantify the defect population.
Absorption bands can be assigned to defects identified with ESR spectroscopy by
correlating the temperature dependence of the ESR signal intensity and the absorption
band magnitude(81). Figure 1.8 shows the proposed structure of some defects present in
silica and the peak energy of the associated absorption band(srxsO). The E' center is an
electron located in a Sp3 orbital of a three-fold coordinated silicon atom.

Griscom

suggested that the E' center could be created by three different mechanisms, in one of
these process the oxygen vacancy defect is the precursor of the E' centerSO).
The presence of impurities or the addition of dopants to silica can greatly enhance
the sensitivity of silica to radiation by providing an increased number of traps(SOXS 1). In
addition, new defects and absorption bands can appear. We will now examine the
defects related to the addition of germanium to silica glasses.
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DEFECT

MODEL

oxygen vacancy

E' center

ABSORPTION
BANDS

7.4 eV (167 run)
5.0 eV (248 run)

-1.

5.8 eV (213 run)

oxygen hole center
(ORC) or non-bridging
oxygen hole center
(NBORC)

2.0 eV (630 run)*

peroxy radical or
superoxide radical

7.6 eV (163 run)

peroxy linkage

• is an electron

* the origin of this absorption band is uncertain

Figure 1.8: Common defects in silica glasses (from Griscom).
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1.4.2 Germanium related defects

In 1954, Garino-Canina attributed an absorption band located at 242 nm in silica

to a metallic impurity later identified as germanium(23)(1A). A similar absorption band
located at 245 nm was also observed in fused germania(2S)-(27). In both cases, the intensity
of the absorption band varied with the glass fabrication conditions, high fusion
temperature and reducing atmosphere increasing the absorptioO<30)(82). Furthermore, it was
found that the absorption band disappears when the glass is annealed in air while a
similar treatment in an inert gas has no effect(26). The 242 nm absorption band in
germanium-doped-silica was therefore attributed to an oxygen deficient or a reduced
germanium specie(2A). In 1982, Yuen studied the ultraviolet absorption properties of silica
preforms containing 10% in weight of germanium dioxide and concluded that a weak
absorption band located at 325 nm could be assigned to the same defect center'3J). As was
previously mentioned, there exists several indications of a possible link between the 242
nm absorption band and the origin of the photosensitivity phenomenon. In Chapter 3, we
will study the wavelength dependence of the photosensitivity of germanium-doped silica
optical fibers. We will examine how the photosensitive response can be correlated to the
absorption of the 242 nm band.
Luminescence properties of the reduced germanium defect in doped silica glass
have revealed that excitation of the 242 nm (5.1 eV) absorption produces two
luminescence bands one at 295 nm (4.2 eV), and one at 400 nm (3.1 eV)<23).(83)-(1>S). The
latter one can also be generated by excitation of the 325 nm (3.8 eV) absorption band.
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The 400 nm luminescence band has a decay time of about 110 Jl.s while the decay time
of the weak: luminescence peak: at 4.2 e V was shorter than the excitation pulse width of
200 ns. In the light of all these experimental results and by analogy to the free GeD
molecule, the energy diagram presented in Figure 1.9 has been proposed for the reduced
germanium defect center. The 242 nm (5.1 eV) absorption band corresponds to a singletsinglet transition while the 325 nm band is attributed to a weakly allowed singlet-triplet
transition. Typically, in silica doped with 10% in weight of germanium, the absorbance
at 242 nm is about 40 cm-l and it is three orders of magnitude less at 325 nm. The width
of the 242 nm (5.1 eV) absorption band is about 25 nm (0.52 eV) and the width of the
400 nm (3.1 eV) luminescence band is about 35 nm (0.27 eV). Using the absorptivity
of GeO molecules, it was estimated that only 0.1 % of the germanium atoms incorporated
in the glass contribute to the observed absorption pea,k<31). In Chapter 4, we will indirectly
measure the relative magnitude of the 242 nm absorption band in different types of
optical fibers by detecting the associated luminescence peak: at 400 nm.
The microscopic structure of the defect center leading to the 242 nm absorption
band is still the subject of some discussion. Figure 1.10 displays three of the proposed
models. The first model, a GeO molecule trapped in the glass matrix, was suggested by
Yuen on the basis of the similarities between the energy levels of the defect center and
the free GeO molecules(31). The second model is a two-coordinated germanium atom or
a GeO molecule dissolved in the glass matrix also called germanium lone pair center
(GLPC).

This model, introduced by Skuja et al., was deduced from a study of the

luminescence polarization properties of the defecr83). Finally, an oxygen vacancy defect
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Figure 1.9: Energy level diagram of the reduced gennanium defect center.

67

a) GeO molecule

b) GeO molecule dissolved
the glass matrix

in

c) oxygen vacancy defect

I

I

I

I

-~-0-

r is a Si or a Ge atom
•

is an electron

Figure 1.10: The three proposed model for the reduced germanium defect center.
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model was also proposed by analogy with the oxygen vacancy defect in silica(86), It is
believed that a GeO molecule present in the glass matrix would be very reactive, and
therefore this model is unlikely<86>, Some authors sometimes discriminate between the
optical properties of the two last models, the dissolved GeO defect having an absorption
peak at 4.8 eV and the oxygen vacancy defect a peak near 5 eV8SXWI, At this point, it is
not obvious to us that there is enough experimental evidence to support such a distinction,
especially since some of the optical fibers studied had been sintered in a reducing
atmosphere(8S), However, it seems reasonable to conclude that both kinds of defects are
present in the glass and contribute to the 242 nm absorption band. In the remaining
portion of this text, we will generically refer to these defects as the reduced germanium
defect center.
In fused germania, it was shown that the 245 nm absorption band can be bleached
by ultraviolet irradiation of the glass while the absorption increases on both sides of the
pealC:V>.

If the germania glass is then heated in an inert gas, the absorption band

reappears(29), This phenomena might result from the release of charges from the reduced
germanium defect that are subsequently trapped at neighboring germanium atoms creating
Ge(l) and Ge(2) defects(47), The properties of these defects are summarized in Figure
1.11.

The structure of the Ge(1) and Ge(2) defects is an electron localized on a

germanium atom with zero and one germanium as next nearest neighbors respectively86>.
The Ge(l) defect center has been associated with an absorption band located at 4.4 eV
(281 nm) and having a width of 1.97 eV (126 nm) while the absorption of the Ge(2)
center peaks at 5.8 eV (213 nm) and has a 0,9 eV (33 nm) width(81), The GeE' defect
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DEFECT

ABSORPTION BAND
AND APPROXIMATE

MODEL

ANNEALING TEMPERATURE
I

-@I

o
Ge(l)

I

I.

I

I

I

-G)- 0-8-0 -@I

o

4.4 eV (281 nm)
T=350

K

I

-@I

I

-@I

o
Ge(2)

I

I.

-@- 0-.-0
I
I
o

I

-eI

5.8 eV (213 nm)
T=450 K

I

-@I

Ge E' center

no absorption in Ge02 -Si02
T=800 K

•

is an electron

•

is a Ge atom

o
@

is an 0 atom
is a Si atom

Figure 1.11: Gennanium related defect center in gennanium-doped silica (from Frieble
and Griscom, and from Tsai).
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center, also represented in Figure 1.11, can result from the ionization of the oxygen
vacancy defect. The GeE' defect center, sometimes called Ge(O) or Ge(3), is formed by
an electron localized in a Sp3 dangling bond of a three-fold coordinated germanium atom.
No absorption band has yet been identified for this defect centet81 )(86). Preliminary results
relating the creation of GeE' defect center to the index change photo-induced with visible
light in photosensitive optical fiber will be presented in Chapter 3.

1.4.3 Effect of hydrogen diffusion

In 1989, Kohketsu et al. reported that optical fibers sintered in a reducing
atmosphere showed a drastic increase in the magnitude of the 242 nm absorption band(BS).
A year later, Ouellette et al. demonstrated that hydrogen treatment of optical fibers at high
pressure and temperature (12 atm and 400°C) could increase their photosensitivitY48).
Unfortunately, the diffusion of hydrogen not only increases the photosensitivity of optical
fibers, but it also creates many additional defects with important absorption bands.
Extensive studies have been done on the defects and absorption loss induced by hydrogen
diffusion in optical fibers because of the possible long term impact on optical
communication systems(87)-(93)'(IOI). The main effects of hydrogen diffusion in optical fibers
are the appearance of a shott wavelength loss edge (SLE), of vibration absorption bands
in the near infrared, and of a long wavelength loss edge (LLE)(87XIOl). We now briefly
review some properties of the hydrogen related defects. In Chapter 4, we will compare
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the magnitude of the luminescence signal measured in an optical fiber treated in H2 to the
luminescence signal of untreated fibers.
Diffusion of hydrogen at high pressure and temperature generally results in the
presence of H2 molecules trapped inside the glasS(88)(89)(lOl).

The molecules becomes

infrared active inside the solid with a fundamental peak at 2.42 J.1m and overtones at
1.245 J.1m, 0.88 J.1m, and 0.66 J.1m. Additional absorption lines are also observed due to
the interactions between the molecule and the glass matrix. These absorption effects are
however reversible since the hydrogen molecules will diffuse out of the glass when the
fiber is left standing in air at room temperature.
The hydrogen can also chemically react with the glass components and create
hydroxyl bonds(78)(81)(86)(87H93X101 ). The Si-OH group has a fundamental absorption peak at
2.73 J.1m and an important overtone at 1.39 J.1m while the fundamental absorption of the
Ge-OH group is located at 2.77 J.1m with a first overtone at 1.41 J.1m. The tail from the
fundamental absorption peak is responsible for the LLE beginning at 1.3 J.1m(lOI). These
defects are partly created by the reaction of hydrogen with the non-bridging oxygen hole
centers (NBOHC)(93). Since the presence of dopants disturbs the silica glass network and
results in an increased number of NBOHC, fibers heavily doped with Ge02 and especially

P"Os will experience higher loss when exposed to hydrogen(S7)(88). Hydroxyl groups can
also be formed from peroxy linkage as is depicted in Figure 1.12(78).
Simultaneously with the appearance of absorption peaks due to hydroxyl, hydrogen
diffusion also causes an increase of the 242 nm absorption band(90). It was proposed that
the reaction of hydrogen molecules with the glass matrix breaks the Ge-O bonds, which
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are weaker than the Si-O bond, and creates both Si-OH groups and dissolved GeO
moleculesC90)(87). Furthennore, since the number of GeE' and Ge(2) centers decreases due
to hydrogen diffusion, it is possible that Ge-H bonds also appear'81)(86)(90). These reactions
are also shown in Figure 1.12.
Although, the origin of the broadband SLE created by hydrogen has not been
clearly identified, this phenomena has been well characterized(1OI). This absorption edge
can be described by an exponential decay
Jl~g).95

Jlm, and E=O.54 eV for

~.95

exp(hvlE)

where E=O.27 eV for 0.5

Jlm.

We have now completed the exposition of some fundamental concepts and
background results concerning optical fiber waveguides, optical glasses, and optical wave
propagation in perturbed dielectric media. The next Chapters will be devoted to the
presentation of the experimental and numerical results.
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CHAPTER 2

GROWTH DYNAMICS OF BRAGG GRATINGS IN
PHOTOSENSITIVE OPTICAL FIBERS

2.1 INTRODUCTION

In 1978, Hill et al. observed the spontaneous fonnation of index Bragg gratings
in gennanium-doped-silica optical fibers(l1Xl2). These gratings were photoinduced by
simply launching a single mode Argon-ion laser beam into the fibers. At that time, the
growth of photosensitive Bragg gratings was explained qualitatively by a positive
feedback mechanism. It was proposed that the reflection from the far end of the optical
fiber started the process by creating a weak interference pattern inside the fiber core.
By an unknown mechanism, this intensity modulation induced a pennanent refractive
index change resulting in a phase-matched Bragg grating. The added reflection from this
grating then increased the visibility of the interference pattern leading to an even larger
index change.
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The first model describing the growth of reflection fIlters in optical fibers was
proposed by Bures et al. in 1981(13Xl7). In their phenomenological model, the modification
of the dielectric constant was proportional to the spatial derivative of the intensity along
the fiber, the phase of the grating was fixed and the average change in the dielectric
constant was neglected. Since the Fresnel reflections at both ends of the fiber were also
neglected, a weak Bragg grating was assumed to be present to start the process. As was
noted by Bures et aI., in a phase-matched Bragg grating, the refractive index perturbation
and the interference pattern created by the forward and backward travelling waves are out
of phase by 1[/2. Therefore, such an ad hoc phase shift had to be included in their model
to allow the grating to grow. Because of this so called "1t/2 problem", it was not obvious
how models that relied on a local modification of the refractive index could explain the
origin of the photosensitive effect in Ge-doped silica glasses.
In 1989, Payne introduced a photo-refractive model stipulating that the optical
absorption in some defect band releases charge carriers that are subsequently trapped at
the low intensity region of the interference pattern(S4). The model also assumes that the
resulting space-charge electric field breaks the symmetry of the glass and induces a

tx!.

The periodic modulation of the refractive index then results from a Pockel's effect
involving once again the longitudinal space-charge field. Although this model can explain
phase-matched grating growth, the magnitude of the electric field involved is very large,
of the order of l(f V/cm. Furthermore, the model cannot explain the uniform index
change observed when the optical fiber is exposed to a light intensity with a negligible
spatial gradienr62).
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In this chapter, we investigate the growth dynamics of photosensitive Bragg
gratings in optical fibers. In section 2.2, we introduce a simple model in which the
dielectric constant is modified locally by the square of the light intensity in the optical
fiber. We show that such a model can describe the growth of Bragg gratings if the
Fresnel reflections at the fiber ends are included and if the grating phase is allowed to
vary. Local models are therefore proposed as a possible alternative to photorefractive
pictures. Furthermore, this model predicts the complex growth dynamics that is observed
experimentally. The experimental results obtained with polarization-preserving singlemode optical fibers are presented in Section 2.3.
discussion and conclusions.

Finally. Section 2.4 contains some
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2.2 TIlEORETICAL MODEL AND NUMERICAL RESULTS

Soon after the discovery of photosensitivity in optical fibers, Lam and Garside
showed that the refractive index change induced by a 514.5 run laser beam was

•

proportional to the square of the writing powerI9). From this result it was inferred that
a two-photon absorption process was at the origin of the photosensitivity of the Ge-doped
silica glasses. In the light of the previous work of Carino-Canina(24) and Cohen and
Smith(Z1), Meltz et al. later suggested that the bleaching of the absorption band located at

242 nm could be responsible for the observed index change(22). A more elaborate model,
involving the creation of Ge(1) and Ge(2) defect centers concurrently with the ionization
of the reduced germanium defect center,

was subsequently proposed by Hand and

RusseW47). In these models, the refractive index change in the visible can be calculated
from the change in the absorption spectra using the Kramers-Kronig relations.
However, in order to describe the grating growth, it is not necessary to know the
exact microscopic changes occurring in the glass structure or in the defect populations.
Therefore, we only assume that the modification of the dielectric constant is proportional
to two-photon absorption of the writing beam. Furthermore, the number of defect sites
modified by two-photon absorption is considered to be a small fraction of the defect
population, and the depletion of the defects is neglected. The change in the dielectric
constant is thus written as

(2.1)

78

where I(z,t) is the local intensity of the writing beam in the fiber core. The parameter A
is a positive constant that characterizes the photosensitive response of the material.
Although the choice of the sign of A was at first arbitrary, Meltz et al. recently showed
that the index change induced by UV light is indeed positive(34).
In this analysis, we consider the writing geometry displayed in Figure 2.1 where
an optical beam is incident at z=O on an optical fiber of length L. The Fresnel reflections
at both ends of the fiber, r(O) and r(L), are included in the calculations. Since the optical
fiber used in the experiments is single-mode and polarization-preserving, the transverse
profIle of the electric field is neglected. The expression for the electric field, described
in terms of a forward and a backward travelling plane waves, is given by equation 1.13.
The light intensity inside the fiber is thus
CE

n

f(z,t) - flE.(z,t) exp(i~z) + E_(z,t)exp(-i~z)F

(2.2)

Introducing equation 2.2 into equation 2.1, it can be seen that the variation of the
dielectric constant consists of a slowly varying term, and two rapidly oscillating
components of spatial frequencies 2~ and 4~. Keeping only the spatial frequency that
leads to a phase-matched Bragg grating, the modification of the dielectric constant can
be represented by
&(z ,t) - &o(z ,t) + Ez(Z ,t) exp(i2~z) + E;(Z,t) exp( -i2~z) ,

(2.3)

where 8eo(z,t) corresponds to a small change of the background dielectric constant. The
perturbation F,z(z,t) can also be written as Ez(z,t)= IEz(z,t) I exp(-icPz{z,t» where <piz,t)
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~O

Figure 2.1:

~L

Writing geometry used to study the growth of Bragg gratings in

photosensitive optical fibers. A beam of intensity Io is incident on the fiber at z=O. Inside
the optical fiber the forward and backward travelling waves create an interference pattern
of period 1t/~. The Fresnel reflection coefficients at both ends of the fiber are r(O) and
r(L).
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corresponds to the phase of the grating from which the spatial frequency chirp can be
calculated. The evolution with time of the slowly-varying-envelopes of the forward and
backward travelling electric fields can now be calculated from the coupled set of
equations

dE+(z,t)
i~
d
=-2 [L\eo(z,t)E+(z,t) +~(z,t)E_(z,t)]

z

dEJz ,t)

dZ

2no

= -i~ [ll£o(z ,t)EJz ,t)+t;(z ,t)E.(z ,t)]

(2.4)

2n;

where only the phase-matched tenns were kept.
The equations 2.4 combined. with equations 2.1 and 2.3 were numerically solved
using Runge-Kutta simulations.

The constant A and the incident intensity To were

incorporated into a new time variable t=5x1<r AIo2 t. The number of grating periods was
chosen to be an integral number corresponding to the experimental conditions, namely a
fiber length of 30 cm and a writing wavelength in vacuum of 488 nm. The Fresnel
reflections from both ends of the fiber were also taken into account, however they were
set to their experimentally measured. value of 2%. The grating phase was fixed to zero
at z=L by the Fresnel reflection at that point, but otherwise it was allowed to vary in
both time and space.
In order to better describe the experimental results, heating effects were also
included in the model. The temperature rise, llT, of the optical fiber was assumed to
result from the linear absorption of the writing laser beam. Since the thennal diffusion
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time constants of the optical fiber are very small compared to the timescale of the grating
growth, the thermal contribution to the dielectric constant is proportional to the laser beam
intensity averaged over one grating period <l(z,t):>,

Aeu.<z,t)

dna
=2na-AT(z,t)
=B<l(z,t):>

(205)

dT

The value of the constant B was determined experimentally by measuring the temperature
rise of the fiber for an intensity of 5.4xHr W/cm2• Using the value of dnJdT of pure
silica (dnJdT=IXlOOs), the observed ATofO.14K gives B=8xlOo13 cm2/W. The thermal
effects were included in the calculations by replacing AEo(z,t) by

AEo(z,t)+A~(z,t)o

Figure 2.2 shows the numerical results obtained when the heating effects are
neglected, while Figure 2.3 includes the thermal contribution. In Figure 2.3, the dotted
line represents the transmission of the weak Fabry-Perot created by the Fresnel reflections
at the two fiber ends. The transmission, probed by a beam at 632.8 nm, undergoes
oscillations due to phase variations resulting mainly from the slowly varying part of the
dielectric constant. In contradiction to the conclusion of Bures et al., the numerical
simulations demonstrate that a local model can lead to sustained grating growth without
the inclusion of an ad hoc 1[/2 phase shift. Two observations explain this result, first the
grating phase is neither constant in time or space and secondly the Fresnel reflection from
the far end of the fiber is essential to the growth of the grating. Moreover, the growth
of the grating is not monotonic but shows an oscillatory behavior. The inclusion of the
heating effects results in a damping of these oscillations. If the fiber length is not an
integral number of wavelengths, the initial phase of the oscillations will vary but the
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Figure 2.2: Numerical simulation of the growth of a Bragg grating neglecting thennal
effects.

The solid line is the calculated fiber transmission and the dashed line the

reflection.
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results are not otherwise modified. In order to identify the origins of these oscillations,
the Fresnel reflection at the input end of the fiber was set to zero in the calculations and
smooth growth of the grating reflection was observed. If the Fresnel reflection at the far
end of the fiber was set to zero once the grating growth had begun, while keeping the
Fresnel reflection at the input end is to its usual value, it was observed that the growth
of the grating stopped but the oscillations continued. Therefore, these oscillations seem
to be the result of interference effects between the Fresnel reflection at the input end of
the fiber and the reflection from a moving grating. It can also be concluded that the
Fresnel reflection at the back end of the fiber is essential to the grating growth.
The spatial distribution of the slowly varying part of the dielectric constant is
displayed in Figure 2.4 for a time corresponding to the end of the simulation displayed
in Figure 2.3. The average dielectric constant increases everywhere in the fiber but
especially near the input end of the fiber where the light intensity is higher once the
grating has begun to grow. The spatial distributions of the amplitude and phase of the
Bragg phase-matched perturbation Ez (z) are shown in Figure 2.5 and Figure 2.6. On
these graphs, it can be seen that the grating is strongly tapered and chirped.
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Figure 2.4: Spatial distribution of the slowly-varying component of the dielectric constant
along the fiber.
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Figure 2.5: Spatial distribution of the amplitude of the dielectric constant phase-matched
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The influence of the grating chirp should be analyzed using the generalized detuning
(.1~/1c),

where

.1~

was defined in Chapter 1. Including the slowly varying contribution

to the average dielectric constant as well as the grating phase, and canceling out the
phase-matched terms, the spatially dependent generalized detuning becomes

(2.6)

Recently, de Sterke et al. showed that this generalized detuning was very small,

(.1~/1C)<1,

everywhere inside the fiber during the grating growth(S9l. In fact, the chirp of the grating
frequency compensates almost perfectly the change in the average value of the dielectric
constant. The frequency response of the grating can therefore be detennined exclusively
from

1Ez(z) I.

Developing this model still further, An and Sipe demonstrated that the

grating growth can be describe as a function of a universal parameter which combines the
time and space variables(58). They showed that every point inside the fiber follows the
same evolution towards a fixed point but at different speeds, the points near the input end
move faster while the point at output end is fixed. The fixed point corresponds to the
stable growth of a perfectly phase-matched grating. At the fixed point, the transmission
of the grating will vary as T(t )oc

r1/3 when the oscillations are neglected.
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2.3 EXPERIMENTAL RESULTS

Bragg gratings were written in a photosensitive optical fiber by launching a singlelongitudinal-mode argon-ion laser beam (488 nm) into the fiber while monitoring the
incident, transmitted and reflected powers. A Faraday isolator was used in order to avoid
feedback into the laser.

The optical fiber was shielded from the environmental

perturbations by a plexiglass box. Also, to reduce thermal effects, the input end of the
optical fiber was placed on a coupling block made of a low thermal expansion glass
(ULE). The effects of mechanical vibrations were reduced by keeping the fiber loose
between the two coupling ends and by filtering any remaining high frequency components
of the signals with a three-stage RC filter (fc =18 Hz). The transmission of a HeliumNeon laser co-propagating with the argon laser beam was also monitored to verify the
stability of the coupling. In the experimental setup shown in Figure 2.7, a half-wave plate
followed by a polarizer was used as a variable attenuator. All the optical components
were placed near normal incidence to avoid polarization effects. The detectors were
silicon photodiodes with amplifiers that were connected to an analog-digital converter.
The data acquisition was done by a personal computer at a sampling rate of 10 Hz.
The optical fiber used in these experiments was a single-mode polarizationpreserving fiber from Andrew Corporation (type#205170-2-P). The diameters of the fiber
elliptical core were IJlm and 2Jlm. The core-cladding index difference of this fiber was
An=O.028, however since this fiber had a depressed cladding, the index of the fiber core
was I1core =Ilsilica +0.025 corresponding to a germanium content of 17mole%.
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488 nm
IS
Ph,
\

--pt

Prl·BF IR

BF: Broadband blue fIlter
BS: Glass wedge beamsplitter
DM: Dichroic mirror
IS: Faraday isolator
IR: Iris
IFl: Interference filter at 632.8 nm
IF2: Interference filter at 488 run
OB: 20 X microscope objective
OF: Optical fiber

Figure 2.7:

P: Polarizer
PB: Plexiglass box
Ph: Transmitted ReNe detector
Pt: Transmitted Ar+ detector
Prl: Reflected Ar+ dectector
Pre: Reference Ar+ detector
SA: Spectrum Analyser
ULE: Fiber glass holder
'JJ2: half-wave plate at 488 run

Optical part of the experimental setup used to write Bragg gratings in

photosensitive optical fibers.
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Mter a length of about 30 cm of optical fiber had been cleaved, the coupling
efficiency was optimized with 100 JlW of power. The polarization of the incident argon
beam was aligned along one axis of the fiber core by rotating the half-wave plate located
before the input coupling objective. The argon beam was then blocked before the input
of the fiber while the incident power was increased by varying the half-wave plate before
the polarizer. After the desired input power had been reached, the argon beam was
suddenly unblocked. Typical grating growth curves obtained with writing powers of
about 6 mW, 27 mW, and 40 mW inside the fiber are shown in the Figures 2.8, 2.9 and
2.10, where the dotted lines are fits to the function T(t )oc

r2l3.

From these graphs it can

be seen that the grating growth behavior remains the same although the timescale varies.
The transmission and reflection typically go through two to three oscillations before
reaching 50%. Also, it should be noted that good gratings can be written with relatively
low powers in this fiber, for example a reflection of 79% was achieved with a writing
power of 5.6 mW in a fiber length of 30.5 cm. The time required to obtain a 50%
reflection grating is plotted in Figure 2.11 as a function of the writing power. The length
of the fibers used in these experiments was 33±3cm. The solid line is a fit to the
expected power square dependence tso%=C po-2, where C=9200 s mW2• The scatter of
the data may partly result from the difficulty in determining the 50% transmission point
due to the variation in the initial phase of the oscillations from one experiment to the
other. If the geometric area a of the fiber is used to calculate the light intensity in the
fiber core, the parameter A of the model can now be evaluated using,
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(2.7)

where 't.m,=18.6 is the normalized time at which the transmission reached 50% in the
numerical simulations. We thus find A=1.0xlO-19 cm4/W2s.
The growth of high reflectivity gratings and the observation of well-defmed
oscillations require clean cleaves at both ends of the optical fiber. The quality of the
cleaves were usually checked using a microscope before the exposure of the fiber. In
some cases, the fiber was placed on a heater and the transmission of a single-mode ReNe
laser (632.8 nm) through the fiber was monitored while the temperature of the fiber was
slowly increased. This was equivalent to tuning the optical path length of the weak
Fabry-Perot interferometer formed by the two Fresnel reflections from both ends of the
fiber. Figure 2.12 shows a typical result The intensity reflection coefficient R can be
evaluated from the visibility V of the fringes using

(2.8)

where T

IfIII%

and Tmill are respectively the maximum and the minimum transmission of the

fiber. This measurement typically gave R"",2% compared to an expected value of 4%.
This discrepancy can be partly attributed to the orientation the cleavage planes that might
not be perpendicular to the fiber axis.
To evaluate the slowly varying component of the dielectric constant

~(z),

the

ReNe laser was moved from the input to the output end of the fiber and was also isolated
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Figure 2.12: Transmission of a HeNe probe during the temperature tuning of the optical
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from any reflections by an acousto-optic modulator. The new experimental setup is
shown in Figure 2.13. The beam was also launched into a single-mode optical fiber to
improve its pointing stability. To measure the transmission of the HeNe laser through the
photosensitive optical fiber, the transmitted power was synchronously detected using a
chopper and a lock-in amplifier and the signal was normalized by the input power
reading. The measurement precision was better than 1%. The spatially averaged change
in the dielectric constant could thus be determined by monitoring the variation of the
phase of the Fabry-Perot interferometer probed by the HeNe laser. Figure 2.14 shows
such an experimental curve for which the corresponding grating growth is displayed in
Figure 2.15. Since the HeNe transmission goes through 1.75 fringes, the average change
in the dielectric constant can be evaluated from

A
= --;r21t <.!!£o(z» 2L = 1•75 21t,
u<p
"'p
2no

where !J.<p is the induced phase shift,

~

(2.9)

is the probe wavelength in vacuum, and L=29cm.

The experimental curve however reveals that the transmission of the HeNe laser suddenly
jumps when the Argon laser beam is blocked as would be expected from a thennal phase
shift. Since it is not possible to determine the absolute value of this phase shift, our
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Figure 2.13: Experimental setup used to write Bragg grating in photosensitive optical
fibers while monitoring the Fabry-Perot oscillations of a HeNe probe.
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measurement can only lead to an upper bound on the spatial average of

~(z).

We find

<6c.o(Z» S 4.4x1O-6. Similarly, if the phase shift was caused only by thennal effects, it
could be expressed as

_(1 aL 1

ano ) L\T
L\<p - _ _ + ___
L aT no aT

41tn~

,

(2.10)

Ap

which is largely dominated by the refractive index variation with temperature,
dnJdT=lx1O-S /K. Using once again L\<p=1.75x21t, we find L\T~0.14K. The temperature
rise of the optical fiber was also determined using an iron-constantan thermocouple, with
a reference junction at O°C, placed in intimate contact with the fiber near the input end.
The far end of the fiber was placed in an index
a Bragg grating.

matchi~g

fluid to avoid the formation of

For a power in the fiber of 88 mW, two measurements gave a

temperature rise of 0.14±O.04 K.

Assuming that the variation of temperature scales

linearly with power, an incident power of 20 mW would result in a L\T=O.03K. This L\T
would create a phase shift of L\<p=0.7x21t assuming that the fiber first heats up and then
cools down as the grating grows. A more precise value can now be obtained for <&o(z»
from the remaining phase shift L\<p=1.05x21t. We get <L\eo(z»=3x1O-6. Using equations
1.24 and 1.21, the spatial average dielectric constant of the phase-matched perturbation

<L\Ez(Z» can easily be obtained from the peak reflectivity of the grating

(2.11)
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For the results displayed in Figure 2.14, the reflectivity is 85% which gives
~(z»=O.7xl(}7

and a ratio

~(z»/<.Il.eo(z»=O.23.

This value is in reasonably

good agreement with the ratio obtained in the numerical simulation, namely
~(z»/<.I::K.o(z»=O.17

for a grating of 95% peak reflectivity.

In a few experiments, the reflection from the far end of the fiber was suppressed
using index matching liquid after the first few oscillations of the grating growth had been
observed. Figure 2.16 shows the reflected power measured during such an experiment.
A power of 20 mW was launched into the fiber, after two oscillations of the transmitted
and reflected power signals the fiber end was placed in glycerine. The grating growth
and the oscillations then stopped for 45 seconds after which strong oscillations of
increasing amplitudes were observed. About 200 seconds later, the reflectivity suddenly
grew and eventually reached nearly 95%. It is difficult to draw clear conclusions from
these experiments because of the instabilities that were induced in the glycerine by
thennal effects. However, these results seem to indicate that the first few oscillations
might in fact be due to Fresnel reflections from the far end of the fiber until the reflection
of the grating dominates.
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Finally, no significant induced absorption was observed at 543 nm or at 632.8 nm
following the exposure of photosensitive optical fibers to typically 30 mW of power at
488 nm for the time taken to write a Bragg grating, about lOs. During these experiments,
the intensity in the optical fiber was about 4 times less than the intensity used by PoyntzWright and Russell(S3) who observed an induced absorption of 90 dB/Km in a similar type
of fiber.
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2.4 CONCLUSION

We have shown that the growth of Bragg gratings in photosensitive optical fibers
can be described by a local model if the Fresnel reflections at both ends of the fiber are
included and if the grating phase is allowed to vary in both space and time. Numerical
simulations indicate that such a model leads to oscillations in the reflection and
transmission of the fiber during the grating growth. These low-frequency oscillations
were observed experimentally, and good agreement between the theory and the
experiment was obtained by including thermal effects in the model. Oscillations on the
growth curve of Bragg gratings in photosensitive optical fibers had been observed
previously but were attributed either to heating effects or to the presence of several modes
in the fibePl)(14). Recently, using an optical fiber thermally stabilized to ±5mK, Guo and
Anderson have shown that the oscillations on the growth curve disappear when the
reflection from the fiber input end is eliminated using an index matching gelatin(60).
These new results thus confirm the hypothesis that the oscillations result from interference
effects involving the reflection from the input end of the fiber and the reflection from
either the far end of the fiber or the moving Bragg grating.
The local model that we proposed introduces a parameter A that characterizes the
photosensitive response of optical fibers. Guo and Anderson evaluated the A parameter
from the initial slope of their reflectivity curves. They found A=O.75xlO- 19 cm4{W2s
compared to the value of 1.0xlO-19 cm4/W2s that we determined experimentally. Since
both the heating effects and the oscillations had been eliminated in their experiments, Guo
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and Anderson obtained a better fit to their experimental data and their result is likely to
be more precise.
The exact microscopic mechanism that could be responsible for the local index
change at the origin of photosensitive Bragg gratings has not yet been identified. The
model proposed by Hand and Russel1(47) requires that nearly 1% of the germanium atoms
incorporated in the fiber participate in the process, which is about one order of magnitude
larger than the proportion of oxygen deficient germanium in optical preforms(31 X94). An
adequate model might therefore involve more defect populations and maybe even consider
a shift of the bandgap as would result from glass compaction. In the next chapter, we
will present a small contribution to the study of the defect populations responsible for
photosensitivity in optical fibers.
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CHAPTER 3

WAVELENGTH DEPENDENCE OF THE PHOTOSENSITIVITY
EFFECT IN GERMANIUM-DOPED OPTICAL FIBERS

3.1 INTRODUCTION

To this date, all the models that have been proposed to explain the origin of
photosensitivity in gennanium-doped-silica optical fibers assume that the process begins
by optical absorption in the ultraviolet band attributed to the reduced gennanium defect
centet22X47)(S4)-(S6). This hypothesis is supported by early experimental results, obtained with
visible laser light, that linked the induced dielectric constant perturbation to a two-photon
absorption process(l9). Furthennore, gratings are now written routinely and efficiently in
photosensitive optical fibers by exposure to ultraviolet radiation(33)(38)(39). Although these
observations indicate that the photo-induced index change is related to one or more
ultraviolet absorption bands, they do not establish a direct correlation to the 242 nm band.
In 1990, Kuo et al. studied the dependence of photoinduced gratings on the writing
wavelength using a dye laser operating from 520 nm to 580 nm(39). With 40 mW of
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power in the original Hill fibers, they could not write Bragg gratings using wavelengths
greater than 550 nm. This long wavelength cut-off was found to be consistent with a
two-photon absorption process in the tail of the reduced germanium defect band.
However, since the width of the 242 nm absorption band is typically 25 nm, even the
shortest wavelength used by Kuo et al. is already in the tail of this band. Therefore, the
photosensitivity phenomena could not be clearly correlated with the reduced germanium
defect center.
In this chapter, we present experimental results that directly correlate the
photosensitive response measured in germanium-doped silica optical fiber to the defect
absorption band located at 242 nm. First, we show that the wavelength dependence of
the photosensitive response parameter A, introduced in Chapter 2, can be approximately
evaluated from the initial growth rate of Bragg gratings. The necessary assumptions and
the simplified model are introduced in Section 3.2 while the next section contains the
experimental results.
If the reduced germanium defect is attributed to an oxygen vacancy, the bleaching
of the 242 nm band will result in the creation of GeE' defect centers and free carriers.
In Section 3.4, we will briefly present the wavelength dependence of the population of
GeE' defect centers induced by the exposure of the optical fiber to green-blue laser light.
This measurement was obtained using ESR spectroscopy.

A more complete treatment

of these results will be given by Simmons(9S). Some conclusions can also be found in
Section 3.4.
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3.2 SIMPLIFIED MODEL FOR EARLY GROWTH TIMES

In Chapter 2, the growth of photosensitive gratings was described by a model in
which the time derivative of the dielectric constant was proportional to the square of the
local light intensity. We now greatly simplify this model in order to obtain an analytical
expression valid for the initial grating growth. For the early growth times, when the
reflectivity of the Bragg grating is weak, we can assume that the amplitude of the forward
travelling electric field is constant along the fiber length and does not vary significantly
with time. Equation 2.2 then becomes
/(z) -/0 I (exp(i~z) +r(L)exp(-i~z»

Il

(3.1)

Using equation 3.1 in equation 2.1, and integrating with respect to time, we fmd
(3.2)

where the wavelength dependence has been introduced in the parameter A that
characterizes the photosensitive response of the material. We now neglect the average
change in the dielectric constant and assume that the writing beam generates a phasematched grating. Using equation 3.2 in equations 1.21 and 1.24, the reflectivity of this
weak uniform grating can be written as

R(t) - tanh 2(lC(t)L) ... C(A.)t l

,

where the C(A.) coefficient is related to the A(A.) parameter by

(3.3)
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(3.4)

In order to compare this model to the more elaborate analysis presented. in Chapter 2, the
normalized time variable 't can be introduced. in equation 3.3. If we choose for the
experimental parameters the same values that were used. in calculations of Chapter 2
(1.0=488 nm, L=30 em, n=1.5, f(L)=O.02), we find

(3.5)

In Figure 3.1 the initial part of the reflectivity growth curve obtained with the full model
presented. in Chapter 2 is compared. to the approximate model given by equation 3.7.
Since the simplified. model neglects the contribution from the Fresnel reflections to the
fiber reflectivity, it cannot describe the oscillations observed. on the growth curve. The
presence of oscillations will limit the accuracy of the coefficient C(A.) that can be obtain
by a fitting equation 3.5 to the experimental data. For example, if the function R(t)=C'-r
is fitted. to the calculated reflectivity curve represented. by the dashed. line in Figure 3.1,
we find C'=9.8x10·3 considering only the portion of the curve before the first oscillation
(R<20%), while C'=2.3xl()"3 is obtained. for R<25%. To analyse the experimental data,
we chose to consider reflectivities up to 25% which lead to a systematic underestimation
of the value of A(A). Since the fit will be done over at least one oscillation cycle, it is
less sensitive to the initial phase of the oscillations than a fit that would only consider the
very early growth times (R<10%). For reflectivities of 25%, the amplitude of the forward
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travelling electric field is not strictly constant along the fiber length, in fact its average
value is 0.9 101/2• This difference will be taken into account in the error bar calculations.
These systematic erros are acceptable because only the relative values of A need to be
measured in order to determine the wavelength dependence of the glass photosensitive
response.
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3.3 EXPERIMENTAL RESULTS

Two optical fiber samples were exposed at each of the following five argon ion
laser wavelengths: 457.9 nm, 476.5 nm, 488.0 nm, 496.5 nm, and 514.5 nm. The optical
fiber was the same elliptical-core polarization-preserving fiber described in Section 2.3.
The fiber length was typically 1.5 m to provide enough material for the ESR
measurement. In the experimental setup presented in Chapter 2, the Faraday isolator and
the variable attenuator were replaced by an acousto-optic modulator (Figure 3.2). Using
the first diffracted order of the acousto-optic modulator, wavelength-independent optical
isolation of the laser could be obtained with minimum power loss (diffraction
efficiency=80%). Adjustment of the RF power on the modulator provided the variable
attenuation.
The exposure of the optical fibers was done in two steps. First, the input end of
the optical fiber was placed in a copper chuck. The polarization of the incident beam was
aligned along one of the fiber axis by rotating the copper cylinder. Bragg gratings were
then written in the usual fashion using approximately 46 mW of power.

After 30

minutes. the laser beam was blocked and the setup was modified to allow the exposure
of the fiber to higher power. Mirrors were inserted in the position labeled A,B and C on
Figure 3.2 to bypass the unnecessary optics. The Fabry-Perot etalon was removed from
the laser cavity allowing multimode operation of the laser.

The far end of the optical

fiber was placed in index matching liquid to avoid further formation of Bragg gratings
and the input coupling mount was replaced by the ULE glass block.

Since the
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longitudinal mode spacing of the argon ion laser, 84 MHz, is greater than the Bragg
grating bandwidth, 77 MHz for R=90% and L=1.5 m, the optical fiber could now be
exposed to higher power for a longer period of time, typically 130 mW for 1.5 hour.
This exposure was required to induce a sufficient number of defects to be detectable by
ESR spectroscopy.
Two typical Bragg grating growth curves obtained with A.=514.5 nm and A.=488
nm are shown in Figure 3.3. In all cases, the maximum reflectivity was greater than
90%. For R<25%, the gratings reflectivity is plotted as a function of time in Figure 3.4.
The solid lines correspond to the fit of equation 3.5 to the experimental data. The C(A)
and A(A) coefficient evaluated from this fit can be found in Table 3.1 for all the fiber
samples.
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Table 3.1: Wavelength dependence of the photosensitive response parameter.

A(A) (cm4JW2 s)

~ax(%)

0.036

0.107x10-19

90

1.50

0.035

0.116xlO-19

92

38.6

1.68

0.056

0.187xlO-19

91

476.5

38.1

1.80

0.073

0.206x10- 19

93

488.0

40.5

1.61

0.124

0.272x 10-19

94

488_0

52.5

1.55

0.196

0.211xlO-19

96

496.5

49.6

1.72

0.079

0.137xlO-19

92

496.5

46.2

1.61

0.015

0.075x10-19

95

514.5

46.5

1.62

0.010

0.061xlO-19

92

514.5

46.5

1.75

0_011

0.060xlO-19

95

A(nm)

Power (mW)

L (m)

457.9

45.2

1.65

457.9

45.2

476.5

C(A)

(S-2)
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Using the rectangular waveguide approximation for the elliptical core optical
fibet'1l), it was estimated that the fraction of the optical power contained in the optical
fiber core varied by ±5% as the excitation wavelength was changed from 488 nm to 457.9
om or to 514.5 nm. The overall error on A(A.) is thus ±25% including the error due to
the power variation with wavelength and time as well as the statistical error on the fit,
but neglecting the systematic error inherent to the simplified model. The additional error
introduced by variations in the cleave quality was not evaluated. The value of A is
plotted as a function of wavelength in Figure 3.5. The data points are the average of A
for the two samples at each wavelength. Note that absorption bands in glasses are often
described by Gaussian lines. The solid line in Figure 3.5 represents such a fit obtained
in frequency space using all ten data points. The Gaussian is centered at 2.09±O.02 Ilorl
and has a half-width at lie of 0.11±O.03 Jlm-l •
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3.4 CONCLUSION

Using a simplified model, the photosensitivity response parameter A was measured
from the early growth of Bragg grating reflectivity, as a function of the writing
wavelength.

To reduce the error induced by the initial phase of the growth curve

oscillations, the fit was done on data points for which the grating reflectivity was lower
or equal to 25%. A theoretical analysis reveals that this procedure will result in a
systematic underestimation of the value of A. Indeed at 488 nm, the estimated value of
A was three to four times lower than was previously found in Chapter 2. The wavelength
dependence of the photosensitive response could nonetheless be determined. In Figure
3.6, the normalized 242 nm absorption band shifted to twice the wavelength is plotted
along with the relative A(,A.) coefficient.

The one-photon absorption spectrum was

measured by Yuen in silica doped with 10 weight% of Ge02(31). The normalized
gaussian fit that was obtained from the experimental data is also shown in Figure 3.6.
There is a clear correlation between the photosensitive response of germanium-doped
silica optical fiber and the absorption of the reduced germanium defect center. Moreover,
there is an exceptional agreement between the Gaussian fit and the one-photon absorption
spectrum.
The relative number of the GeE' defect centers detected in the exposed fibers is
also presented in Figure 3.6.

For comparison, unexposed fibers had a relative

concentration of GeE' centers of 0.28. The error on the relative GeE' popUlation data
points was on average 5%. Since only 0.1 % of the optical fiber volume corresponds to
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the germanium-doped core, the low concentration of defects did not allow an absolute
measurement of the GeE' center population. However, the wavelength dependence of the
relative GeE' center population seems correlated to the 242 nm absorption band.
In germanium-doped silica optical fibers, the wavelength dependence of both the
photosensitive response and the concentration of photoinduced GeE' defect centers is
consistent with models proposing that the process leading to the refractive index change
begins with the ionization of the reduced germanium defect center.

If the 242 nm

absorption band is associated with an oxygen vacancy defect model, the ionization of this
diamagnetic defect result in the creation of a GeE' defect center and a free electron. The
observation that GeE' centers can be photo-induced does not rule out, however, the
possibility that ionization of dissolved GeO molecule also contributes to the index change.
It has been proposed that the photo-induced index change observed in the visible could
be calculated from the modification of the ultraviolet absorption using Kramers-Kronig
relationships(22)(47). In order for such models to predict an index change of the right sign,
the free carriers have to be trapped at other sites to form defects with known ultraviolet
absorption bands, like for example Ge(1) and Ge(2) centers. Further analysis of the ESR
spectra should provide additional information on the variation of these color center
populations(95).
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CHAPTER 4

INTENSITY, WAVELENGTH AND TIME DEPENDENCE OF THE
400 run LUMINESCENCE BAND IN GERMANIUM-DOPED AND
HYDROGEN-TREATED OPTICAL FIBERS

4.1 INTRODUCTION

In chapter 3, we have demonstrated that the photosensitive effect in germanium-

doped-silica optical fiber is related to the ultraviolet absorption band of the reducedgermanium defect. Therefore, it seems possible to predict the photosensitive behavior
of optical fibers by measuring the magnitude of the 242 nm absorption band. However,
since the absorption at this wavelength is typically a few thousand dB/m(31)(8S)(96), an
accurate measurement of the absorption coefficient by a cut back technique would require
fiber lengths smaller than one millimeter.

Because of this experimental difficulty,

photoluminescence techniques have been proposed as alternative methods for measuring
the concentration of reduced germanium defects(96). It is well known that excitation of the
242 nm absorption band produces two broad luminescence bands located around 300 and
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400 nm(23)(83)(85X96>. In this chapter, we present a measurement of the relative concentration
of reduced germanium defects obtained by detecting the intensity of the 400 nm
luminescence band in different types of optical fibers. The influence of the hydrogen
treatment on the concentration of reduced germanium defects is also examined.
As was mentioned in Chapter 2, all of the models proposed to explain the photoinduced index change in photosensitive optical fibers assume that the process begins with
the absorption and ionization of the reduced germanium defects. In this chapter, we
investigate the bleaching of the absorption band by monitoring its associated luminescence
signal during the exposure of the optical fibers to high intensity of visible light. The
decrease of the photoluminescence signal is related to the photosensitivity of the optical
fibers.
Finally,

we will also obtain an estimate of the one-photon and two-photon

absorption cross-sections from the photoluminescence characteristics using a three-level
model. To determine the two-photon absorption cross-section, the branching ratio and
the luminescence decay time had to be measured using one-photon excitation of the
absorption band.
The three-level model that will be used to describe the dependence of the
luminescence signal on the excitation intensity is presented in Section 4.2. This model
introduces two parameters: a coefficient related to the defect concentration, and a
saturation intensity depending on both the absorption cross-section and the luminescence
lifetime.
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In Section 4.3, the 400 nm luminescence band properties are investigated using
a two-photon absorption process to excite the defect center. The luminescence signal of
the 400 nm band is studied for two excitation wavelengths and three types of optical
fibers, including fibers treated under a reducing atmosphere. From the fit of the tbreelevel model to the experimental data, the relative concentration of defect centers and the
wavelength dependent saturation intensities are obtained.

We also report on the

measurement of the bleaching of the 242 nm absorption band during the exposure of the
optical fibers to visible light. The results are qualitatively compared to the formation of
photo-induced Bragg gratings.
Section 4.4 contains the results of experiments that were done using one-photon
excitation of the 242 nm absorption band. We present measurements of the luminescence
decay time and branching ratio.

These experimental results are combined with the

saturation intensity measurement, presented in Section 4.3, in an attempt to evaluate the
two-photon absorption cross-section of the reduced germanium defect using the analytical
expression obtained from the three-level model. The linear absorption cross section is
also estimated.
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4.2 THREE LEVEL MODEL OF TIlE REDUCED GERMANIUM DEFECf

The reduced germanium defect is often represented by a three-level model as was
described in Chapter 1.

The dependence of the photoluminescence signal on the

excitation intensity is fIrst calculated using such a model in the case of two-photon
excitation. The model predicts that the photoluminescence signal is initially a quadratic
function of the excitation intensity.

We show that the coeffIcient of this quadratic

function can be used to compare the relative concentration of reduced germanium defect
centers. As the excitation intensity is increased, the ground level population is depleted
and the luminescence signal slowly saturates.

This behavior is characterized by a

saturation intensity related to the two-photon absorption cross-section. In this section,
a simple expression for the saturation intensity is fIrst obtained. The influence of the
branching ratio,

the anisotropy of the defect,

and the multiline operation of the

excitation laser are later included in the model.

Finally,

we examine the

photoluminescence signal predicted by a three-level model under one-photon excitation
by pulsed light.

4.2.1 Three-level model of the luminescence signal excited by two-photon absorption

A simplified three-level energy diagram representing the reduced germanium
defect center is displayed in Figure 4.1. The decay rates from level i to level j are noted

"/.i' and the Nj are the number density of defects in the level i. The 240 nm absorption
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NO--L-~------------L------

Figure 4.1: Three level model of the reduced germanium defect center.
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band corresponds to a transition between level 0 and levell, while the radiative decay
from level 2 to level 0 results in the 400 nm luminescence emission. The evolution of
the populations can be described by the following rate equations

(4.1)

where I is the intensity of the incident optical beam,

nmal is the transition energy between

level 0 and levelland the total concentration of defect centers is NIOI• In this chapter,
we neglect the spatial beam profile and assume that the excitation intensity is uniform.
The last equation implies that the defect population is conserved. We thus neglect for the
present the possible ionization of these defects. If the O~ 1 transition is excited by a twophoton absorption process, the variation of the optical beam intensity is given by

(4.2)

where ~ is the two-photon absorption coefficient,

G2

is the two-photon absorption cross-

section usually given in cm4s, and 'flm= nWoi2 is the incident photon energy.
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We first neglect the radiative and non-radiative transitions from level 1 to the
ground state, 'YIO=O. The influence of a lower branching ratio will be discussed later.
Furthermore, we assume that all the excited carriers rapidly decay non-radiatively from
level 1 to level 2, i.e. (dNtfdt)

= O.

Considering a two-photon absorption process,

the

rate equation for the upper luminescence level population becomes

dN.

_ 2 =(N -N)

dt
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2

(J
2

2(nro?

T2_"f. hI

(4.3)

2ff'2

The steady state solution of this equation is

(4.4)

where the saturation intensity

Is is given by
(4.5)

Experimentally, the measured photoluminescence signal Sph is related to Nz by
Sph= C 'Y20o.OJpV N z, where V is the volume of material,

o.OJp is the energy of the

luminescence transition and C is a constant determined from the experimental parameters
(solid angle collected, transmission of the system, responsivity of the detector, etc ...).
Introducing a new parameter b=C 'Y20o. OJp• the photoluminescence signal normalized per
unit volume can be written as
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(4.6)

The model presented so far implicitly assumes that the absorption of the defect
center is isotropic. If we now consider an ensemble of perfectly anisotropic dipoles
randomly oriented in space and excited by a linearly polarized beam,

the

photoluminescence signal is given by

(4.7)

An analytical expression for Sn can easily be obtained by performing the integration. The
photoluminescence signal Sn calculated using the isotropic and anisotropic models is
displayed in Figure 4.2 as function of the nonnalized intensity

Ins.

It can be seen that

the saturation of the photoluminescence signal calculated using an anisotropic model
occurs at higher nonnalized intensities compared to the isotropic model. This is a direct
consequence of the projection of the incident electric field along the dipole axis that
results in a higher effective saturation intensity for the dipoles that are not perfectly
aligned with the electric field. At low intensity, both these models result in a quadratic
function, Sn:::::

r

12. For constant experimental conditions, the intensity dependence of

the photoluminescence signal is thus described by a function with two parameters: I,. and

r.

The saturation intensity I,. depends on the physical properties of the defect, namely

the two-photon absorption cross-section and the upper luminescence level lifetime. For
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a given excitation wavelength and constant experimental conditions, the parameter r is
a function of only the defect concentration. The value of

r

can therefore be used to

compare the relative concentration of reduced germanium defect present in the optical
fibers.

In Section 4.3,

the parameter

r will

be evaluated from the low intensity

dependence of the photoluminescence signal. However, an accurate determination of the
saturation intensity can only be achieved using very high intensity, a few times the
saturation intensity. Therefore in the experiments, the argon ion laser was sometimes
operated multiline in order to increase the excitation intensity. We now examine the
influence of the multiline operation on the photoluminescence signal predicted by the
three-level model.
In the presence of k beams of different frequencies 0\, equation 4.3 becomes,
neglecting the interference effects,

(4.8)

where

0'2,k

is the two-photon absorption cross-section at the frequency

~

and

~

the

intensity. If the intensity of the JCh beam is written in terms of the total intensity as
~=hllOt,

it can be shown that the equations 4.6 and 4.7 remain valid provided that

1.2 is

replaced by

(4.9)
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where

Is,k is the saturation intensity at the frequency 0\.
We now detennine the influence of the branching ratio on the saturation intensity

by including the decay rate 110 in the calculation.

The upper luminescence level

population calculated from the steady state solution of equation 4.1 is then

(4.10)

Since level 2 has a lifetime of the order of 100 J.1s, and level 1 a luminescence decay time
smaller than 4 ns, we can write (Y-u/Yl.J=O. Furthermore, if the branching ratio is now
defined as the fraction of the excited carriers that decay radiatively from level 2 to level
0, it can be expressed as B=YI'/('Ylo-¥'(rJ, and equation 4.10 becomes

(4.11)

where

(4.12)

A branching ratio smaller than one therefore increases the saturation intensity. Indeed,
it is expected that the depletion of the ground state occurs at higher intensity in the
presence of a faster decay path between the first excited state and the ground state.
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4.2.2 Three-level model of the luminescence signal excited by linear absorption

The luminescence signal predicted by a three-level model is now calculated in the
case where the excitation of the defect center results from a linear absorption process.
Also, in confonnity with the experimental situation that will be presented in Section 4.4,
pulsed light excitation is considered.
The attenuation of a light beam intensity produced by a linear absorption process
is

(4.13)

where a is the linear absorption coefficient,

(J

the absorption cross-section, and I the

intensity of the light beam at a frequency CO=CJlot. If the one-photon excitation is induced
by light pulses much shorter than Ity')JJ' the population of the upper luminescence level

N2 immediately after the pulse is a function of the pulse energy. It is expressed as

(4.14)

In the proposed model, all these carriers radiatively decay to the ground state. The total
luminescence energy

Bt per excitation pulse is therefore given by
(4.15)
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where C'=rlCopVNtot, EI is the incident pulse energy, and E,=1iroNO' where A is the fiber
core area exposed to the ultraviolet light. In Section 4.4, we will use this model to
detennine the branching ratio.
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4.2.3 Other models

Although it is usually assumed that the absorption and the luminescence occurs
at the same defect center83), some authors have proposed the existence of a conduction
band between the defects(47). In such a picture, an excited carrier travels in the glass
before being trapped at an ionized reduced germanium defect or at an other defect site.
For example,

a possible model that could describe the intensity dependence of the

luminescence could include two defect centers, the reduced germanium defect excited by
two-photon absorption of visible light, and another defect center that could be bleached
by one photon absorption.

It can be shown that such models involving several

populations of color centers could be used to describe the luminescence with results
similar to those of the three-level model, at the expense of an increased number of
unknown parameters. Fortunately, at low intensity, all these models predict that the
dependence of the photoluminescence signal on the excitation intensity can be described
by a quadratic function with a coefficient r proportional to the defect density. In the next
section,

we will used the value

r

to compare the magnitude of the 242 nm absorption

band present in different optical fibers.
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4.3 TWO-PHOTON EXCITED LUMINESCENCE

In this section, the experimental setup used to study the 400 nm luminescence
band of germanium-doped silica optical fiber is first described. We then evaluate the
relative number density of reduced germanium defects present in three different optical
fibers by measuring the 400 nm photoluminescence signal as a function of excitation
intensity. The additional concentration defects induced by hydrogen treatment is obtained
from that measurement. The saturation intensity is also estimated by doing a fit of the
three-level models to the experimental data. The two-photon cross-section predicted by
the three-level model will be calculated in Section 4.5 from the saturation intensity value.
Finally, we present a measurement of the decrease in the luminescence signal from optical
fibers exposed to visible light for several hours. The absorption band bleaching is related
to the formation of photosensitive Bragg gratings in the same optical fibers.

4.3.1 Experimental setup

The UV absorption band at 242 nm of germanium-doped silica optical fibers was
excited by two-photon absorption of a visible laser beam propagating in the fiber core.
The experimental setup is displayed in Figure 4.3. The laser was a multimode 5 W argon
ion laser operated at 488 nm, 514.5 nm or multiline. A chopper and a glass wedge
beamsplitter were inserted in the laser beam before the fiber input coupler. To avoid
photo-darkening effects (see paragraph 4.4.2), the luminescence signal was collected from
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Figure 4.3: Experimental setup used to measure the 400 nm luminescence band excited
by two-photon absorption.
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the side of the fiber by a large numerical aperture lens (f/#=I). A mirror was placed at
the back of the fiber to increase the signal. The fiber was held vertically in two narrow
teflon grooves. A fiber length of approximately 1 cm was imaged onto the entrance slit
of a monochromator (f=24cm, F/#=3.9) operated with a resolution of 3 nm. Broadband
blue glass UV filters were positioned at the entrance and exit slit of the monochromator
to remove the residual laser light The luminescence signal was detected by a
photomultiplier tube and lock-in amplifier interfaced to a computer. The laser power
inside the fiber was measured by a photodiode monitoring the scattered laser light at the
same location from which the luminescence signal was collected. Power variations due
to induced absorption and the possible growth of Bragg gratings were thus eliminated.
The power reflected from the fiber was also monitored to detect Bragg grating formation.
In some experiments, the luminescence from the argon ion laser tube was separated from
the laser beam by a prism, but this had no effect on the results. It was also verified that
the photoluminescence signal was not caused by the glass fllters by introducing a longpass filter (Ac=475 nm) between the optical fiber and the large aperture lens.

The

luminescence signal excited with 514.5 nm then completely disappeared.
The two-photon excited luminescence was studied in three elliptical-core
polarization-preserving optical fibers. The optical fiber characteristics are presented in
Table 4.1. The first two fibers are commercial depressed-cladding germanium-doped-core
optical fibers. The fiber #3 is fiber #2 which was subjected to a hydrogen pressure of 30
attn for 72 hours at room temperature, followed by 4 hours at 4OQ°C with a pressure of
20 atm. Although fiber #1 has a nominal cut-off wavelength at 480 nm, two modes were
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observed in this fiber at 488 nm. Fiber #4, which had a circular core, was only used in
the one-photon excited luminescence experiments that will be presented in the next
section. The approximate germanium content of the fiber core was calculated using a
linear interpolation between the silica and the germania indiceS(97). The fraction of the
total power propagating in the elliptical core of the fibers was estimated using the
rectangular waveguide approximationC7l). In all the experiments presented in this chapter,
the fraction of the optical power propagating in the fiber core was converted to intensity
using the core area.

Table 4.1: Optical fibers characteristics.

Fiber #

neere-nc1adding

neere- DsUica

Ge mole %

Power %
in the core

core axis
(J.1m)

1

0.031

0.028

19

89

1.25 x 2.5

2

0.008

0.004

3

60

1.2 x 2.2

3
H2 treated

0.008

0.004

3

60

1.2 x 2.2

4

0.016

0.012

8

82

7
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The spectrum of the luminescence band measured in fiber #1 with an excitation
intensity of 4.6 MW/cm'l at 514.5 nm and 488 nm is displayed in Figure 4.4. The
spectrum is not corrected for the spectral response of the fllters and monochromator. As
was previously observed,

the peak of the luminescence band moves to longer

wavelengths by 4 nm as the excitation wavelength is increased from 488 nm to 514.5
nm.

4.3.2 Dependence of the intensity of the 400 nm luminescence band on the excitation
intensity

In this section, we compare the luminescence signal at 398 nm measured in three
optical fibers as a function of the excitation intensity. The coefficient

r

related to the

concentration of defects is obtained by fitting a quadratic function to the luminescence
signal obtained at low excitation intensity. The saturation intensity of the three-level
model is also calculated from the photoluminescence signal of fiber #2 excited with the
Ar+ laser operated at 488 nm, 514.5 nm, and multiline.

The laser beam polarization was first aligned at 45 0 with respect to the fiber axis.
Since typically a few beat-lengths were imaged onto the monochromator entrance slit,
the detected luminescence signal was an average of the different polarization signals.
After the scattered power detector had been calibrated with a few milliwatts of power,
the far end of the optical fiber was placed in index matching liquid to reduce the
possibility of Bragg grating growth. The laser beam power was then slowly varied by
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Figure 4.4: Photoluminescence spectrum obtained with an excitation at 488 nm (dashed
line) and 514.5 nm (solid line).
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rotating the half-wave plate while recording the excitation intensity in the fiber and the
luminescence signal. No hysterisis was observed as the optical power was cycled up and
down. The results are shown in Figure 4.5 for a 514.5 nm excitation. The solid lines
represents fits from the anisotropic model. The r values obtained from the quadratic fits
for IS 4.5 MWfcm'}. are displayed in Table 4.2. The reproducibility of these results were
±20%. It can be seen that the hydrogen treatment of the fibers increases the density of
the reduced germanium defects by a factor of about 1.5. Also, the defect density in fiber
#1 is 3 times higher than in fiber #2 although it has about 6 times the germanium content.
It is well known however that the fabrication conditions, like the temperature, can
greatly influence the defect density. Unfortunately, these parameters are unknown to us.
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Table 4.2: Experimental values of the r coefficient determined from the measurement
of the luminescence signal as a function of the excitation intensity.

Fiber #

rat 488 nm
[a.u/(MW/cm2]

rat 514.5 nm
[a.U/(MW/cm2]

1

0.015

0.006

2

0.005

0.002

3

0.008

0.003

The saturation intensity was evaluated by fitting the experimental results obtained
with the fiber #2 to the models presented in Section 4.2.
Table 4.3 for A.::488 nm,

The results are presented in

A.=514.5 nm and multiline operation of the argon ion laser.

Figure 4.6 displays the experimental data obtained with the multiline excitation and the
anisotropic fit When multiline operation of the laser was used, the incident power was
varied by adjusting the laser current. As the current was increased, it was observed that
the laser beam color slightly changed from blue to green. This might explain the poor
agreement of the fit for low intensity.

As a first approximation,

we evaluated the

fraction of the total intensity at each wavelength It. by assuming that this fraction is
proportional to the maximum intensity that can be achieved in single line operation. The
results with two significant digits are displayed in Table 4.4. The multiline laser beam
is composed of principally three lines:

514.5 nm, 488 nm and 496.5 nm.

If the
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saturation intensity at 496.5 run is estimated by linear interpolation between the 488 nm
and 514.5 nm values, the multiline saturation intensity can be calculated from equation
4.9. We find ~=21.2 MW/cm2 for the isotropic model, and ~=32.9 MW/cm2 for the
anisotropic one. These calculations show that the experimental results for these two
models are all consistent In Section 4.5, we will derive an upper bound to the twophoton absorption cross-section from the saturation intensities obtained with the tbreelevel model.

Table 4.3: Saturation intensities of fiber #2.

Is (MW/cm2)
A(nm)

isotropic model

anisotropic
model

488

14 ±1.5

9±1

514

23±2.5

15±1.5

multiline

35±3.5

20±2
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Table 4.4: Estimate of the fraction of the total laser power at each
wavelength when the Argon ion laser is operated multiline.

I

At

I

It

514.4

0.44

501.0

0.05

496.5

0.13

488.0

0.32

476.5

0.01

465.8

0.01

457.9

0.05

I

4.3.3 Photo-induced decrease of the 400 nm luminescence band

We now investigate the photo-induced bleaching of the 242 nm absorption band
during the exposure of the optical fibers to a few hundred milliwatts of visible light The
absorption band bleaching was measured by monitoring the luminescence peak at 398 nm.
We also establish a qualitative relation between the decrease of the photoluminescence
and the formation of Bragg gratings written in these photosensitive optical fibers with
mode-lock pulses at 532 nm.
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To cleanly measure the decrease of the photoluminescence signal, the polarization
of the excitation laser beam was aligned along one of the fiber axis to avoid variation in
the signal due to polarization rotation. Following the calibration of the scattered power
detector,

the output end of the optical fiber was placed in index matching liquid.

Exposure of the optical fibers to visible laser light was done in three steps. The Ar+ laser
power was first slowly increased in the optical fiber, maintained at a constant high
intensity for a period of a few hours after which the laser power was smoothly decreased.
The luminescence signal at 398 nm, the scattered laser power and the reflected power
were constantly monitored during the experiment.
Figure 4.7 shows the luminescence signal as a function of intensity obtained before
and after the exposure of fiber #1 to an intensity of 9.8 MW/cm2 at 514.5 om for 4 hours.
The insert shows the decrease in the normalized luminescence as a function of time
during the exposure. The luminescence signal measured as a function of the excitation
intensity before exposure of the fiber was fitted to the isotropic three-level model
(equation 4.6). The fit was used to compensate for the variations of the luminescence
signal induced by changes in the excitation intensity during the exposure. The normalized
luminescence signal is thus the measured photoluminescence signal divided by the
photoluminescence of the unexposed fiber at the same intensity.

After 4 hrs,

the

photoluminescence signal had dropped by 25%. The growth of a Bragg grating prevented
any further exposure of the optical fiber. With similar intensity levels, the luminescence
signal from fiber #2 did not decrease significantly with time while a 15% decrease was
observed in fiber #3. Furthermore, a 25% drop in the photoluminescence signal was
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measured in fiber #3 exposed to 19.1 MW/cm2 of the multiline AI+ laser beam. The
decrease in the luminescence signal of fiber #2 was only 15% even with an intensity of
53.5 MW/cm2 as can be seen in Figure 4.8. These results are summarized in Table 4.5
where the decrease in the photoluminescence level

~Sll

was measured after 3.6 hrs.

Bragg gratings were written in each of the optical fibers using counter-propagating
pulses of a frequency doubled CW mode-locked YAG laser. The 532 nm laser beam was
separated at the output of the frequency doubler by reflection from a 50/50 beamsplitter.
The two beams then followed equal optical path lengths and were launched into opposite
ends of an optical fiber. The interference of the 70 ps pulses thus occurred in the middle
of the fiber resulting in a 1.4 cm long Bragg grating. At this position the temperature of
the fiber was controlled to ±O.03°C. The reflectivity of weak gratings was evaluated by
blocking one of the two writing beam and measuring the magnitude of the reflection from
the grating compared to the reflection from the far fiber end. The detector was a silicon
photodiode with a 30 ps rise time. The temperature of the optical fiber was tuned by
steps of 0.03 C to find the maximum grating reflectivity. The reflectivity of strong
gratings was measured by monitoring the fiber transmission as temperature of the fiber
varied. The details of the experimental setup have been presented elsewhere(!I8). Typical
peak reflectivities

~

and average writing intensities are presented in Table 4.5 (from

Gagnon(!I8) and Lauzon(99».
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Table 4.5: Comparison of the photo-induced bleaching of the photoluminescence
signal and of the reflectivity of Bragg gratings in three optical fibers.

FIBER

PHOTOLUNITNESCENCE

GRATINGS

Exposure

AS..

Writing

intensity

(%)

intensity

(MW/cm2)

9.8

~

(%)

(MW/cm2 )

22

(514.5 nm)
#1

3.6

80%

12.3
(514.5 nm)

35

S;17.2

<5

53.5

15

...0.1%
#2

5.8
>4 hrs

multiline
9.7
13
514.5 nm
2.9

#3
19.1

70%

25

multiline

The decrease of the photoluminescence signal observed in optical fibers exposed
for a few hours confinns that the absorption band can be partly bleached by the exposure
to visible light. However, the photoluminescence decay observed for a given intensity
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is not simply a percentage of the initial signal value. but it varies with the different type
of fibers. For example. the decrease of the photoluminescence signal observed with an
intensity of about 10 MW/cm'1. at 514.5 nm was 22% in fiber #1. 13% in fiber #3. and
less than 5% in fiber #2. These results indicate that the absorption band bleaching is
probably favored by the larger number of defects present in fibers treated with hydrogen
or heavily doped with germanium. These defects can act as traps for the excited carriers.
From the comparison of the photosensitive response of the three fiber samples with the
photoluminescence results given in Table 4.2 and Table 4.5. it can be concluded that the
process leading to the photo-induced refractive index change is not strictly linked to the
amplitude of the 242 nm absorption band For example. although the photoluminescence
signal of fiber #2 (1"'=0.002 at 514.5 nm) was one third on the photoluminescence signal
of fiber #1 (1"'=0.006). only very weak Bragg gratings could be photo-induced in fiber #2.
Furthermore. strong Bragg gratings could be written in both fiber #3 (1"'=0.003) and fiber
#1 (1"'=0.006). Since stronger bleaching of the photoluminescence signal was observed
at lower intensity in fiber #1 and fiber #3 compared to fiber #2. it can be concluded that
the photosensitive response is related to the possibility to bleach the 242 nm absorption
band and that it cannot be predicted exclusively from the intensity of the absorption band.

157

4.4 ONE-PHOTON EXCITATION OF THE 400 run LUMINESCENCE BAND

The saturation intensity of the photoluminescence signal predicted by a three-level
model is a function not only of the two-photon absorption cross-section, but also of the
upper level lifetime and of the branching ratio of the luminescent transition. In this
section, we present the measurement of these two last quantities obtained using linear
absorption of a ultraviolet laser beam to excite the 400 nm luminescence band of
germanium-doped silica optical fibers. These experiments were done at AT&T Bell
Laboratories at Murray Hill. After a brief presentation of the experimental setup, the
branching ratio is determined from the dependence of the blue luminescence energy on
the excitation pulse energy. However, we observed that an increase in the absorption
was induced by the exposure of the optical fibers to ultraviolet radiation. Since this
induced absorption can influence the measurement of the branching ratio,
evaluate its magnitude.

we first

This induced absorption will be compared to a similar

measurement performed in optical fibers exposed to the argon ion laser beam.

The

measurement of the luminescence decay time is presented in the last part of this section.

4.4.1 Experimental setup.

The ultraviolet laser system consisted of a pulsed XeFl excimer laser (351 nm)
pumping a dye laser (465 to 495 nm) followed by a BBO frequency doubler. At the
crystal output, the ultraviolet pulse width was 15 ns. The excimer laser was usually
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Figure 4.9: Experimental setup used to detect the blue luminescence of gennanium-doped
optical fiber excited with UV radiation.
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operated at a 10 Hz repetition rate or in a single shot mode. A cylindrical lens (f=lm)
was used to focus the beam onto the outside of a bare optical fiber. At the focal point
the beam full-widths at half maximum were approximately 7mm along the fiber length
and 250 J.1m in the transverse direction. The luminescence signal was detected by a
silicon photodiode and amplifier with a gain of 10\

a rise time of 22 J.1s,

and a

responsivity of 10 V/J.1W. The detector was connected to a digital oscilloscope. Although
the photodiode was placed directly at one of the fiber ends, its small area (0.81 mm2) did
not collect all the luminescence light exiting from the fiber.

The fraction of the

luminescence signal detected by the photodiode was calibrated using the average energy
measured by a larger area detector (5.76 mm2). The experimental setup is displayed in
Figure 4.9. To measure the absorption induced by the ultraviolet light exposure, a white
light source was launched into one end of the optical fiber while the other end was placed
at the entrance slit of a spectrum analyzer. The transmitted white light spectrum was
detected using the internal chopper and detectors of the analyzer. The resolution was 0.5
nm. Due to technical limitations, we were unable to obtain a spectrum of the blue
luminescence band. In all measurements, the entire luminescence band was detected at
once. The fiber length between the optical fiber region exposed to the UV beam and the
detector was a few meters. Because of the high absorption of germanium-doped silica
optical fibers at 242 nm, it was safely assumed that the UV laser beam did not reach the
detector.
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404.2 Induced absorption measurement

We measured the absorption induced in fiber #4 when exposed to pulsed UV light,
and in fiber #2 and fiber #3 when exposed to a visible laser beam.

The value of the

absorption increase induced by UV radiation will be used later in this section to correct
the detected luminescence signal. The measurement of the absorption increase caused by
the exposure of the optical fiber to visible light is only presented here for comparison.
The increase in the absorption of fiber #4 was measured for a pulse energy of 1.2

mJ at 242 nm incident on fiber. The spectrum of the white light source transmitted
through the optical fiber was first recorded in the fresh fiber sample. The optical fiber
was then exposed to a few hundreds shots until the induced absorption did saturate.
After the UV beam was blocked, a slight recovery of the optical fiber transmission was
observed. The white light source transmission was then measured for a second time. The
spectrum analyzer gave a print out of the two transmission spectra. The induced
absorption coefficient, calculated for a few points using an exposure length of 7 mm,
is displayed in Figure 4.10. As was reported by Meltz et al.(34), the induced absorption
in the visible is very high. In this case the transmission at 500 nm is only 51 %.

The

solid line in Figure 4.10 represents an exponential fit, <x(cm- I ) = a exp(-AAJ with a=54±9
cm·l and ~=124±5 nm.

Since the induced absorption will affect the luminescence

measurement, it is important to estimate the induced absorption coefficient. If the fit is
extrapolated to 400 nm,

we find <x=2.1±Oo4 cm-I •
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The absorption coefficient was also measured in the blue region of the spectrum
before and after exposure of fiber #3 and fiber #4 to visible light. The luminescence from
the argon ion laser tube was used as a blue light source. The laser back mirror was
slightly misaligned to prevent lasing action. The experimental setup is presented in
Figure 4.11. After one transmission spectrum had been recorded, the fiber output was
rotated by 90 degrees and an other spectrum was taken. The transmission was obtained
from the average of the two measurement. This procedure avoided errors due to the
polarization response of the monochromator. The optical fiber was then cut by about 50
cm and the transmission measurement was repeated to obtain the intensity absorption
coefficient.

The precision on the transmission measurement was 5%. The experiment

was done for a fresh sample of fiber #2, a fresh piece of fiber #3, fibers #2 exposed to
llO mW at 514.5 nm for 5 hours and fiber #3 exposed to 100 mW at 514.5 nm for 3.5
hours. The results are presented in Figure 4.12. The absorption of fiber #2 before and
after exposure to the laser beam was smaller than 0.006 cm- I for all wavelengths. For
wavelengths longer than 4lO nm, the measured absorption coefficient of fiber #2 was
smaller than the experimental error of 0.002 em-I. The hydrogen treatment of the optical
fiber enhances the absorption in the blue region of the spectrum by a factor of nearly 20.
The exposure of the hydrogen treated fiber further increases the absorption by a factor of
5. The solid lines in Figure 4.12 are the empirical fits(IOI) that describes hydrogen induces
losses, cx(cm- I)= a exp(4583nm/A.) with a=1.807xlO-7 for the unexposed fiber and
a=8.5xlO-7 for the exposed one. After exposure, the absorption spectrum is however
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modified and the poor agreement of the fit reveals that the absorption is not only related
to hydrogen associated defects anymore.
Because of the drastically different experimental conditions, it is difficult to
directly compare the absorption that can be photoinduced by exposure to visible or UV
light. However, in all the experiments done with untreated gennanium-doped fibers
exposed to visible light, the induced absorption coefficient at 450 nm was always smaller
than 0.002 cm"I, compared to the absorption of 1.4 cm"l that can be easily induced with
UV light.

4.4.3 Estimate of the branching ratio

The branching ratio and the linear absorption cross-section of the reduced
germanium defect center were measured by detecting the total luminescence energy of
fiber #4 as a function of the incident pulse energy at 242 nm. We now estimate the value
of the branching ratio;

the determination of the linear absorption cross-section will be

included in the discussion.
When the luminescence measurement was done,

the optical fiber had been

exposed to high energy for several minutes at a repetition rate of 10 Hz. Since no
hysteresis was observed as the incident energy was cycled up and down, it is assumed
that the induced absorption had saturated to a value of 2.1 cm"l at 400 nm. The effective
fiber length that contributes to the luminescence signal is then given by L..a=(I-e-aL)/a or
Lur3.7 mm with L=7 mm for the fiber length exposed to the UV beam. To obtain the
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total luminescence energy generated along the fiber,

the detected energy was thus

multiplied by 1.9. The result are shown in Figure 4.13. The energy plotted on the
abscise is the total energy incident on the optical fiber. The fraction of this energy
intercepted by the fiber core will be calculated later. In Figure 4.13, the solid line is the
fit of equation 4.16 to the experimental data points. The initial slope of the curve is
(C'IE.)=7.6xlO,7 and is indicated by the dotted line. The saturation energy is 1;=0.20 mI.
To evaluate the branching ratio, we now have to determine the fraction of the
incident pulse energy that is absorbed by the optical fiber core (FEA), and the fraction
of the luminescence energy that is collected and guided by the fiber core to the detector
(FLC). The surface of the optical fiber exposed to the laser beam acts like a positive lens
of focal length f=D/(2(n-l» where D is the fiber cladding diameter.

In the first

approximation, the incident laser beam will be focused at the second surface of the
optical fiber. The fraction of the incident pulse energy intercepted by the fiber core is
then given by 2dIW where d is the fiber core diameter and W is the laser beam transverse
full-width at half maximum. Since the UV beam is focused transversely on the optical
fiber core, the average depth of fiber core material that the UV beam crosses is xd/4.
The FEA can therefore be written as

FEA -

~ p-exp(-a >- "4d )l
u

(4.16)

Using d=7 Jlm, W=250 Jlm, and ~2nm=185 dB/mm=426 cm", we obtain FEA= 0.0122.
The ultraviolet absorption coefficient was measured by Atkins(138) in a fiber of the same
type that had been exposed to an interference pattern, created by two ultraviolet beams
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at 242 nm, in order to induce a Bragg grating. The absorption coefficient value therefore
corresponds to a spatial average between regions in which the band was substantially
bleached and unexposed regions.
The luminescence photons generated inside the fiber core will be guided in the
optical fiber core if their incidence angle at the core cladding interface is larger than the
critical angle. The solid angle (SA) collected is therefore related to the optical fiber
numerical aperture by SA=1t(NA)Z which gives a FLC of

FLC- (NA)Z _

4
using n=1.46 and

nz(n_. -n~)_
2

0.0117

(4.17)

n

«n.....-n~/n)=O.011.

The branching ratio B', defined as the number of luminescence photons emitted
per incident photon absorbed, can now be calculated from

B' _ E, l/FLC liro
E. FEA
I

(4.18)

liO) P

With 0; /E)=(C'/Es)=7.6xlO-7, we find B'=O.9%.
The branching ratio B that was introduced in Section 4.2 corresponds to the
number of luminescence photons emitted at 400 nm relative to the number of photons
absorbed by the same defect center. In Ge-doped silica glass or fused germania exposed
to UV radiation, the bleaching of the 242 nm band is accompanied by an increase in the
background absorption on both sides of the absorption peak(2S)(I39). Therefore, to obtain an
estimate of B, the amplitude of the 242 nm absorption band has to be evaluated by
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subtracting the background absorption tail from the absorption spectra measured in an
exposed fiber. A space averaged absorption of at least 90 dB/mm was found(140). Using
this value and performing the branching ratio calculation as before, we get B=1.8%.
Because the absorption coefficient values resulted from a space average
measurement,

the value of the branching ratio was probably underestimated by

overestimating the absorption. An upper bound on the value of the branching ratio can
however be obtained using the photoluminescence excitation spectra reported by Skuja
et al(83) and Kohketsu et al.(85). As is displayed in Figure 1.9, the 400 nm (3.1 eV)
luminescence band can be excited by absorption in the 3.75 eV (330 nm) band or in the
242 nm (5.1 eV) band. The absorption at 242 nm is about 1000 times larger than the
absorption at 330 nm(31)(83), but the luminescence signal is only 200 times more intense
when the defect is excited with radiation at 242 nm(83)(85). The maximum possible value
of the branching ratio is therefore B=20%. This calculation assumes that the branching
ratio of the luminescent transition excited by absorption in the 330 nm band is one. The
branching ratio of the defect center is therefore comprised between the values of 1.8%
and 20%.

~---
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4.4.4 Measurement of the upper luminescence level lifetime

The upper luminescence level lifetime was measured by simply recording the
luminescence signal produced by a single shot at 242 nm. The detecting system had a
bandwidth of 16 kHz. The luminescence signal obtained with fiber #3 is shown in Figure
4.14. The dotted line represents an exponential fit that gave a decay time of t=137 Jls.
For fiber #4 we typically obtained t=145 Jls and t=173 }.l.s in fiber #2. During the
exposure of fiber #4 to incident pulses of 0.7 mJ, it was observed that the decay time
decreased from 166±8 Jls for shot#l to 148±8 Jls for shot#200. Also, once the fiber had
been exposed for an extended period of time, the decay time varied with the excitation
energy, ranging from 127±8 Jls at Ej=0.04 mJ to 144±8 Jls at Ej=O.54 mJ. Furthermore,
the luminescence decay could not always be modeled by a single exponential. Since
these results are still preliminary, we will not discuss further this complex behavior.
However, these observations limit the precision of the luminescence decay measurement
to ±20 Jls. Skuja has previously reported a decay time of 109±5 Jls in silica doped with
10% of germania, or trace amount of germanium(83). In pure glassy Ge02' the decay
time was only 62 Jls(84).
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4.5 DISCUSSION

The linear absorption cross-section of the reduced germanium defect center can
easily be calculated from the saturation energy measurement presented in Section 4.4.

In units of incident energy, we found E.=O.20 mJ. To obtain the energy intercepted by
the fiber core we multiply by 2d/W, which gives 0.011 mJ. The absorption cross-section
can now be obtained from <f=l1c.oA/E., and we get <f=3.6xlOo17 cmz. From the results
reported by Yuen(31), it is also possible to calculate an absorption cross-section. The
0.016 weight % of GeO defects gives a defect concentration of No=2.5x1018cmo3, and the
absorption coefficient of 400 dB/cm translates into a cross-section of <f=(alNo)=3.7xHt17
cmz in good agreement with our results. Awazu et al. previously reported an absorption
cross-section of <f=1.8xH)"18 cmz from a very indirect measurement (90). They treated
optical fibers at high temperature in

hydrogen and measured the concentration of

hydroxyl groups from the absorption at 2.7 J.1m. They then assumed that the reaction
depicted in Figure 1.12 c) was at the origin of the infrared absorption and deduced the
concentration of reduced germanium defect from the hydroxyl groups concentration. The
validity of the assumption attributing the formation of hydroxyl groups entirely to the
breakage of Ge-O-Si or Ge-O-Ge bonds is doubtful to us.
The two-photon absorption cross-section can be estimated from equations 4.5 and
4.12 if the three-level model is assumed to be valid. Considering the errors on the
branching ratio and the luminescence lifetime measurement, it will only be possible to
put bounds on <fz. To obtain an order of magnitude estimate, we take for the saturation
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intensity the average of the values obtained with the isotropic and anisotropic model at
488 nm and 514.5 nm. We find L=15±6 MW/cm2 • Using B=1.8%, 't=137±20 Jls, and
A=5oo nm, the two-photon cross-section is <S2=6xlO-46 cm4 s. However, if we include
the errors in the calculations, we can only put bounds on the two-photon absorption
cross-section, 2xlif'cm4s S<S2S3x1Q""S cm4s. The lower bound on <S2 was obtained using
the maximum possible value of the branching ratio: B=20%.

Typical two-photon

absorption cross-sections of rare-earth ions or color-centers in crystals range from 2xHtSO
cm4s to 6x 10-49 cm4 (100). The surprisingly high value of the two-photon absorption crosssection casts doubt on the validity of the three-level model.

Nonetheless, we now

evaluate the two-photon absorption coefficient ~2 of a typical optical fiber doped with 3
mole % of germania.

If 0.1% of the germanium atoms are oxygen deficienr3ll, the

number density of reduced germanium defects is No=6.8xlO17 cm·'. Using <S2=6xlO-46 cm4 s,
the two-photon absorption coefficient ~ can now be evaluated from equation 4.2, and we
find ~2=1 cm/OW. In fibers doped with 20 mole % of OeD2, the photon absorption
coefficient would be 6.7 em/OW. A value of 3 ern/OW has previously been reported to
explain the non-uniformity of inter-polarization gratings in elliptical core fibers(S2). This
value, although obtained by a very indirect measurement, is in agreement with the order
of magnitude estimate of the two-photon absorption cross-section that we have obtained.
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4.6 CONCLUSION

The evolution of the 242 nm absorption band was studied in gennanium-dopedsilica optical fiber by monitoring the peak of the associated 400 nm luminescence band
excited by a two-photon absorption process. Several models can be used to describe the
dependence of the photoluminescence signal on the excitation power. The simple threelevel model that we propose involves two parameters: a coefficient

r

related to the

concentration of reduced germanium defect centers in the fiber, and a saturation intensity

:r. which is a function of the

two-photon absorption coefficient, the upper luminescence

level lifetime, and the branching ratio of the luminescent transition. The relative value
of

r was used to compare the magnitudes of the 242 nm absorption band in the three

optical fiber samples. Hydrogen treatment was found to increase the magnitude of that
band by a factor of 1.6. The saturation intensity predicted by the three-level model was
also experimentally determined.
A decrease of the photoluminescence signal was observed in optical fibers exposed
to visible radiation for a few hours. The results show that the ultraviolet absorption band
can be partly bleached by the exposure of the fibers to visible light. The absorption band
could be bleached at lower power in fibers treated with hydrogen or heavily doped with
germanium. The presence of a larger number of traps in fibers treated with hydrogen or
heavily doped with gennanium was proposed as a possible explanation for the enhanced
bleaching. These results are in accordance with the models linking the photosensitive
response in gennanium-doped-silica optical fibers to the bleaching of the 242 nm
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absorption band(47)(lOl), but they also indicate that the photosensitivity of optical fibers
cannot be predicted uniquely from the magnitude of the 242 nm absorption band.
The blue luminescence of the reduced germanium defect center was also excited
by linear absorption of a UV laser beam. An estimate of the branching ratio, B'=I%,
was obtained. Unfortunately, the accuracy of this measurement is still uncertain because
the measurement was done in an optical fiber that had been extensively exposed to UV
radiation, and the absorption coefficient of that fiber was not precisely known. To obtain
a more accurate value of the branching ratio,

the luminescence energy should be

measured as a function of the incident energy using single shot excitation of a fresh
portion of the fiber for each data point. The luminescence decay time, 't=140±20 J.LS,
was also measured using pulsed UV excitation and a fast photodiode.
The absorption cross-sections of the reduced gennanium defect were calculated
from the experimental results assuming that the three level model is valid. A linear
absorption cross-section G=3.6xlO- 17 cm1 was found at 242 nm. Bounds of 2xlQ-47cm4s
~Gl~3x1Q-4S cm s
4

were found for the two-photon absorption cross-section absorption

around 500 nm Experimental errors on the branching ratio, the saturation intensity and
the upper level lifetime prevented a more accurate determination of the two-photon
absorption cross-section.
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CHAPTER 5

VIBRATION DETECTION USING PHOTO-INDUCED BRAGG
GRATINGS WRITTEN IN PHOTOSENSITIVE OPTICAL FIBERS

5.1 INTRODUCTION

Following the availability of single-mode and polarization-maintaining fibers,
much effort has been devoted to the development of optical fiber sensors(22X4~102}{1l8). Many
systems have been proposed to monitor temperature, pressure, vibration, rotation,
refractive index, as well as biological parameters. The advantages of optical fiber sensors
over conventional sensing methods include a greater immunity to electromagnetic and
radio frequency interferences. Optical fiber sensors can also operate in corrosive and
explosive environment. Furthermore, distributed sensors can be built using wavelength
multiplexing of sensors on the same optical fiber 102}{104). Such networks embedded in
materials could have applications for example in aeronautics, where the low weight of
fiber sensors is also a defmitive advantage.
The transducer of an optical fiber sensor is often an external element, for example
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a reflecting surface or a nylon mandrel. In one scheme, the light is coupled out of the
optical fiber to interact with the sensing element. After the interaction, the optical signal
can return by the same path or it can be collected by a different optical fiber. In these
systems, the optical fibers only act as light pipes. Another approach is to place the
transducer in direct contact with the optical fiber cladding. The transducer then externally
modifies the optical fiber parameters and perturbs the optical beam propagating inside the
fiber. In both cases, either the phase or the intensity of the optical beam can contain the
relevant information on the measured parameter. The phase of the optical beam is usually
retrieved by placing the sensor in a two arm interferometer.
In intrinsic fiber sensors, the sensing element is the optical fiber itself. In 1987,
it was proposed that photo-induced Bragg gratings could be used as intrinsic optical fiber
sensors to detect temperature and strain(22). Bragg gratings sensors combine the simplicity
of intrinsic sensors with the high sensitivity provided by the narrow reflectivity
bandwidth. Furthermore, the detection of the signal is very simple since the intensity of
of a narrow band probe beam, or the peak reflectivity wavelength of a broadband source,
is directly modulated by the changes in the temperature or strain.
In this chapter, we examine the possibility of using Bragg gratings written in
photosensitive optical fibers to detect vibrations. We first evaluate, in section 5.2, the
influence of changes in temperature and strain on the frequency response of Bragg
gratings reflectivity. We also model the modulation of the reflectivity of Bragg gratings
induced by vibrations. The experimental results are presented in Section 5.3, and the
conclusion follows in Section 5.4.
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5.2 VIBRATION INDUCED MODULATION OF THE REFLECfIVITY OF BRAGG
GRATINGS

The frequency response of a Bragg grating written in an optical fiber will be
shifted by a unifonn variation of fiber temperature or the application of a stress along the
fiber axis. Assuming a unifonn grating, the displacement of the peak reflectivity can be
calculated from equation 1.25. We find

(5.1)

where .1s=M.IL

is the strain and a is the linear expansion coefficient of silica,

a=O.55x10-6(119). Using the temperature dependence of the refractive index of silica doped
with 8 mole % of gennania(34), (l/I1o)(dnJC)T)=6.9x1~ at 150 C, and the elasto-optic
coefficient of silica, (l/Ilo)(dnJC)S)=-0.29 (11), equation 5.1 becomes

(5.2)

From equation 1.26, it is easy to show that a probe beam incident on the Bragg grating
will be detuned from the maximum reflectivity to the first zero when

(5.3)

For example, the complete detuning of a 30 cm long Bragg grating with a peak
reflectivity of 90% at 488 nm is obtained when (~)=6.4xlO-7. Such a detuning can
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be produce by a temperature variation of only 0.1 C or a strain of lxlO-6. The high
sensitivity of photo-induced gratings to temperature and stress was flrst noticed by Hill
and coworkers in 1978(11). Since then, temperature and stress tuning techniques have
been widely used to measure the frequency response of the Bragg gratings
reflectivity<12X14)(21). It has also been shown that Bragg gratings with different spatial
frequencies can be induced in optical fibers by changing the stress applied during the
writing process(l20). These gratings can exist simultaneously in the same optical flber.
We now examine the modulation of a probe beam reflectivity induced by periodic
variations in the fiber length. The probe beam is assumed to be initially detuned from
the Bragg condition by A~o=~-~d2=(2mtJA.)-(7r/A). When the flber is stretched, the strain
induces an additional detuning A~s that can be calculated from the derivative A~o.
Assuming that the strain is uniform over the flber length, we obtain

(5.4)

Because the elasto-optic coefficient is negative, it can be seen that the magnitude of the
probe beam wavevector in the media is smaller when a positive strain is applied. This
contribution tends to decrease the initial detuning. However, the stretching of the optical
flber also results in a smaller grating wavevector which contributes to an increase in the
initial detuning. The additional detuning is therefore given by the sum of these two
competing effects.
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We now suppose that the optical fiber length is modulated at two different
frequencies, and write
(5.5)

where ft and f2 are the vibration frequencies with respective amplitudes At and A2. The
time dependent reflectivity of a probe beam incident on the vibrating fiber can now be
calculated by putting equation 5.5 in 5.4, and substituting A~(t)=A~o+A~s(t) in equation
1.23 with n(t)=[A~2(t)_~]I(2. The results of the calculations done with 1CL=2.3, A 1=O.06

Ilm, A2=O.045 Ilm, f 1=120 Hz, and f2=126 Hz are displayed in Figure 5.1

(A~oL=O.O),

Figure 5.2 (A~oL=1.6), and 5.3 (A~oL=3.2). The frequency spectrum was obtained by
doing a Fast Fourier Transfonn (FFT) on 1024 points of the calculated time function. A
description of the FFI' algorithm can be found in reference 121. The maximum value of
AJ3sL is obtained when the two frequencies are in phase. The total stretch of the fiber is
then AL=D.105 Jlm which gives A~sL--±1.41. The frequency response of a 1CL=2.3 Bragg
grating was presented in Figure 1.4. It can be seen that when the detuning is modulated
around A~o=O.O with an amplitude of A~sL=l.4 the change in the reflectivity is very
small. Furthennore, in that frequency region, the reflectivity characteristic is nearly
quadratic which results in the frequency doubling observed in Figure 5.1. As the initial
detuning is increased, the reflectivity modulation occurs in a more linear portion of the
curve and the fundamental frequency peak grows. However, for these large modulation
amplitudes the response is never totally linear and the frequency spectrum always contains
peaks at hannonics of the fundamental frequency. Comparing the Figures 5.1 to 5.3, it

181

is obvious that the initial detuning affects not only the amplitude of the reflectivity
modulation but also its shape. If the initial detuning is not known, it is thus possible to
estimate its value from the shape of the modulated reflectivity signal. The vibration
amplitudes and frequencies can then be obtained from the time signal and frequency
spectrum of the modulated reflectivity.
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5.3 EXPERIMENTAL RESULTS

The experimental setup that was used to study vibration induced
modulation of the Bragg grating reflectivity is presented in Figure 5.4.

The variable

attenuator consisted of a Babinet-Soleil compensator followed by a polarizer.

The

transmission of a HeNe laser co-propagating with the Ar+ laser beam was monitored to
verify the stability of the coupling. The input fiber coupler was a standard mount with
a copper rod holder (Newport Co.). The input and output couplers were both attached
to the optical table but were not otherwise mechanically coupled. The optical fiber was
the same polarization-maintaining single-mode fiber described in Chapter 2. During the
experiments, the optical fiber was held under slight tension. The Ar+ power reflected
from the fiber was detected by a silicon photodiode and amplifier with a cut-off frequency
of 1.1 kHz. The Ar+ power transmitted through the optical fiber was also detected by a
similar silicon photodiode and amplifier but the amplifier gain was lower and the cut-off
frequency was 5 kHz. The Ar+ power and the HeNe power transmitted through the fiber
were monitored using photodiodes with 0.5 J.1s rise time and amplifiers with a gain of 13
dB. The data acquisition was perfonned by an analog-digital converter interfaced to a
personal computer. The data were taken at a sampling rate of 10 Hz or 1 kHz. The data
were subsequently processed to obtain the frequency spectrum of the reflectivity or the
transmissivity. A FFT was done on a data set of 1024 points leading to resolution in the
frequency domain of 0.98 Hz when a sampling rate of 1 kHz was used.
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Pre: Reference Ar+ detector
SA: Spectrum Analyser

Figure 5.4: Optical part of the experimental setup used to study vibration induced
modulation of the reflectivity of a photo-induced Bragg grating.
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The experimental procedure used to write a Bragg grating in the photosensitive
optical fiber was similar to method described in Chapter 2. The polarization of the HeNe
and the AI+ ion laser beams were aligned along one of the fiber axis by rotating the
copper holder. A writing power of typically 42 mW was used to induce a Bragg grating
in a 26.2 cm long optical fiber. The peak reflectivity of the grating reached 96 % after
140 s. During the Bragg grating growth, the reflected and transmitted AI+ power signals
were fIrst filtered by a three stage RC circuit

(f~=18

Hz) and then digitized at a rate of

10 Hz. The recorded signals are shown in Figure 5.5 where it can be seen that high
frequency components are present on the growth curves. Once the grating was written,
the reflected and transmitted Ar+ power signals, before the RC filter, were sampled at a
rate of 1 kHz (Figure 5.6).

At this sampling rate, the high frequency features can be

resolved and are seen to be well defmed oscillations. Figure 5.6 also displays the
frequency spectrum of the reflectivity signal.

Two main frequency peaks can be

identified on the graph, they are located at 120 Hz and 126 Hz. The possible origin of
these oscillation frequencies will be discussed later. It was verified that the signal did not
contain frequencies higher than 500 Hz using a photodiode with a nanosecond rise time
and an oscilloscope of 400 MHz bandwidth. Comparing Figure 5.2 and Figure 5.6, we
see that good agreement between the experimental results and the simulations is obtained
for an initial detuning of .1~sL=O.7. Such a detuning could have been induced, for
example, by a room temperature variation of 0.02 C.
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Figure 5.5: Transmission and reflection of a 26 cm long optical fiber during the growth
of a Bragg grating. The optical power in the fiber was typically 42 mW.
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Vibrations of known frequency were acoustically induced in the optical table by
driving an audio speaker with a sinusoidal voltage. The speaker diaphragm was turned
towards the table top. The frequency spectrums of the reflectivity signals obtained with
driving frequencies of 100 Hz, 120 Hz, and 132 Hz are displayed in Figure 5.7. In graph
A), the vibration peak at 100 Hz can barely be resolved and no overtones are observed.
Furthennore, the peaks at 120 Hz and 126 Hz are still present.

When the driving

frequency corresponds to the free oscillation frequency of 120 Hz, the fundamental
frequency and two overtones are readily identified. Comparing Figure 5.6 B) and Figure
5.7 B), we also see that the frequency content at the base of the 120 Hz peak is greatly
reduced, and that the peak located at 126 Hz has disappeared. The 132 Hz vibration is
also well resolved in graph C) of Figure 5.7.
We now examine the origin of the free oscillation frequencies located around 120
Hz. It was first suspected that these oscillations might be due to instabilities in the At
laser power. Figure 5.8 shows the frequency spectrum of the Ar+reference power sampled
at 1 kHz. Since the stronger peak occurs at 60 Hz was and that no peak at this frequency
was present in the spectrum of the modulated reflectivity signal, laser instabilities were
ruled out as a possible cause of the oscillations. The HeNe power transmitted through
the fiber was also analyzed and a 6% peak to peak modulation of the signal was found.
The frequency spectrum of the transmitted power signal is shown in Figure 5.9 where it
can be seen that the peaks around 120 Hz are present in addition to a weaker peak at near
80 Hz. The small amplitude of the modulation are consistent with strain induced tuning
of the transmission of the weak Fabry-Perot cavity formed by the two fiber ends.
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Figure 5.7: Frequency spectrum of the power reflected by a Bragg grating written in an
optical fiber when vibrations are induced in the optical table. The vibration frequencies
are A) f=l00 Hz, B) f=120 Hz, and C) f=132 Hz.
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Therefore, the modulation of the transmitted Ar+ power does not result from vibration in
the input coupling. From the forced oscillation results shown in Figure 5.7, we conclude
that the vibration frequency located around 120 Hz corresponds to a mechanical resonance
of one of the system components. It is possible that the two peaks result from the
presence of two different frequencies around 120 Hz or from the modulation of a
resonance frequency around 120 Hz by an additional low frequency component located
around 5 Hz.

The frequencies of the normal vibration modes of a string are well-

known(l22). For longitudinal vibration modes, we find

(5.6)

where 1110 is an integer (Illo=I,2,3, .. ), E is Young's modulus of fused silica, and p the
density. Using E=7x101oN/m2 and p=2.3 glcm3 , the fundamental vibration frequency is
10.7 kHz. If we now consider that one end of the fiber is fixed and the other moves in
the transverse plane, we find the transverse mode vibration frequencies

/, = (j + 1/2)
J

2L

J

T
pa

(5.7)

where j is an integer 0=0,1,2, ..), T is the tension applied to the optical fiber, and a its
cross-section. Since we did not measure the tension applied to the fiber, its is difficult
to evaluate these vibration frequencies. However, it was verified experimentally that the
frequency spectrum of grating reflectivity modulated by the free oscillation of the system
did not vary with the optical fiber length. We therefore conclude that the vibration peaks
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located around 120 Hz do not correspond to a nonnal vibration mode of the optical fiber.
The origin of the mechanical resonance has not been clearly identified, but the guaranteed
minimum resonance frequency of a vibration mode of the optical table (Newport 8'xlO',
8" thick) is 110 Hz. Comparing graph A) and graph B) of Figure 5.9, we see that the
mechanical resonance of the optical table could have been driven by the vibrations
induced by the water pump of the AI+ laser cooling system.

The presence of these

vibrations was responsible for the strong modulation of the grating reflectivity that was
first observed after the grating growth (Figure 5.6).
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5.4 CONCLUSION

Many optical fiber vibration sensors have been described in the literature(llOH118).
Sensors based on the reflection from a cantilever beam(1l4)(1lS) or a scattering surface(1l6)
have been proposed. The statistical properties of the speckle pattern of multimode fiber
have also been used to fabricate vibration sensors(1ll)(112). The resolution of these sensors
is generally of the order of a micrometer.

Recently, the detection of a sinusoidal

vibration of known frequency with a resolution of 0.1 nm was achieved using an
interferometric vibration sensor118). In this chapter, we have shown that vibrations of
amplitude smaller than 0.05 J.lm can detune a photo-induced grating from the Bragg
condition. Bragg gratings optically written in a fiber can therefore be used as sensitive
distributed vibration sensors. Furthennore, both the amplitude and the frequency of the
vibrations could be determined from the reflectivity modulation. The sensitivity and
linearity of the sensor response was found to depend on the initial detuning of the probe
beam from the Bragg condition. The dynamic range of detectable vibration amplitudes
is of the order of 0.20 J.lm. This dynamic range could probably be improved by detecting
the reflectivity of several narrow frequency probe beams of closely spaced wavelengths,
or the transmitted spectrum of a broadband source. Much work is still left to completely
characterize the precision and responsivity of Bragg grating vibration sensors. Many
improvements are also possible, for example Vengsarkar et al. have recently shown that
a chirped grating can selectively detect a vibration mode of a cantilever beam(42). They
experimentally demonstrated that principle using a photo-induced inter-modal coupler
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written in an elliptical core optical fiber. Also, since the reflectivity of optical fiber
Bragg gratings is both temperature and strain sensitive, an interesting challenge remains
to design a sensor arrangement that would allow both parameters to be simultaneously
measured.
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CHAPTER 6

ALL-OPTICAL SWITCHING OF A FIBER BRAGG GRATING
INDUCED BY A SHORT DETUNED PUMP PULSE

6.1 INTRODUCTION

In recent years, fast all-optical switching in optical fibers has been a field of

active research (123.130). Switching has already been achieved with several optical fiber
configurations including nonlinear Mach-Zehnder interferometers(l23), nonlinear directional
couplers(I24) and nonlinear loop mirrors( I25XI26). Other devices have also been demonstrated
using soliton switching(I25)-(I27), polarization rotation(I28), and two-mode interferometry(129).
In 1988, it was shown that coupling two guided modes by a grating could reduce the

switching power required to achieve complete mode conversion(131).

Park et al.

subsequently proposed an intermodal switch that used a pump beam to excite two modes
of an optical fibet I30). Through cross-phase modulation, the beating of these modes
produced periodic coupling between the two similar propagating modes of a probe beam.
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In this chapter, we investigate the switching of a Bragg grating induced by a short
pump pulse. By a third-order nonlinear process, the presence of an intense pump pulse
modifies the refractive index experienced by a continuous probe beam of a different
wavelength.

A short pump pulse can therefore modulate the reflectivity and the

transmissivity of a grating by detuning a probe beam from the Bragg condition.
Third order nonlinearities will first be briefly discussed in Section 6.2. We then
introduce the coupled-mode equations describing the evolution of the probe fields for
co-propagating and counter-propagating pump-probe geometries. We assume that the
pump pulse is sufficiently detuned from the Bragg condition that its propagation is not
affected by the presence of the grating. The analytical solutions of these equations in the
case of a CW pump beam are also presented. In Section 6.3, we examine the switching
produced by a pump pulse with a width shorter than the length of the grating. The
numerical solutions of the coupled-mode equations are presented as a function of the
pump-pulse width

and peak intensity.

We show that co-propagating and

counter-propagating pump-probe configurations lead to different switching characteristics.
Furthermore, these numerical results predict that an initially detuned probe beam would
improve the switching. Finally, some experimental results are presented in Section 6.4.
All-optical switching by short infrared pulses of the transmission of a photo-induced
Bragg grating is observed and the results are compared to the numerical simulations.
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6.2. DESCRIPTION OF THE MODEL

After an introduction to third order non-linear effects, we present in this section
the set of coupled-mode equations describing the propagation of a probe beam in a Bragg
grating perturbed by a strong pump-pulse. The pump power required to switch the
reflection of the grating is then calculated for the case of a CW pump beam.

A

normalized pump-pulse peak power is also introduced.
The polarization induced by an optical beam propagating inside a medium can be
represented by a power series expansion of the incident electric field. At the microscopic
level,

the higher order contributions to the polarization come from the anharmonic

response of the bound electrons. The ftrst order polarization, linear in the electric field,
is included in the deftnition of the media refractive index. The second order polarization,
quadratic in the electric field, vanishes in centro-symmetric media. In such materials,
for example glass, the lowest order term of the non-linear polarization expansion is
therefore the third order contribution. The third order polarization components can be
written as

P?)(r, t) = Eo

E xJJlI Ej(r, t) EA;(r, t) E/(r, t)

(6.1)

j,A;,1

where Eo is the vacuum permittivity, and

X(3)

is the third order susceptibility tensor.

Third harmonic generation, four-wave mixing, and optical phase modulation are a few
examples of third order non-linear phenomena. Stimulated Brillouin or Raman scattering
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can also be represented by a third order susceptibility. In this chapter, only optical phase
modulation will be considered.
The third order polarization,

expressed by equation 6.1,

includes intensity

dependent terms. This type of nonlinearity can be represented by an intensity dependent
contribution to the refractive index of the medium: n(l)=I10+11 n2~' where ~ is the
optical pump beam intensity and 11 is a constant Also,

~ is

the Kerr coefficient for the

intensity (in fused silica n2=3xl0- 16 cm2!W). The intensity dependent refractive index
experienced by the pump beam itself is calculated with 11=1 and the process is called selfphase modulation. Cross-phase modulation occurs when an intensity dependent refractive
index is induced on a probe beam by a pump beam of a different frequency (11=2).
We now assume that a uniform Bragg grating has been induced from z=O to z=L
in an infinite single-mode optical fiber and that a weak CW probe beam is incident on
the grating at z=O (Figure 1.3). The electric field of the probe, described in terms of a
forward and a backward travelling plane wave, is given by equation 1.13. If an intense
pump pulse is also propagating inside the optical fiber,

the effect of cross-phase

modulation on the probe fields can be represented by a weak nonlinear polarization
(6.2)

where

~(z,t)

is the pump pulse intensity. The coupled-mode equations, that describe the

evolution of the slowly varying components of the probe fields in the presence of a strong
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pump, can now be found using equations 1.13, 1.19,6.2, 1.14, and 1.16. We obtain(S)(133)

(63)

dE (z,t) n dE (z,t)
+
+ 0
+
-iKE(z,t)exp(-i2L\Pz)+i2yI(z,t)E(z,t)
dZ
C
dt
P
+
dE (z t)
-

dZ

n dE (z,t)

,

0

C

+

dt

.

.
--iKE(z,t)exp(12L\Pz)-i2yI(z,t)E(z,t)
+

P

-

where 'Y=(pnJOo)=(27tn:/Ao). If a gaussian shape is assumed for the pump pulse, its
intensity can be written as

(6.4)

where Zv is the initial position of the pump pulse far away from the grating,

10

its peak

intensity, and wJ2 1!2 its half-width at the lie points. The plus or minus signs refer
respectively to a pump pulse counter-propagating or co-propagating with the incident
probe beam.
Since efficient Bragg grating can be written optically in short lengths of
photosensitive optical fibers, distortion of the pump pulse due to self-phase modulation
and dispersion is neglected. For example, 4.4 mm long Bragg gratings achieving 55%
reflection have been written in photosensitive optical fibers using an external holographic
technique(33). Furthermore, these gratings have typically bandwidths of 200 MHz to 42
OHz(12)(33).

It is thus assumed that the pump pulse is sufficiently detuned from the Bragg

condition not to be affected by the presence of the grating. Also, the probe and the pump
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wavelengths can be closely spaced and the dispersion of the effective index of the fiber
is safely neglected.
In an optical fiber, the effective intensity of the pump pulse is related to the pump
pulse power by I(z,t)=P(z,t)/A.:m where A.a is an effective area obtained from the overlap
integral between the probe and the pump modes(S). The effective area is thus given by

A <If -

2K-

2K.

J JlApr,.(r,cj))i2 rdrdcj)

J jA/>III(r,cj) 12 rdrdcj)

0 0

0_
0 _ _ _ _ _- - L

_ ___

..l..----::2x~

(6.5)

---'~

2

J YApr,.(r,cj)F IA/>III (r,cj) )1 rdrdcj)
o

where

~~ is

0

the transverse mode distribution of the probe beam and

~t the

distribution

of the pump beam. In a single mode optical fiber, the variation of the effective area with
frequency can often be neglected. Moreover, the effective area of the fundamental mode
of a circular core optical fiber, with a normalized frequency of about 2, is approximately
given by the core area. If both the pump and the probe beam are propagating into the
fundamental LP01 mode, and if the mode profIles are approximated by gaussian functions
of half-widths at lie given by wI'" and wI"" the effective area is A.,n=rc(Wpr2 + wI"'2)/2.
When the pump pulse width is of the order of the grating length, the
coupled-mode equations 6.3 do not have analytical solutions. However, in the case of a
CW pump beam,
form.

~(z,t)=Io,

the steady state solution of these equation have an analytical

It can be shown that the cross-phase term results in an additional detuning,

~~~2'YIoL.

From equation 1.23, we know that the reflectivity of a probe beam,

initially tuned to the Bragg condition, will be switched from the maximum to the first
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zero minimum when (A~~2=1f+(KL)2.

The intensity of a CW pump beam that

produces complete switching is thus given by

(6.6)

Equations 6.3 and 6.4 can now be rewritten in terms of normalized variables,

aE (Z,1) aE (Z,1)
•
+.
az
aT
aE-(Z,1) aE•(Z,1)
az
aT

and

- i(KL) E (Z,1) exp(-i2(A~L)Z) + ilx(Z,1) E (Z,1)

-

•

.
.
.
- -1(KL) E (Z,1) exp(l 2(ARL) z) -zlx(Z,1) E (L,1)

•

P

-

(6.7)

where 1u=1JI. is the normalized intensity, Z=z/L the nonnalized length, and Wo=wJL the
normalized width. Also, the normalized time is T=t/t, where t=nJ-./c is the transit time
of the pump pulse in the grating. The normalized full-width at the lie points of the pump
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6.3 NUMERICAL RESULTS

In order to describe all-optical switching of a Bragg grating by a short pump pulse
(Wcw<l), the set of coupled-partial-differential equations 6.7 were solved numerically. We

present, in this section, the numerical results obtained for co-propagating and
counter-propagating pump-pulse geometries.

The switching characteristics are also

examined as a function of the initial probe detuning, and as a function of the pump-pulse
width and peak intensity.
The system of partial differential equations 6.7 was solved numerically using a
Fortran subroutine from the IMSL Math/library (DMOLCH). The subroutine, based on
the method of lines with cubic Hermite interpolation, can solve systems of coupled partial
differential equations with fIrst and second order space derivatives, and fIrst order time
derivative. We will now only briefly indicate how the problem is setup, a more complete
description of the highly optimized algorithm can be found in the user's manual(135).
Additional information on Hermite interpolation, the method of lines, the collocation
method, and other numerical methods employed by the subroutine can be found in
numerical analysis texts(13S}(137).
The grating length is divided into N-l segments by a one-dimensional mesh of N
points, ZI'

z.z, ...~.

Between each two points, the slowly varying amplitudes of the

electric fIelds are estimated using piecewise Hermite interpolation with cubic polynomials.

In general, the Hermite interpolation method fInds a polynomial of degree 2m-l that
interpolates a function between m points with the derivative of the polynomial also

"-----

206

interpolating the derivative of the function. The interpolation between two mesh points
therefore requires a polynomial of the third degree. Furthermore, the cubic polynomial
can be represented in terms of a weighted summation of the function and its derivative
evaluated at each end point of the interval, with the weight of each tenn being itself a
cubic polynomial. The slowly varying amplitudes of electric fields can therefore be
written as
N

E!(Z,T) -

L (aii(T)(j> i(Z) + bii(T)''Vi(Z»

(6.8)

i.1

where (j>j(Z) and 'VJZ) are the basis functions of cubic Hermite polynomials that are nonzero between

~

and

~+I'

At the mesh points, these functions satisfy the conditions

(6.9)

The interpolation function and its derivative are therefore continuous at each mesh point.
All the time dependence is included in the coefficients

~±(T)

and bj±(T).

Also, the

coefficient ~±(T) corresponds to the slowly varying amplitudes of the electric fields
evaluated at

~.

The numerical method consists of finding the solutions for which the
approximation given by equation 6.8 satisfies the partial differential equations 6.7 at two
points of each interval, called the gaussian points. When equation 6.8 is substituted into
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the set of equations 6.7 and evaluated at each of the 2(N-l) gaussian points, a system of
4(N-l) ordinary partial differential equations is obtained with the 4N variables ~±(T) and
bi±(T). With the appropriate initial and boundary conditions, the coefficients can be
calculated using standard numerical methods for solving ordinary differential equations.

In the numerical calculations, the number of points was N=101 and the initial time
interval was 0.001. The time interval was automatically adjusted during the calculation
to satisfy the tolerance. The field distributions of an unperturbed Bragg grating, equation
1.22, were used as initial conditions, and the boundary conditions were E+(Z=0)=1.0 and
E.(Z=1)=O.0. The pump pulse was initially at a distance 6Z=4 from the extremity of the
grating, and the Gaussian was truncated at Z-Ze,=±5W.
The evolution of the reflection and the transmission of gratings switched by short
pulses are presented in Figure 6.1.

The reflection was calculated at Z=O and the

transmssion at Z=l. The origin of the time axis was redefined in such a way that the
peak of the pump pulse enters the grating at T=O and exits at T=1. The results are shown
in Figure 6.1a for a co-propagating configuration (1,,=2.5, W rw=1.13, KL=2.5 and
~~L=O.O),

and in Figure 6.1b for a counter-propagating one (1,,=1.5, W rw=O.42, 1CL=1 and

~~L=O.O).

In both cases, the switching is sharper for the fields that propagate in the same

direction as the pump pulse (transmission for the co-propagating geometry and reflection
for the counter-propagating one). For the fields propagating in the opposite direction, the
wider characteristics can be partly understood by considering that the switching results
from the convolution of the pump pulse with the probe electric fields inside the grating.
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Figure 6.1: Evolution of the reflection (solid line) and the transmission (dashed line) of
a CW probe beam incident on a Bragg grating switched by: a) a co-propagating pump
pulse (lu=2.5 , Wr...,=1.13, KL=2.5 and ~J3L=O.O), and b) a counter-propagating pump pulse
(lu=1.5 , Wr...,=O.42, KL=1 and ~J3L=O.O).
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In all numerical calculations, it was verified that the energy was conserved and that the
grating recovered to its original state after the transient oscillations.
Switching of the grating transmission was first studied in more details for the
co-propagating geometry.

Figure 6.2 shows the influence of the pump-pulse peak

intensity on the calculated switching characteristics of a grating that initially transmits
2.7% of the incident probe beam (Wrw=O.71, KL=2.S and A~L=O.O). As the pump-pulse
power is increased, different parts of the pulse switch the grating transmission and
reflection through successive maxima and minima.

These complex interference effects

result in a multiple peak structure with a maximum transmission that can exceed 100%
of the injected power. The results of the calculations for different pump-pulse width,
W rw=O.l, 0.3, 0.5, 0.8, and 1.2, are displayed in Figure 6.3 for a peak intensity

~=2.S

and a tuned grating of KL=2.S. For a pump-pulse width Wfw g).OS the switching resulted
in a single peak centered at T=1. As the pump-pulse becomes wider a second peak in the
transmission grows and moves to later times. The position of the peak is initially linearly
proportional to the width of the pump-pulse but eventually stabilizes at T=1.7 for
pump-pulse width

Wr~1.2.
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Figure 6.2: Switching of the grating transmission produced by different pump-pulse peak
powers

(~=O.50,

KL=2.5 and

1.49, 2.49, 3.99 and 7.47) in a co-propagating geometry (Wcw=O.71,

~~L=O.O).
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Figure 6.3: Switching of the grating transmission produced by co-propagating
pump-pulses of peak power ~=2.5 and of widths Wfw=O.l, 0.3, 0.5, 0.8, and 1.2 (1d.=2.5
and A13L=O.O).
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The counter-propagating geometry was used to investigate the switching behavior
of the grating reflection. As was previously observed for other devices(132), an initial
detuning of the probe beam was found to improve the switching. In Figure 6.4, it can be
seen that with a detuning of A~L=-3.0 the reflectivity of the grating is now switched from
1.2% to 93.9% with a full-width at half-maximum (FWHM) of 0.32 for the principal
peak:, compared to the 55% modulation with a FWHM of 0.35 observed without an initial
detuning (Figure 6.1 b).

The reflected probe-pulse results from the interaction of the

pump-pUlse with the probe fields all along the length of the fiber grating. Therefore, the
switched reflectivity can be greater than the maximum steady state value of 58% obtained
for a tuned grating of KL=1. In Figure 6.5, it can be seen that increasing the pump
intensity results once again in a multiple peak: structure in the switching characteristic.
The secondary peak that appears first is centered at T=2.0. A further increase in the
pump-pUlse peak: intensity causes the peak: located at T=1.0 to split in two as the peak of
the pump-pUlse switches the grating reflection over to the next minimum. The influence
of the pump-pulse width on the calculated reflection switching is shown in Figure 6.6.
The peak centered at T=1.0 gradually widens and eventually merges with the growing
secondary peak at T=2.0.
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Figure 6.4: Switching induced by a counter-propagating pump-pulse (~=1.5, W fw=O.42)
on the reflection and transmission of an initially detuned probe beam (L\J3L=-3.0) incident
on a Bragg fIlter (1d..=1).
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Figure 6.5: Switching of the grating reflection produced by a counter-propagating pump
pulse for various peak powers
probe. (Wfw=O.42,

A~L=-3.0

~

=0.61,1.82,3.03,4.85 and 9.10, for an initially detuned

and 1d..=I).
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Figure 6.6: Switching of the grating reflection produced by counter-propagating
pump-pulses of peak: power ~=3.03 and widths W rw=O.14, 0.28, 0.42, 0.71, and 1.13, for
an initially detuned probe

(~~L=-3.0

and 1CL=1).
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All-optical switching of a CW probe beam by a gaussian pump pulse should
ideally produce a single undistorted pulse. The numerical simulations presented in this
section indicate that the switching of a Bragg grating induced by a short detuned pump
pulse sometimes results in a probe beam transmission, or reflection, with a multiple peak
structure or with a highly distorted pulse shape. However, if the pump pulse peak
intensity and width are adequately chosen, these undesirable effects can be avoided.
Using a co-propagating geometry, more than 50% switching in the transmission of a
1d..=2.5 grating was obtained without multiple peaks for pump-pUlse peak intensities,

~,

between 2.5 and 4.0, and widths, W cw , greater than 0.5 (Figures 6.3 and 6.4). For a
detuned grating (1d..=1) and a counter-propagating configuration, the reflection could be
switched by more than 75% with one important peak if the pump pulse peak intensity,
~,

is around 3.0 and the pulse width,

WCw ,

is smaller than 0.4 (Figures 6.5 and 6.6).
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6.4 EXPERIMENTAL RESULTS

The transmission of a Bragg grating Written in a photosensitive optical fiber was
switched by short pulses from a Q-switch mode-locked Nd:YAG laser using the
experimental setup displayed in Figure 6.7. The repetition rate of the infrared laser was
1 kHz, the individual pulse width 100 ps and the width of the Q-switch envelope 320 ns.
The probe beam at 514.5 nm and the pump pulses at 1.06 J.1m were co-polarized and
counter-propagating inside the optical fiber.

The elliptical-core single-mode fiber

presented in Chapter 2 was not used in these experiments because the pump beam at 1.06
J.1m could not propagate inside the optical fiber. The switching experiments were done
on a sample of the original Hill fiber with a numerical aperture of 0.22 and a round core
of 2.2 J.1m diameter. The optical fiber supported two LP modes at the probe wavelength,
but only the fundamental

LPOI

mode could propagate at 1.06 J.1m. Before the grating

growth, the writing laser beam at 514.5 nm was coupled predominantly into the
fundamental mode of the optical fiber. The experimental procedure used to optically
induce the Bragg grating was described in more details in Section 2.3. A grating with
a reflectivity of 50% was obtained with a writing power of 59 mW in a 3.5 cm long
optical fiber.

During the Bragg grating growth, the infrared laser beam was not

propagating inside the optical fiber.
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Figure 6.7: Experimental setup used to switch the transmission of a Bragg grating written
in a short length of photosensitive optical fiber (L=3.5 cm). The CW probe beam at
514.5 nm and the pump pulses at 1.06 J.1.Ill are counter-propagating inside the optical fiber.
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After the grating growth had stopped, the slow photodiode monitoring the Ar+
power transmitted through the fiber was replaced by a sensitive photodiode with an
amplifier. The time constant of the detector was approximately 2 ns. The infrared laser
beam was then unblocked switching the grating transmissivity at the probe wavelength.
Figure 6.8 shows the transmission of the probe beam and the infrared pump pulse train
obtained for two different values of average infrared power. It was also observed that the
average reflectivity of the grating, monitored by the slow photodiode, varied by
approximately ±1O% when the infrared beam was allowed to propagate inside the optical
fiber. It is believed that this detuning might was caused by variations in the optical fiber
temperature. The average power at 1.06 J.1m, measured at the output of the optical fiber,
was converted to peak power values by assuming that the Q-switch envelope and each
of the individual pulses had a gaussian shape. The peak power of the highest pulse of
the incident pulse train displayed in picture A) of Figure 6.8 was 3.9 kW and 4.5 kW in
picture B). The scales were 5mV per small division for the probe power, 100 mV per
small division for the probe pulses, and the time scale 20 ns per small division. The
switched transmission induced by each of the pump pulses is plotted in Figure 6.9 as a
function of the normalized peak intensities. Assuming that the probe and the pump beams
were propagating in the fundamental mode, the overlap integral gave an effective area
Aen=2.451tro2, where ro is the core radius. The effective area and the switching intensity
defined by equation 6.6, ~=12.7 GW/cm2, were used to convert the peak powers to
normalized peak intensities. The low switching of the grating transmission that was
measured can be largely attributed to the slow response time of the detector.

The
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A)

- ---
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Figure 6.8: Switching of the transmission of a Bragg grating induced by short pump
pulses (100 ps). In the pictures, the upper trace is the grating transmission monitored
at 514.5 nm (5mV/div) and the bottom trace is the associated ground. The middle trace
is the pump pulse train incident on the optical fiber (lOOmV/div). The peak intensity of
the highest pulse is 3.9 kW in A) and 4.5 kW in B). The time scale is 20 ns/div.
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Figure 6.9: Switched transmission of a short grating written in a photosensitive optical
fiber (L=3.5cm, 1CL=O.88) as a function of the nonnalized pump pulse intensity. The dots
are the data from picture A) of Figure 6.8 and the triangles are from picture B). The solid
line is the result of the numerical simulations with a detector time constant of 1.5 ns.
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amplitude of the signal given by a detector with a response time much slower than the
pulse width is given by the energy of the pulse divided by the detector time constant. For
example, if the grating transmission was switched from SO% to 100% over a period of
ISO ps, a detector with a response time of 2 ns would indicate a switching of the
transmission from SO% to 54%.
A numerical simulation of the experimental conditions was performed using the
model and the numerical method presented in Sections 6.3. Switching of the grating
transmission was calculated using a counter-propagating geometry for a grating of
strength KL=D.88 and pump-pulse width of Wrw=O.S7 (Figure 6.10). The switching in the
transmission that would have been observed by a detector with a response time of a few
nanoseconds was also calculated and is represented by the solid line in Figure 6.9. The
response time of the detector was adjusted to I.S nanoseconds to obtain a reasonable fit.
The results of the calculations are compared with the experimental data in Figure 6.9.
We see that a model that includes the transient effects due to a pulse width of the order
of the grating length predicts switching intensities higher than the CW pump intensity
required to produce complete switching au=I). The shape of the fit however still differs
from the experimental curve. It is possible that, in the experiment, the probe beam was
slightly detuned from the Bragg condition, induced for example by temperature variations.
The results of numerical calculations indicate that an initial negative detuning modifies
the shape of the curve at low power, even resulting in an initial diminution of the
transmission. It is not clear that an initial decrease in the transmission could have been
resolved in the experimental data presented in Figure 6.8. Also, the influence of the
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Figure 6.10: Numerical simulation of the switching of a Bragg grating transmission
produced by cross-phase modulation using the experimental parameters: 1CL--Q.88 and

Wfw=O·57.
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possible non-unifonnity of the grating (Chapter 2) on the switching characteristic is not
known.

Despite the low power discrepancy, the calculations that take into account

transient effects due to a pulse width of the order of the grating length provides a better
fit to the data than a CW pump approximation that assumes a pump pulse width greater
than the grating length.
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6.5 CONCLUSION

Coupled-mode equations were used to describe all-optical switching of a Bragg
grating induced by cross-phase modulation. These equations were solved numerically
in the case where the pump-pulse had a width of the order of the grating length. The
results show that a co-propagating (counter-propagating) geometry produces better
switching of the grating transmission (reflection). An initial detuning of the probe was
also found to improve the switching of the grating reflection. High pump-pulse powers
were shown to induce multiple peaks in the switching characteristics. In some cases, the
switching of the probe beam transmission could exceed the level of the injected signal.
Optimum switching of the transmission was obtained in a grating of 1CL=2.5 with
pump-pulses of peak powers

~=3.25

and pump-pulse widths Wfw""O.8. A detuned

grating could be switched to a reflectivity greater than the maximum steady value. Pump
pulses of peak powers Pn=3.0 and widths WfwSOA were found to produce the best
switching of the grating reflection when 1d..=1. We also presented an experimental
demonstration of all-optical switching of the transmission of a Bragg grating written in
a photosensitive optical fiber. This phenomenon could be used for all-optical modulation
of one beam by a second beam for generating fast pulses from a CW beam.
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CONCLUSION

The photosensitivity of gennanium-doped silica glass was studied in optical fiber
waveguides excited with visible laser light.

We investigated the relation between the

photo-induced refractive index change and the ultraviolet absorption band of the
gennanium defect center. The growth dynamics of Bragg gratings was also examined,
and the application of these gratings to all-optical switching and vibration sensing was
demonstrated.
Bragg gratings were written in photosensitive optical fibers using the longitudinal
writing technique. A local model was developed to describe the growth dynamics of the
gratings. The model assumed that the change in the dielectric constant was proportional
to the square of the local light intensity. The possible saturation of the effect was
neglected. When the Fresnel reflection from the far end of the optical fiber was taken
into account, the numerical simulations showed that the model could lead to sustain
growth, despite the absence of a rrJ2 phase shift between the modulation of the dielectric
constant and the interference pattern created by the writing beam. Recently, de Sterke
et al. further refined the model and showed that the growth of Bragg grating occurred in
a very organized way, and that the reflection from the far end is responsible for the
growth of the grating59l. Oscillations on the growth curve were also observed as a result

227

of the interference between the reflection from the grating and the reflection from the
front fiber end. Good agreement between the numerical calculations and the experimental
results were obtained when the heating of the optical fiber produced by the writing laser
beam was taken into account. Local models are therefore a valid alternative to models
requiring carrier transport over macroscopic distances and large DC electric fields. At
a microscopic level, the general class of local models include so-called Kramers-Kronig
models, compaction models, dipoles models, etc...
The timescale of the Bragg grating growth, predicted by the proposed local model,
is uniquely detennined by a photosensitive response parameter characteristic of the
material and of the efficiency of the excitation process. The photosensitive response
parameter was determined from the early time of Bragg grating growths for five different
wavelengths. A clear correlation was established between the photosensitive response of
germanium-doped silica glass and the 242 nm absorption band attributed to a germanium
defect. The photo-induced bleaching of the 242 nm band was also measured by detecting
its associated luminescence band at 400 nm during the exposure of optical fibers to high
intensities of visible light. The decrease in the luminescence signal was compared to the
formation of Bragg gratings written in the same fibers.

It was found that the

photosensitive response is not strictly related to the initial magnitude of the ultraviolet
absorption band, but rather to the ability to bleach the band, and therefore to the number
of traps present in the glass.
An estimate of the absorption cross-sections of the germanium defect were
obtained from the dependence of the 400 nm luminescence signal on the excitation
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intensity. A three-level model was used to represent the germanium defect center. The
luminescence signal predicted by the three-level model was a function of two parameters:
a coefficient related to the concentration of defect centers, and a saturation intensity
related to the absorption cross-section, the branching ratio, and the luminescence decay
time. To evaluate the two-photon absorption cross-section, the branching ratio and upper
luminescence level lifetime were measured using pulsed UV excitation, we found B=l %
and 't=137±20 J.LS.

The saturation intensity was evaluated by fitting the analytical

expression given by the three-level model to the luminescence signal measured with high
excitation intensity of visible laser light. Considering the average of the isotropic and
anisotropic model, the saturation intensity was 15±6 MW/cm" and the two-photon
absorption cross-section CJ2=6xlO-46 cm4s. However, the experimental errors greatly limited
the precision of the measurement Assuming that the three-level model is valid, the twophoton cross-section is bounded by 2xlO~7cm4s ~CJ~3xlO-45 cm4 s. The linear absorption
cross-section was also estimated from the dependence of the luminescence signal on the
ultraviolet excitation energy (CJ=3.6xlOo17 cm2).
An interesting application of photosensitivity in optical fiber waveguides lies in
the fabrication of all-optical fiber sensors. It was demonstrated that the frequency and
amplitude of vibrations could be detected by monitoring the transmission or the reflection
of a probe beam incident on a photo-induced Bragg grating. Although much work is still
left to completely characterize these sensors, their high sensitivity, combined with the
possibility to multiplex them to form a distributed sensor network, makes them very
attractive.
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All-optical switching of the frequency response of a Bragg grating induced by
short detuned pump pulses was also investigated both numerically and experimentally.
The transmission and reflection of the photo-induced Bragg grating was probed by a CW
beam with a frequency close to the filter resonance.

The detuning of the grating

necessary to produce the switching was induced by the pump pulses through cross-phase
modulation. The calculations revealed that multiple peak structure can appear in the
switched beams. A single switched pulse was obtained for certain values of pump pulse
widths and intensities. In general, the numerical results indicated that better switching
of the grating transmission would be obtained using pump pulses co-propagating with the
pump pulses while counter-propagating geometry produced sharper switching of the
reflection. Experimentally, although the switched pulse shape could not be detected, alloptical switching of the grating transmission was demonstrated.
Since this work was undertaken three years ago, much progress has been made in
the characterization of the photosensitivity of germanium-doped silica glass. The side
writing techniques with UV laser beams have also allowed some spectacular developments
like the integration of all-fiber lasers. However, before commercial devices based on
photo-induced gratings can be made available, it will be necessary to carefully examine
the long term stability of the refractive index change and its resistance to infrared
radiation exposure. A better understanding of the physical origin of the refractive index
change could be helpful in that task. Although several mechanism have been proposed
to explain the observed modification of the refractive index, none of the proposed models
have so far given satisfactory quantitative answers to the problem.

For so-called
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Kramers-Kronig models, the difficulties arise from the unknown number of ultraviolet
absorption bands that should be included in the calculations.

Furthennore, a direct

measurement of the modification of the ultraviolet absorption spectrum is problematic,
especially if compaction of the glass does take place resulting in a shift of the band edge.
However, in light of the large research efforts now devoted to the study of photosensitive
phenomena in glasses, we are confident that some of these problems will soon be resolved
and that photosensitive gratings written in optical fiber waveguides will find widespread
use in the future.
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