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Abstract

English abstract

hotosensitivity in germanium doped optical fibers has found its impor-

tant and useful application in inscribing Bragg gratings since its discovery
in 1978. The refractive index of germano-silica glasses changes (normally in-
creases) during exposure to ultraviolet (UV) light. Illuminating an optical fiber
with a UV laser that makes an interference pattern on the surface of the fiber,
it is possible to induce a periodic change in the effective refractive index of the
fiber, hereby inscribing a Bragg grating in it.

Two main contributions of this Ph.D. project are described below.

a Development of a novel polarization control method for UV writing of
advanced Bragg gratings with arbitrary refractive index modulation pro-
file including multiple & phase shifts. This method represents a practical
cost-efficient technique that allows inscribing Bragg grating with any ar-
bitrary apodization profile.

a Development of a novel efficient technique for Bragg grating design. The
technique allows calculating an index modulation profile that should be
inscribed in an optical fiber (or any other waveguide) in order to achieve
a desired target spectrum of the grating. It is based on Marquardt-
Levenberg algorithm of least-square optimization. The developed tech-
nique wins over all existing methods in computer time necessary for its
implementation (only a couple of minutes of CPU time for a typical run
on an average computer). Even more importantly, it has the remarkable
ability to restrict some of the characteristics of the target grating, thus
enabling, for example, the design of chirp-free gratings that are easy
and cheap to fabricate with existing techniques, including the above
mentioned polarization control method. In contrast, most other exist-
ing techniques produce complex grating designs with complicated chirp
characteristics that are difficult, expensive and sometimes impossible to
fabricate.

Ph.D. thesis -30f100- Nikolai Plougmann



4 ABSTRACT

Dansk resumé

iden sin opdagelse i 1978 er fotofelsomhed i germaniumdopede optiske

fibre blevet brugt til det vigtige og nyttige formal, at skrive Bragg gitre.
Brydningsindeks af germano-silica glas eendres (normalt foreges) ved udseet-
telse for ultraviolet (UV) lys. Ved bestraling af en optisk fiber med en UV laser
som skaber et interferensmester pa fibrens overflade, er det muligt at inducere
en periodisk eendring i fibrens effektive brydningsindeks, og derved skrive et
Bragg gitter i fibren.

To af dette Ph.D. projekts afgerende bidrag er beskrevet efterfolgende.

¥ Udvikling af en ny polarisationskontrolmetode for UV skrivning af avan-
cerede Bragg gitre med arbitreer brydningsindeksprofil med flere 7 fas-
eskift. Denne metode repraesenterer en praktisk og relativt billig teknik
som muligger skrivning af Bragg gitre med hvilken som helst given
apodiseringsprofil .

¥ Udvikling af en ny teknik til design af Bragg gitre. Denne teknik tillader
beregningen af an indeksmodulationsprofil, som skal indskrives i en
optisk fiber (eller en anden belgeleder) for at opna gitrets enskede spek-
trum. Den er baseret pd en Marquardt-Levenberg algoritme og er hur-
tigere end alle andre eksisterende metoder. Men hvad er endnu vigtigere,
giver den mulighed for at fastholde bestemte egenskaber af designede
gitre fra starten, hvorved det for eksempel bliver muligt at designe gitre
uden chirp, som er nemme og billige at fabrikere med eksisterende
teknologier, inklusivt ovenfor neevnte polarisationskontrolmetode. De
fleste andre eksisterende teknikker, skaber derimod indviklede gitter
designs med kompliceret chirp, som er sveert og dyrt (eller ligefrem
umuligt) at producere.
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Chapter 1

Introduction

doped fiber by Hill et al. in 1978 [1], FBGs have become widely used com-

ponents in optical communication and sensor applications [2-7]. FBGs
are used as low-cost, fiber compatible bandpass filters in wavelength division
multiplexing (WDM) systems, for compensation of chromatic dispersion or for
gain equalization [8,9]. Precise control over the spectral characteristics, e.g. the
amplitude and phase response is required for the FBG when applied in optical
networks [10]. To achieve high bandwidth utilization and high data rate in
a WDM system, the frequency response of a FBG should have a rectangular
amplitude spectrum and a linear phase response.

This chapter is an introduction to the thesis. It explains the basic concepts
used throughout the thesis for those readers who may not be acquainted with
the field of fiber optics. The topics it deals with are optical fiber, Bragg grating
and phase mask.

Since the the first time a fiber Bragg grating (FBG) was inscribed in a Ge-

1.1 Optical fiber

Optical fiber is a cylindrical dielectric waveguide. It is schematically illus-
trated in Fig. 1.1. It is made of silica (glass) doped with different chemical
elements such as Ge, P [11], S and other. It has a cylindrical shape along its
length z and its radius R is typically equal to 40 or 62.5um. It consists of a
core with radius a and refractive index n_,, and cladding with refractive index
Nyaa < Meore - This kind of fiber design represents a step index fiber. It is charac-
terized by constant values a, R, n_, and n,,, . In general the parameters n_,,
and n,,, can be rather complicated functions of the distance from the center of
the fiber depending on the fibers” applications. Some examples can be found
in [12,13]. The step index profiles will be used throughout this thesis.

In general the Maxwell’s equations (3.1-1) need to be solved in order to de-
scribe propagation of electromagnetic waves through optical fibers. Wave-
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8 INTRODUCTION

lengths of light used in optical communication systems lies around 1.55 or
1.30 um which is comparable to fiber’s core radius. This implies that the geo-
metrical optics approximation cannot be used, and general Maxwell’s equations
have to be solved. Nevertheless even in this case one can use geometrical op-
tics to explain that light will propagate through the fiber due to the fotal internal
reflection of light at the border of the core and the cladding. Light rays that fall
at this border at angle greater then ® = arcsin (n,, / Nere) Will experience total
reflection and will hereby propagate along the fiber.

Light propagating through the fiber can be described by the effective re-
fractive index n.; which be accurately defined in Chap. 3 in equation (3.1-18).
In general the following inequality is fulfilled:

Mejad < Mege < 1

core*

1.2 Fiber Bragg grating

fiber Bragg grating (FBG) represents a periodic change in the effective re-
fractive index of the fiber n; as a function of the distance z along the
fiber:
ave mod 2n
Neii(2) = Mg + ey (2) + nge” (2) - G [A— + 90(2)], (1.2-1)
@)
where n, is the unperturbed effective refractive index of the fiber without the
Bragg grating, nijf(z) describes change of the average refractive index along
the grating. Function A(z) is grating’s period at z and G(r) is a periodic func-
tion with period 2zr. Functions n™(z) and ¢(z) are connected directly to such
characteristics of the grating as its apodization (or modulation strength) and chirp
respectively. All four mentioned functions ng‘fﬁd(z), n3(z), A and ¢(z) are
slowly varying functions of z if compared to the period of the grating at a
given point z.

v g

Figure 1.1: A schematic drawing of an optical fiber.
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1.2 FIBER BRAGG GRATING 9

In Fig.1.2 one can see a schematic drawing of a Bragg grating. The figure
shows a dependency of the effective refractive index of the fiber as a function
of the distance z along the grating. The apodization n"(z) is the envelope
of the refractive index modulation, while average refractive index nZf(z) is
the effective refractive index averaged over a period of the grating A(z) at the
given position z along the grating.

It is common to assume G(f) = 2cos(r). The dependency of the grating’s
period on z can be formally eliminated if its change along the grating AA
(AA < A) is much smaller than A by including this dependency into ¢(z).
According to this, equation (1.2-1) can be rewritten in the following form:

" _ | | () 4 24(2) - cos {[2—7{ z+ QD(Z)H, (1.2-2)
n, A

where

{ o(2) = n¥8@)/ ny,
(1.2-3)

mod

K(z) = niiR)/ ny.

Chapter 3 of this thesis is dedicated to Bragg grating theory. But even now
based only on general physical considerations, one can conclude that a fiber
Bragg grating will function as a reflector of light with wavelength in the vicin-
ity of a certain Bragg wavelength A, with corresponds to a double optical path
between two maxima (or minima) of the refractive index modulation:

A, = 2n,A. (1.2-4)
n'(2)
Ve
L ases nggr (2)
ngy ]
< >A(Z)
Z

Figure 1.2: A schematic drawing of a Bragg grating.
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10 INTRODUCTION

The Bragg vector K of the grating is directed normally to the grating planes
and its magnitude is equal to K = |1? i = 2n/A. So the grating scatters light
with wavevector Igl in a direction 122 given by 132 = ki ~ K. The condition for

-

strong coupling between counter propagating directions (k2 = —ki) gives the
condition
(1.2-5)

which is equivalent to the equation (1.2-4).

1.3 Phase mask

iber Bragg gratings are normally induced by illuminating a fiber with a

doped core by UV radiation. The most common core dopant that makes
silica photosensitive is germanium. This thesis deals only with Ge based pho-
tosensitivity of optical fibers discovered back in 1978 by Hill al. [1] If the fiber
is illuminated with UV light that has a periodic intensity structure, a periodic
change in refractive index of the doped core of the fiber will be induced, hereby
producing a periodic change in its effective refractive index, i.e. a Bragg grat-
ing. The most common used technique for writing Bragg gratings in optical
fibers is based on the holographic method [14,15] using a phase mask [4].

Phase masks for UV-writing are made of silica with an etched surface as
schematically shown in Fig.1.3. The depth of the profile % is chosen in such
a way that there is no zero order light propagation, i.e. the phase difference
between light propagating in and between the ripples is equal to 7 times an
odd integer number m:

Ayy
k—=*, k=135.. (1.3-1)

silica najr) = 2

hn
where ng,., and n, are refractive indices of silica and air correspondingly
and Ay is the wavelength of the UV light.
The diffraction angles ¥, are determined by

sin¥,, = m +sine, m=+1,%2, +3... (1.3-2)
mask
where A is phase mask’s pitch period and € is the falling angle of the
incident UV light.

Generally, phase masks are designed in such a way that the only diffraction
orders of significance are the first orders of diffraction, i.e. m = +1. This means
that most of the power of the incident UV light is shared between the two first
diffraction orders, thus making it possible to produce a good quality interfer-
ence pattern after the phase mask. The produced UV interference pattern is
then used to inscribe Bragg gratings.

Ph.D. thesis -100f 100- Nikolai Plougmann



1.3 PHASE MASK 11

Figure 1.3: Phase mask diffraction.

Using equation (1.3-2) for € = 0 we get the half-angle ¢ between the
diffraction orders m = 1 and m = —1 to be
sing = M
‘mask

so that the period of interference pattern created by the two orders (m = +1) is
equal to
_ A Agy
2sing 2 Ayy/A

s

mask
or
A= Ayg/2 (1.3-3)

Equation (1.3-3) allows to rewrite equation (1.2-5) as

2m
ky = , 1.3-4
0 Amask ( )
while equation (1.2-4) becomes
Ao = Mo e (1.3-5)

Ph.D. thesis -11 0of 100- Nikolai Plougmann



12 INTRODUCTION

It can be convenient to write equations (1.2-1) and (1.2-2) using dimension-
less variable

=k, (1.3-6)
where k, is defined by equations (1.2-5) and (1.3-4). So we have
”ﬁ—f) =1+ 0() +2k() - cos[2£ + (], (1.3-7)
and in the general case
’%ﬁ 14 0O+ K G2 + 9. (1.3-8)

1.3.1 Linearly chirped phase mask

In a case of a chirped phase mask we have A, = A,«@ = A,«(). Nor-
mally the change of the phase mask period AA along its length z (or ¢) is
much smaller then A, . In this case one can formally consider A, as con-
stant and include the distance dependency into an additional term ¢({). As an
example let us consider a linearly-chirped phase mask of length L with depen-
dency

Amask(z) = AO +cz,

where A, is the phase mask period in its center, ¢ is its chirp and z is the
coordinate along the fiber length 0=z=L. The constants ¢, L and A, must
satisfy the following inequality:

c-L
— <L 1.3-9
A, < (1.3-9)

The phase in equations (1.3-7) and (1.3-8) can be written as:

-1
4n 4n 4n c
2 = 2kyz = = =—|1+— .
{ o* Amask(z) : AO Tz : AO ( AO Z) :

Using that fact that the chirp in the phase mask is small which is given by the
equation (1.3-9), we can rewrite the equation above in the following form:

4 dme
2 =~ —z7— —5 2%
AR

Thus, an effective additional phase ¢(z) in this case will look like:

Ph.D. thesis -120f100- Nikolai Plougmann



1.3 PHASE MASK 13

Returning back to ¢ = kyz we have the following expression for ¢({):

2’r’c , 2n
@) = - =-|+

2
c c
2 2.2

7= F==—kyjz" —

A} Ao) n "

and finally

o) = —% 2 (1.3-10)

The calculations above show that it is possible to disregard the change of
the phase mask’s period and assume it to be constant, but instead one can
introduce an additional effective phase ¢({) in the grating given by equation
(1.3-10).

Ph.D. thesis -13 0of 100- Nikolai Plougmann
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Chapter 2

Photosensitivity in
germanium-doped silica

tant commercial application in the field of telecommunication and op-

tical sensors. However, the fundamental understanding of the UV-
induced processes in silica glasses is still far from being satisfactory. There
exist two different classes of models that try to explain the UV induced photo-
sensitivity.

l l V writing of Bragg gratings in Ge-doped optical fibers has an impor-

> Microscopic models that are based on the assumption that defects formed
in the glass materials lead to the change of its refractive index [16-20],

> Macroscopic models assume that the refractive index changes are based on
the macroscopic effects in the glass such as compaction or stress [21-24].

2.1 Background

ilica is a frozen-in undercooled liquid with no higher order symmetry [25].

The majority of the silicon atoms are bound to four oxygen atoms in per-
turbed tetrahedral structures, with oxygen atoms bound to two neighboring
silicon atoms. Since the germanium atoms have the same number of valent
electrons, they can occupy silicon place without disrupting the geometry of
the glass structure. When germanium doped silica glass is fabricated under
oxygen deficient conditions, a large variety of defects are formed in the glass
matrix. Most of the UV photosensitivity models rely on these defects to ab-
sorb the UV light with the wavelength close to 242 nm where the absorption is
strongest. Strong singlet-singlet transitions at 180 nm and 242 nm and a weaker
singlet-triplet transition at 325 nm are connected with germanium related defect
centers [26].

Ph.D. thesis -150f 100- Nikolai Plougmann



16 PHOTOSENSITIVITY IN GERMANIUM-DOPED SILICA

While the macroscopic models determine the change in the refractive index
through the compaction, stress and corresponding volume change, the micro-
scopic models assume that creation of different defects such as so-called GeE’
centers [27,28] change the refractive index of the silica glass according to the
Kramers-Kronig relation [29]:

s = L 2ot 21

2 1 =AM/

In the equation (2.1-1) above § means the principal value of the integral and
Aa()) and An(d) are the changes in the absorption coefficient of the material
and its refractive index respectively as functions of the wavelength A. A
large number of defects have been identified using theoretical speculations
and spectroscopy. Nevertheless, no satisfactory quantitative agreement with
the experimental results has been achieved for those microscopic models that
are based on the Kramers-Kronig relation.

Despite that in some cases good qualitative agreement with the experimen-
tal data has been found for the macroscopic models, they lack the ability to
describe the fundamental physical phenomena that lead to the refractive in-
dex change. Thus it is desirable to have a comprehensive microscopic model
in order to understand the physical reasons for photosensitivity and be able to
describe it both quantitatively and qualitatively.

2.2 Dipole-quadrupole model

ecently a principally new type of a microscopic model has been developed

by Martin Kristensen, COM, Technical University of Denmark [30,31]. Its
innovative original idea is to disregard the origin and the internal structure
of the germanium related defects, but to take the energy levels and transi-
tions between them into consideration. In this way one does not care about
what the defects actually are and how they give rise to the refractive index
change through the Kramers-Kronig relation (2.1-1). This makes an advanta-
geous background for the theoretical calculations: the number of all thinkable
defects is very large and they are hard to identify, while the energy levels of
the UV absorption spectrum in the germano-silica glasses are unambiguous
and well studied. The model describes UV writing near 242 nm, the influence
of hydrogen loading, and the thermal erasure in germanium-doped silica. In
addition it gives an explanation of many spectroscopic observations during
and after UV irradiation.

The model is based on the assumption that germanium sites in the glass
work as gates for the transfer of energy from the light to the glass matrix.
When a germanium site has absorbed a photon, the energy may be transferred

Ph.D. thesis -16 of 100- Nikolai Plougmann



2.2 DIPOLE-QUADRUPOLE MODEL 17

to other sites in the glass, leading to rearrangement of the local structure. The
energy transfer happens predominantly through dipole-quadrupole transitions,
leading to an r* dependence of the transition probability as a function of
the distance r from the germanium site [32,33], which gives the name to the
model. In addition, some multiphoton processes are possible using the excited
germanium-site state as intermediate level. It is assumed that two different
metastable defect states are formed in the silica matrix. One of these is pos-
sibly identical to the triplet state identified through ab initio calculations by
Sulimov et al. [34] Formation of the first type of defect in the glass increases
the refractive index because it is situated higher in the band gap, bringing its
fundamental transitions closer to visible wavelengths. On the other hand, for-
mation of other defects with very small overlap integrals reduces the refractive
index, since transitions from these states to more normal electronic glass states
are forbidden.

The most basic assumption of the model is that energy is initially absorbed
in close vicinity of the germanium atoms and later transferred to other sites
in the glass where defects are created. The 242nm absorption is strong for
oxygen-deficient germanium-doped silica due to so-called germanium-related
oxygen-deficient centers (GODC) and very weak or absent for fully oxidized sil-
ica [35]. Most UV writing uses wavelengths near the 242 nm absorption [4, 6].

In Fig. 2.1-(a) a simple energy level scheme for germanium sites is shown.
The model assumes that two metastable defect sites with long lifetimes exist
in the glass. One of these defects is responsible for positive index changes
and is referred to as a D, defect in Fig.2.1-(b). Another defect denoted D, in
Fig.2.1-(c) accounts for negative refractive index changes. It is assumed that a
UV photon excites a GODC defect from its ground state 'S, to its excited state
'S,. By a dipole-quadrupole transition a nearby site in the silica matrix is excited
into a D, wherefrom it falls into a metastable state D, through a non-radiative
decay with significant structural rearrangements. In order to return to the orig-
inal glass matrix configuration and annihilate the photoinduced index change,
structural rearrangements are required, thus giving D, virtually infinite life-
time at normal conditions. Thermal excitation is necessary to return the glass
matrix to its original state and hereby remove the refractive index change.

Another metastable state D, is generated during further exposure. It may
be a result of further rearrangement of D, defect, which would explain that the
negative index change is preceded by a positive index change. The D, defect
may absorb another UV photon and be excited into the band gap. This process
is speeded up by the presence of the hydrogen molecules since their singlet-
triplet transition coincides with the energy of the D, state plus the energy of
the UV photon as shown in Fig.2.1-(c). As a result, hydrogen and deuterium
will catalyze the elimination of the index reducing defect. The effect is greatly
enhanced by heating which excites the molecules to their first vibration level
and effectively reduces the H, singlet-triplet transition energy to 11.5eV.

Ph.D. thesis -170f 100- Nikolai Plougmann
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2.3 SUMMARY 19

Hydrogen loading is presumed to catalyze the absorption both because of
the presence of a nearby OH transition [36] and because it may modify the
germanium sites in such a way that they become oxygen deficient [37] and
increase the 242 nm transition probability. Both these catalytic effects may de-
mand initial activation and therefore be facilitated by heat treatment.

If one denotes the concentration of the index increasing defects D, as x and
the concentration of the index decreasing defects D, as y, one can write the
rate equations for the defect concentrations x and y assuming that y < x < 1

dx
T =c,(1 =x)—c,yx,
(2.2-1)
dy
% = c3x - C4y,

where ¢ is time and parameters ¢,, ¢, c¢; and ¢, are rather complicated func-
tions of the UV laser wavelength and intensity, hydrogen loading pressure, de-
cay rate for the allowed optical transition and the distance r from the nearest
germanium atom [30, 31].

With initial conditions x(0) = 0 and y(0) = 0 one can solve the rate equa-
tions (2.2-1) and find x and y as functions of r and r. The UV induced re-
fractive index change is calculated by integrating over the germanium mo-
lar volume while it is assumed that the distribution of germanium atoms is
equidistant. The resulting index change An is given by an equation which
looks like

Tmax

An(t) o« f [An" x(t, r) + An) (¢, r)] p(r)rdr. (2.2-2)

max’

0

In the last equation (2.2-2) An . is the index change induced by unit density of
index increasing defects and An), is the index change induced by unit density
of index decreasing defects. In the model they are assumed to be equal to 0.04
and —0.1 respectively. The value of r,,, is the radius of the GODC “unit cell”
and p(r) is a the radial density function of germanium atoms, determined from

experimental X-ray diffraction data for silica [38].

2.3 Summary

o my knowledge, the dipole-quadrupole model is one of a few microscopic
models which give satisfactory qualitative and quantitative description of
the UV photosensitivity in germano-silica glasses. Nevertheless, my personal
opinion is that a large number of introduced parameters (over 20) make the
model difficult to comprehend and obscure its physical meaning. On the other
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20 PHOTOSENSITIVITY IN GERMANIUM-DOPED SILICA

side, the large number of parameters give hope that the model and its pre-
dictive ability can be improved significantly if more work is done on adjust-
ing them. I feel that especially those parameters that describe hydrogen (and
deuterium) loading need a lot of hard work of adjustment. While the the-
ory provides excellent description of the photosensitivity in fibers without H,
loading [30,31], I never succeeded in getting satisfactory coincidence between
the model and the experimental results for the loaded fibers. Possible explana-
tion for this fact could be that UV writing is very sensitive to hydrogen loading
and depends on the concentration of the hydrogen (or deuterium) in the fiber’s
core. However, one can never be sure how large the concentration of hydro-
gen is in the core of the fiber. Partly because there are no direct easy methods
of its measurement and partly because it changes all the time during the UV
exposure due to its out-diffusion. Fig.2.2 shows an example of a 5mm long
uniform grating written in D, loaded HNLF fiber (section 4.4). The discrep-
ancy can be also partly explained by the fact the loading pressure of ~ 100 bar
was not known precisely.

A useful generalization of the model could
be to choose the unknown parameters in such
a way that the model also describes other type
of optical waveguides, not only optical fibers
that the parameters have been optimized for.
As one can see in the figure to the left, an op-
tical fiber works as an optical lens for the UV
light. Simple geometrical calculations below
show that a fiber’s core with refractive index n
of the cladding effectively gets n times as much
UV light as a planar waveguide would get un-
der the same exposure conditions.

sina = r/R,
sinf = (sina/)/n = r/(nR) ,
a/R =sinf =r/nR),

r=na.

In the calculations above, a is radius of the
fiber’s core, n is the refractive index of its clad-
ding at wavelength of the illuminating UV light,
R is the cladding’s radius. The meaning of the
geometrical parameters @, S and r is clear
from the picture.

Thus the last equation

—=n
a
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shows that an optical fiber functions as an optical lens delivering n ~ 1.5 as

5 mm, HNLF, D _-100bar, 105 mJ/cm’, 5 Hz, 248 nm
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Figure 2.2: Comparison between experimental results and predictions of the
dipole-quadrupole theory for a 5mm long uniform grating written in
deuterium loaded HNLF fiber. UV laser parameters: 248nm excimer
pulse laser at 5 Hz and 105mJ/cm? pulse fluence.

Ph.D. thesis

-210f 100- Nikolai Plougmann



22 PHOTOSENSITIVITY IN GERMANIUM-DOPED SILICA

much UV radiation to the fiber’s core as a planar waveguide would do. If one
takes this into account by multiplying the power delivered to core by n and
adjusts the model’s unknown parameters using the new value of UV intensity
in the fiber’s core, then the model should be able to describe all kinds of optical
waveguides, not only fibers. There is of course a question about reflection at
the core-cladding border but it should not be of any significance because of
a small difference in the refractive indices of the core and the cladding of the
fiber.
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Chapter 3

Fiber Bragg grating theory

gratings will be derived. Most of the results of this chapter are well-known

and have been published in the literature [3,4,39]. Nevertheless there are
several reasons that make it appropriate to reproduce the most important as-
pects of the theory here:

In this chapter the main features of the mathematical model for fiber Bragg

> this chapter will make the thesis more complete for those readers who are
interested in theoretical questions and will reduce their need to search for
other sources of information,

> it will concentrate on the application of the fiber Bragg grating theory to
the issues dealt with in the thesis such as polarization control method (sec-
tion 4.1) and grating design using Levenberg-Marquardt method (section
5.1),

> it will be hopefully useful for my colleges who will continue working on
fiber Bragg grating design and fabrication, and who will use this thesis
as a reference book.

The derivation given in the chapter and throughout the thesis describe
single-mode fibers and they cover such topics as fiber optics, coupled mode theory
and transfer matrix method.

3.1 Fiber optics

s mentioned in section 1.1, one has to solve the general Maxwell’s equa-

tions in order to describe propagation of the infra-red light through op-
tical fibers. This is explained by the fact the wavelengths of the propagating
light are compared to the diameter of the fiber’s core.
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24 FIBER BRAGG GRATING THEORY

3.1.1 Maxwell’s equations

We determine the electric and magnetic fields of guided waves that satisfy
Maxwell’s equations and the boundary conditions imposed by the cylindric di-
electric core and cladding. We will show that there are certain solutions, called
modes, each with its own propagation constant and field distribution in the trans-
verse plane. Only single mode fibers will be dealt with in this thesis, both for the
sake of simplicity and because of the fact that only this kind of fibers has been
used in the experimental part of thesis. The Maxwell’s equations that describe
the electromagnetic field state [40]:

0B
VXE =—-——",
% ot

oD
vxH=22 47,
*EEe T (3.1-1)

V-D=p,

V-B =0,

where E and H are electric and magnetic field vectors respectively, B and D
are magnetic flux and magnetic displacement vectors, while J and p are displace-
ment current and volume charge density respectively. The latter two are equal to
0 in the dielectric media of the fiber with no free charges:

J=0,
{sz (3.1-2)

The Maxwell’s equations (3.1-1) should be combined with the constitutive re-
lations that characterizes given media where the electromagnetic waves are

propagating:

D=¢E+P,
(3.1-3)

B =y H,

where P is induced polarization, € is the dielectric constant and u,, is the mag-
netic permeability.

The dielectric media of the fiber can be considered to be linear for the
those weak intensities of the infrared light that propagates through the fiber
ie. P = ¢E, where y the linear susceptibility of the media. This leads to the
proportionality between D and E :

D = geE, (3.1-4)
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3.1 FIBER OPTICS 25

where € = 1 + y is relative permittivity of the media which is connected to the
refractive index n by
€=n (3.1-5)

3.1.2 Wave equation

Using equations (3.1-1), (3.1-2), (3.1-3) and (3.1-4) we can obtain a so-called
wave equation for vector E if we define following complex notation for the
electric field E that represents a Fourier component of the field with angular
frequency w and propagation constant 8 and complex amplitude E :

E = Re[E '], (3.1-6)

where Re(z) stands for a real part of a complex number z. In the above equa-
tion z is a coordinate in the direction of wave propagation.

The electric field in the fiber is described by the wave equation written using
the cylindrical coordinates p, ¢ and z:

2
HW + (9) (o, ¢, z)]J E(p,6,2)=0, (3.1-7)
c
where ¢ =1 / \€ 11, is the speed of light in vacuum. From equations (3.1-6) and

(3.1-7) one can easily see that the field components can be separated from each

other |E’(p, @, z)| = E(z)¥(p, ¢):

dP’E
clzll2(Z) +B°E,(2) = 0, (3.1-8)

and 5
ﬂvi + (%) (p) - /32][ W, ¢) = 0, (3.1-9)

where transverse component of the electric field ¥(p, ¢) does not depend on ¢
in the case of a single mode fiber. The transverse component of the Laplacian
V2 is given by:
10 0 1 &

e R s

oo P ap) T p? o

If a is the fiber core’s radius then the refractive index n is given by the

following equation as shown in Fig. 1.1:

n forp < q,

n(p’ ¢’ Z) — }’l(p) — { core

(3.1-10)
Nyq forp>a.

In this case the wave equation (3.1-9) can be solved analytically assuming that
the fiber radius is much larger than its core radius [41]. The general solution
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26 FIBER BRAGG GRATING THEORY

is expressed by Bessel functions J, (x) and K,(x) for m = 0,1,2,3... For the
transverse component of the electrical field one can write

W, ) = AJ, (xp) exp(il'nqﬁ) exp(i[?z) forp < q, (3.1-11)
CK,,(yp) exp(ime) exp(ifz) for p > a,
where A and C are some normalization constants and
2 = (wle)nk  —B2
core ’ 3.1-12
,y2 — BZ _ (U)/C)z n(z;lad' ( )
One can readily see that
4y = (M = M) (WIE) (3.1-13)

For a single-mode fiber equation (3.1-11) can be simplified as we have m = 0
in this case. Furthermore, requiring a continuity of E, at the core-cladding
boundary for p = a in equation (3.1-10) we get the following dependency for
¥(p) as a function of radial distance p:

Yp) « Jo(xp)/JO(xa) forp < g, (3.1-14)
Ky(yp)/Ky(ya) forp > a.

3.1.3 Effective refractive index

Most fibers are weakly guiding, i.e. n., ~ ngy [13]. One can show that for
weakly guiding fibers the derivative of the field (3.1-14) must be continuous
on the core-cladding boundary as well. This imposes an additional equation
for X = xa and Y = vya:

J,(X) K, (Y)
=Y . 3.1-15
Jo(X) Ky(Y) ( )
One can rewrite equation (3.1-13) as
X*+Y? =V (3.1-16)

where V = (wa/c) (n?,, - nglad)l/2 is normalized frequency. It can be shown [41,

42] that a step-index fiber has only one propagating mode if
V < a ~ 2.405, (3.1-17)

where « is the first positive root of the equation J(a) = 0.

Equations (3.1-15) together with (3.1-16) determine X and Y and hereby
x, v and B. The effective refractive index n(w) of the propagating electro-
magnetic wave is defined as

n(w) = (W) c/ w. (3.1-18)
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3.1 FIBER OPTICS 27

3.1.4 Confinement factor

Confinement factor T is the fraction of modal power that is contained in the core
where the UV photosensitive refractive index change occurs. In cylindrical
coordinates of the optical fiber it takes the following form:

f (o) pdp
r=2 , (3.1-19)

f ¥ (o) pdp
0

where ¥(p) is given by equation (3.1-14). The integral (3.1-19) can be readily
calculated analytically if the following integrals are used [43]:

X

2 ~ 2
f I3 ) dt = % [7500) +J7X)] and f tK3(t)dt = % [Ki (V) - Kg(1)].
0 Y

Thus we have:

J2X) + JHX)

_ 2
F=Km RO KIY) + I X) KXY

(3.1-20)

where X and Y are defined by X = xa and Y = ya as above.

When exposed to UV radiation, the refractive index of a photosensitive
fiber core changes its value. This leads to the change of the effective refrac-
tive index. Due to the small changes An < n, and An_, < n,,. one can
assume a direct proportionality between An,, and An_ .. The proportionality
coefficient can be easily found using definition of the effective refractive index
(3.1-18) and (3.1-12). Simple but slightly cumbersome calculations lead to the

following result:

dneff ncore 2 J(%(X) + JIZ(X)
I = KoM 5t Y T
n JoX) K (Y) + JT(X) K5(Y)

core eff

Comparing this result to equation (3.1-20) we have:

dneff =T Peor ~T
dn n ’

core eff

so that we have the following relation between An, and An_, which is a
good approximation for a majority of practical situations:

a1
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28 FIBER BRAGG GRATING THEORY

Since the change in the effective refractive index is a consequence of the
change in the refractive index of the fibers core, it is more practical to rewrite
equations as (1.2-3)

o(2) = T ng, (2)/ ny,
(3.1-22)

k(@) =T nyo4(2)/ ny,

where n,,.(z) is the average refractive index change in the core of the fiber, n,,
is the amplitude of the core’s refractive index change and as before n, is the

unperturbed effective refractive index of the fiber without the Bragg grating.

3.2 Coupled-mode theory

Coupled—mode theory is an intuitive and straightforward model that accu-
rately describes fiber Bragg gratings. It is discussed in details in a large
number of articles and books [4,41,44—49]. The grating is treated as a pertur-
bation to the fiber. This means that () and «({) in equation (1.3-8) must be
much smaller than one for all {. In the presence of a Bragg grating equation
(3.1-8) looks like:

CFEH(Z) 12 [”eff(Z)

2
P ] E(2) =0, (3.2-1)

Mo
where n, is effective refractive index of the unperturbed fiber without the
grating, k = wny/c and n.(z)/n, is given by (1.3-7). The wave number k,
from equation (1.3-4) identifies the nominal wave number of light at the Bragg
scattering resonance (1.3-5), and the corresponding nominal resonance frequency
wy = ck, /”0~

It is convenient to define a detuning parameter in order to proceed further:

w — W,

s (3.2-2)

Wy

Using this definition we can rewrite equation (3.2-1) in terms of { = k,z as an
independent dimensionless variable

d’E\({)

e +{1+2[0(Q) + 6] + 2k(0) exp(+iy) + 2«() exp(—iy)} E,(() = 0,  (3.2-3)

where y = 2 + ¢({).
In the absence of the grating (o, « = 0) the solution to the above equation
in the vicinity of ¢ = 0 looks like

E\(0) = a, exp(+i{) + a_exp(=i{).
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3.2 COUPLED-MODE THEORY 29

Therefore as a first order approximation one chooses to look for a solution to
equation (3.2-3) in the form:

E(Q) = Ej(O)+E; () =a, () exp(d) + a_({) exp(—il). (3.2-4)

The two terms in this equation describe the forward and backwards propagat-
ing modes respectively. It is convenient to write a,({) and a_({) as

a,(0) = u(Q) exp [+§ so(o] ,

. (3.2-5)
14
@O =vOexp| -5 @),
so that we have

Ef () = u@) exp|+iv(0)/2],
(3.2-6)

E;(0) = v exp|-iv(0)]2].

Using (3.2-6) one can rewrite equation (3.2-4) as

B = u@ew |+ 70 [+ v e -1 (3.27)

Inserting equation (3.2-7) into (3.2-3), ignoring the terms that are rapidly oscil-
lating and collecting together the terms with exp [liy(( ) / 2| and exp [— iy() / 2] ,
we get the coupled-mode equations that describe the coupling between the two
counter-propagating modes [46]:

d
Z@ ) C OO + KOO,
¢
d
;?) = =i [6(OV() + k(u)],
(3.2-8)
where
o 1 di(0)
0 =00 +i-5 B, (329

These equations (3.2-8) describe coupling, i.e. energy exchange between
the two counter-propagating modes. Multiplying the first of these equations
by u*({) and the second one by v*({) we get:

Q) _ O

u(4) dc dc

{60 [[@F + MO+ KO b@Ow @ + v 1}

Ph.D. thesis -29 of 100- Nikolai Plougmann



30 FIBER BRAGG GRATING THEORY

Using the fact that 0({) and «({) are real functions, we can add the last equa-
tion with its complex conjugate to get an equation which expresses energy con-
servation between the two modes (despite of energy exchange between them):

% |l = @] = 0. (3.2-10)

In order to solve the coupled-mode equations (3.2-8) one has to impose some
boundary conditions. This is done by the physical interpretation of the cou-
pled modes. The amplitude of the backward propagating mode, given by v({)
should be equal to zero for all possible ¢ at { = {, = k)L, where the grating
ends. (Here we assume that the grating has length L and that it spans from
{ =0 to ¢ = ¢ ). Wehave a system of boundary conditions that have to be
solved together with the coupled-mode equations (3.2-8) and (3.2-9):

u(0;6) = uy,

WC8) = (3.2-11)

One can define the reflection coefficient r(6) and the transmission coefficient
t(6) of the grating in terms of u and v in the following way:

r(0) = a_(0)/a,(0) = e~ v(0)/ u,,

£(6) = a+(§L)/a+ ) = 292 pi00]2 u(é’L)/ ™ (3.2-12)

where ¢, = ¢(0).

3.3 Weak gratings

Weak Bragg gratings are the gratings with small coupling coefficient k - 0. In
this case we can use the first-order Born approximation [50]. This approxi-
mation means that the forward propagating wave is unaffected by the grating,

ie.
{

i f a(t)dt
0

which is obtained from the boundary condition (3.2-11) and the coupled-mode

equations (3.2-8) when «({) = 0. This expression for u({) should be substituted

into the second equation in (3.2-8), and the resulting first-order equation for

v({) should be solved with the boundary conditions v(co;8) = 0 and v(0,d) =

r(6) uy €. The result is

s

u({) = uyexp

{

v({;0) = —ug exp {—i’f@'(f) dt

0

fQ*(é”)d('
¢
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and

HO) = € v(0:6) 1y = — f 0O e, (3.3-1)
0

where

l
0@) = ik(() e exp [_Zi f G (t) dt
0

Using the definition of 6(¢) (3.2-9) we can rewrite the last equation (3.3-1)
in the following way:

0o

r(6) = —fq*({) exp(i6d) dl (3.3-2)

0

or

o

__ L g ; .
r(6) = zfq (2) exp(id ) d¢. (3.3-3)

0

We can see that r(6) does not depend on u, as expected. In the last equation
(3.3-3)

¢
q({) = ik(J) exp [l’@({) - Zif o) clt] (3.3-4)
0

is a complex coupling coefficient.

Thus, in the first order Born approximation the reflection coefficient r(d) is
given by the Fourier transform of the complex coupling coefficient. If we have a
uniform grating o({) = o, k() = « and ¢({) = ¢, then from (3.3-4)

q () = —ike ®expicl).
This gives rise to the reflection coefficient r(¢) of the grating with normalized
length ¢ :
r(6) = ik, sinc (&{L) e 'L, (3.3-5)

where ¢ = 0 +§ according to (3.2-9) and sincx = (sin x)/x.

3.4 Uniform fiber Bragg grating

niform fiber Bragg grating is characterized by constant values of o ({) =
o, k() = k and ¢({) = ¢,. In this case the coupled-mode equations (3.2-8)
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can be solved analytically. By differentiating the coupled-mode equations and
substituting them again in stead of the first-order derivatives, we get:

d*u({)

i - Eu(Q),
- (3.4-1)
0 e,
where
£=(-067)".

This shows that the band gap of a uniform grating is given by |¢| < « or ac-
cording to (3.2-9)
[6+0]< k (3.4-2)

Equations (3.4-1) should be solved using the boundary conditions (3.2-11).
Knowing u({) and v({), we can find transmission ¢ and reflection r using
their definition (3.2-12). The result is [51,52]:

. A

t(0) = [cosh (§§L) Y

-1
7 sinn(ez,)|

(3.4-3)
_i

3

If we now consider a weak uniform grating for which & ~ i6, then we get an
expression for r(6) which coincides with equation (3.3-5) as expected.

-1
r() = (ix/ £) € sinh (£, ) [cosh (£2,) sinh (ggL)] .

3.5 Spectral characteristics of Bragg gratings

sing boundary conditions (3.2-11) one can define such properties of a grat-
ing as its reflection r(w) and transmission t(w) (3.2-12) as well as its reflec-
tivity and its transmittivity

R(w) = [r(w),

5-1
T(w) = [t(w)P. (3.5-1)

Spectral properties of a grating can be measured from two different sides
(from its front and from its back). One can show that these two type of mea-
surement give the same result for transmission #(w) and in general different
results for reflection r(w) which we will denote r*(w) and r~(w). They have
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3.5 SPECTRAL CHARACTERISTICS OF BRAGG GRATINGS 33

the same amplitude or reflectivity R(w) but different phases [44,53]. In general
the following two equations are valid for a lossless grating [53,54]:

=[P+ 1 = 1,
(3.5-2)
r+/(r‘)* = —t/t".

Dispersion properties of a grating are often given by its group delay in trans-
mission D,(w) defined in terms of the accumulative phase ¢, of the transmission
coefficient #(w) by the equation D,(w) = d¢,(w)/dw and the two group delays in
reflection D*(w) = 9¢;(w)/dw defined in terms of the accumulative phases of
r*(w) respectively. These five quantities are related to each other by simple
equations that follow from (3.5-2):

Rw)+T(w) =1, (3.5-3)
D} (w) + D7 (w) = 2D, (w). (3.5-4)
Moreover, the group delay D,(w) in transmission and the transmissivity

T(w) are related by the following equation given in the form of a Hilbert trans-
form:

_1 JE@log VT (w) do’
m 0w’ W -w

—00

D,(w) - D, =

) (3.5-5)

where f denotes the principal value of the integral and the constant D, =
D,(0) is equal to the propagation delay in the absence of the grating [53].
Equation (3.5-5) is a consequence of the fact that the transmission coefficient
t(w) and its reciprocal 1/7(w) are causal functions (i.e. their Fourier transforms
are equal to zero for negative times) [45]. In general, a grating exists that corre-
sponds to any causal reflection coefficients r(w). This is not true for any causal
transmission coefficient #(w) because its real and imaginary parts have to be
related to each other by equation (3.5-5).

Finally, dispersion d(w) is defined as a derivative of the group delay with
respect to the wavelength A = 2mc / w:

dD.(}) _(de(w)) /(@) _2mc dD (w)
dr T\ dw do)  * dw

where x stands for three different types of dispersion t, r* and r~, i.e. disper-
sion in transmission d, and two dispersions in reflection ;.

It should be noticed that r~(w) = r*(w) in a case of a symmetric grating [53].
In this have we have the following relations as well

D,(w) = D} () = D (w)

d(w) =

(3.5-6)

and
d(w) =df (w) = d (w).
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3.6 Transfer matrix method

he transfer matrix method is based on the fact that it is possible to relate the

amplitudes of the forward and backwards propagating waves u({ + A{)
and v({ + A{) at the position ¢ + Al along the grating with their values u({)
and v({) at ¢, if we know the spectral characteristics of the that part of the
waveguide that lies between ¢ and ¢ + Al.

We can write [39,55]:

W) | [ a0 ]
[v(o] =T [v(§+Ao ] (6D

- - t—rrft o/t
TEMT Tﬂzm / /H. (3.62)

Ty o, —rt/t 1/t

For a lossless grating we can rewrite (3.6-2) using equation (3.5-2):

) “ 1/ r/tu H 1/ =(rt/t) N
e _ . (3.6-3)
-/t 1/t —rt/t 1/t

It should be noticed that for a lossless grating equation (3.6-3) leads to

where

det (T) =1,

which expresses the energy conservation.

If the grating is divided into a large number N of parts, then we can con-
sider each part of the grating to be uniform with reflection r(6) and transmis-
sion #(d) given by equations (3.4-3). The part of the grating with number i is
situated at { = £, has normalized length AZ; and coupling coefficient «; = «(;)
and & = G(£). The transform matrix T, of this part is given by the following
equation according to (3.6-3) and (3.4-3):

cosh (§,AZ) + G i (£A7) (ik,/ £) € sinh (€AL)
T = & i6 . (3.64)
—(ik,/ &) e sinh (£,AL) cosh (£AZ;) - ? sinh (£,A¢;)

where ¢ = (€ - 62)" and ¢, = ().
Thus, dividing a non-uniform grating into a large number N of uniform grat-

ings, we can find a transfer matrix T of the whole grating as

=z

-1
T=||(T

i

o (3.6-5)

Il
(=1
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3.6 TRANSFER MATRIX METHOD 35

This gives us an immediate opportunity to find the spectral characteristics ()
and r*(0) of the whole non-uniform grating using equation (3.6-3):

t(é) = 1’\/ Tz‘gj
o) =- Tz,1/r¥2,2’ (3.6-6)
r () = T1,z/ Ty,

Equation (3.6-1) is valid for “transfer” from right to left. It is possible to
write it in a way that describes “transfer” from left to right. We can write:

WD) | a [ @ ]
[v({wo] =T [v({) ] (367)

Using equation (3.5-2) one can show that

N K 1/t —r/w ﬂ 1/t (th)’W
T = = . (3.6-8)
r/t 1/r rlt 1

And the transfer matrix T~' of the whole grating is given by an equation simi-
lar to equation (3.6-5):

N
=] ](T). (3.69)

4

It should noted that normally the transfer matrix method uses a special
subdivision of the whole grating into uniform parts, namely the parts should
all start with the same value of the total phase of the grating. It is however
straightforward to generalize the method for arbitrary start phases of different
parts. In this case equation (3.6-4) has to be modified. One should use the
whole phase of the grating defined in equation (1.2-2) instead of its additional
phase ¢(z) . This means that one has to make a substitution in equation (3.6-4)

2
0. - Xﬂ L+ (3.6-10)
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Chapter 4

Bragg grating inscription

profile) during the inscription process have been introduced [8, 56-62]

since the side-writing method was discovered by Meltz et al. using co-
herent UV-light [14]. The simplest approach is to scan an UV-beam over a fixed
phase mask/fiber assembly [58]. By post processing the resulting index mod-
ulation in a second exposure, apodized gratings can be fabricated [8, 56, 57].
For tailored gratings, a custom made phase mask with the appropriate surface
corrugation may be used [59]. Two different sequential writing techniques
have been introduced by Stubbe et al. [60] using an interferometric scanning
technique and by Cole et al. [61] using the moving fiber/phase mask scanning
technique. These two techniques offer high flexibility for the apodization pro-
file including multiple phase shifts and chirp, but due to the strict requirements
to thermal and vibrational stability, these methods are very expensive and del-
icate to realize.

In this chapter an alternative flexible and cost-efficient technique is de-
scribed. It is based on spacial separation of the two polarizations of the in-
cident UV light, and hence its name Polarization Control Method (PCM). It has
been developed at the Bragg grating and poling group, COM, DTU during the
last three years i.e the period of this Ph.D. thesis. We have earlier described
the method and the obtained results in a number of articles [63, 64], confer-
ence reports [65-72] as well as COM’s internal publications [73-77]. A bigger
summarizing article is in press at the moment [78].

f ;everal techniques for controlling the index modulation (or apodization

4.1 Polarization control method - Setup

he experimental setup of the polarization control method is schematically il-
lustrated in Fig.4.1. It is based on controlling the polarization orientation
of the UV-beam from a A, = 248 nm KrF excimer laser during the process of
UV-exposure which is done using a UV polarizer. The UV beam is split up into
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UV-light
|

polarizer

beamsplitter
[

phasemask

dair

Figure 4.1: Experimental setup scheme for the polarization control method
used at COM,; the red and blue colors distinguish between the two differ-
ent polarizations (s- and p-polarizations) of UV-light that are split by the
beamsplitter at the angle 2e to each other.
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4.1 POLARIZATION CONTROL METHOD - SETUP 39

two parts with different polarizations (so called s- and p-polarizations) using
a polarization beamsplitter that diverges the two polarizations from each other
by a small angle 2e = 0.14°. The orientation of the polarizer aligned with re-
spect to the fiber and described by angle 6 determines the fraction of UV-beam
power that is distributed between those two polarizations. According to the
Malus” law [79] the fraction of energy in those two polarizations are ¥ and ¥,
defined by e e
~=F-sin" 6,
{ F, =T cos’f, (&1-1)
where ¥ is UV-beam fluence after the polarizer (if we neglect the losses in the
beamsplitter). The two different polarizations (red and blue in Fig. 4.1) create
two different interference patterns in the fiber as explained below. It is possi-
ble to adjust the distance d,,, between the phase mask and the fiber so that the
interference patterns have a phase-shift = between each other, which gives us
opportunity to control the amplitude of the resulting interference pattern am-
plitude A. Itis equal to the difference between the two polarizations’ fluences
as it will be explained below:
A= 7}'—7—; =F- (00520— sin29) = F-cos(26).
Thus by controlling the angle 6, one can choose the desired amplitude of the
induced Bragg grating at a given position of the laser beam. So by moving
the laser beam together with the beamsplitter along the fiber and by control-
ling the angle 6 by a computer program, one can induce a Bragg grating with
arbitrary refractive index modulation profile.

The polarizing beamsplitter used in the experiment
consists of two air-spaced prisms made of aniso-
tropic (uniaxial) crystals with optic axes directions
as shown at the picture to the left. This beamsplit-
ter is referred to as a Wollaston prism [13]. When
light (polarized or unpolarized) refracts at the sur-

o @®°Ptic face of an anisotropic crystal the two polariza-

B auls tions refract at different angles and are spatially
Op?iC» separated. Those two polarizations are the one
ZLE which is parallel to the surface between the two

prisms and the other one which is perpendicu-
lar to it (blue and red color in the picture). The
€ value of the angle € between one of the diverged
beams and the original direction of the beam, de-
pends on prism’s geometry (its angle § and optic
axes orientation) and its refractive indices (there are two of them [80] for any
anisotropic uniaxial crystal). In our case we use a beamsplitter which provides
an angle 2e = 0.14° between the two polarizations.
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4.2 Polarization control method - Theory

ince the polarization control method induces a constant average refractive in-

dex change n,, along the whole grating (o = const) and no chirp in the
grating ¢({) = const, it is convenient to choose another parameter that charac-
terizes the dependency on the light frequency w. According to equation (3.2-9)
one can choose ¢ instead of 6. The central wavelength A, which defines the
position of the transmission peak of the grating is given by & = 0 or using
equations (3.2-2) and (3.2-9) we can show that

A =2, (1+0) =A0(1 +r”;ve), (4.2-1)
0
where we used equation (3.1-22) and A, is the Bragg wavelength of the grating
given by (1.2-4) and (1.3-5).
Since gratings fabricated with the polarization control method have no chirp,
i.e. () = const and ¢({) = const, their spectra will be symmetric with respect
to this central frequency A, [53].

4.2.1 Phase mask diffraction

After having passed through the polarizer and the beamsplitter as shown in
Fig.4.1 the UV-light is split into two diverging beams with different polariza-
tions. Depending on the angle 6, the two beams have fluences %, = ¥ - cos?
and ¥, = F- sin” @ as mentioned above. The two beam fall at angle € = 0.07° at
the surface of the phase mask. According to equation (1.3-2), both beams will
be diffracted by passing through the phase mask with period A .

The phase mask is produced so that the zero-th order diffraction peak is
highly suppressed as described in chapter 3 by equation (1.3-1). The two first
order diffraction peaks are characterized by diffraction angles that one can get
from (1.3-2) for m = +1

A
sin®, = + — 4 sine, (4.2-2)
mask

for s-polarization with € = 0.07° (blue color in Fig.4.1). The same expres-
sion can be written for p-polarization except for € should be changed to —€ in
equation (4.2-2):

In our case

248 nm Ay ) ) .
0.23 ~ = > sine | = sin0.07° =~ 0.00122.
1070nm

mask
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Here because of the fact that the angle € is very small, one can use the approx-
imation sine ~ tane ~ ¢ where the angle is measured in radians € = 0.07° ~
0.0122radian. By measuring € in radians and by denoting for convenience’s
sake

we can write

sin¥}, =+7+€ (4.2-3)

with € < 7 and the corresponding similar expression for ¥
The angle ¥, is the angle in the fiber’s cladding with the refractive index

+1

n, due the refraction of the beams on the fibers surface. It can be readily found
from the Snell’s law [81] that is valid for both polarizations:

sin?,, +7v+
siny,, = ——=l= =TT (4.2-4)

n, ny

where equation (4.2-3) has been used, n, can be taken to be equal to the refrac-
tive index of the pure silica at the UV wavelength A, = 248nm of the used
laser beam. According to [82] n, ~ 1.509.

Using these expressions for ¥,, and ¥,;, we can readily find the distance
u in Fig.4.1 expressed through d,; (distance between the fiber and the phase
mask) and d; (fiber’s diameter):

u=d

air

df ’
-|tan'¥,,| + 3 [tan ¥, (4.2-5)
Similar expression can be written for distance v :
df ’
v=d, -|tan¥_,| + 3 |tan¥” . (4.2-6)

So the distance w between the two points where the s- and p-polarizations
converge is equal to:

d
w=u-v=d, - (l tan‘If+l| - |tan‘I’_l|) + Ef (| tan‘I”+1| - |tan‘I”_l|), 4.2-7)

where we used (4.2-5) and (4.2-6).
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4.2.2 Fiber-to-phase-mask distance

Since € < 7, we can use the following approximate expressions that can be
derived from equations (4.2-3) and (4.2-4):

2e

|tan‘I’+1|—|tan‘I{l|= 2)3/2,

(4.2-8)
2€

|tan‘P’ |— |tan‘I”7 | =
+1 1 n2(1 _ Tz/n%)3/2
Remembering that the period of the grating is equal to half of the phase
mask’s period according to (1.3-3) we get an expression for the spacial phase
shift S between the two polarizations if we combine equations (4.2-7) and (4.2-
8) together:

:8 =2m d = Amw = 4me 2dair + df
M/ 2 A A [ (1-72)" ny(1-7/n2)"” |

(4.2-9)

In the optimal configuration of the experimental setup one has to choose
the distance between the fiber and the phase mask so that the phase shift be-
tween the two interference patterns is equal to :

Bigea = 7. (4.2-10)

This allows us to find the ideal distance d;;, between the fiber and the phase
mask which ensures phase shift = between the two interference patterns:

d’ = Amask _ df 32 ~ Amask _ df

- 12 _mask 7
air [ Tge 2n2(1—T2/n§)3/2 (1 T) T 8¢ 2n,

(4.2-11)

For the typical values of the parameters in equation (4.2-11) we get an approx-
imate value of the distance d, :

air *

%
dai r

= 68 um.

Actually, an uncertainty in the technical specifications of the beamsplitter of
about Ae ~ 0.0025° = 5- 107 gives rise to an error Ad,, in the theoretically
calculated value of d,, :

mask
8¢’

IAd

airl -

Ae = 5pm.
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This gives the final result for the theoretically calculated d, :

4 = (682 5) pm.
IR (4.2-12)

Experimentally found optimal value of dZ, is about 70 um which agrees per-

fectly with the theoretically calculated value (4.2-12).

In practical experimental situations, the distance d,,, can deviate from its
ideal value 4}, , giving rise to the deviation AS of the phase shift g from its
optimal value of z. Equation (4.2-9) leads to the following expression for the
phase shift deviation AS:

8me 8me
A:B = —23/2 Adair ~ A Adair’
Amask (1 - T ) ‘mask

(4.2-13)

where Ad

air

tions (4.2-11) and (4.2-12).

is the deviation of d,, from its optimal value 4,

air

given by equa-

4.2.3 Interference pattern

The two interference patterns from the two polarizations of the UV light have
the average intensities defined by equation (4.1-1) so that the intensity varia-
tions of the UV light along the fiber are given by

F (&) =F-cos?@[1 +vcos(20)],

p -

{ F(L) = F-sin*O[1 +vcos(2L + )], (4.2-14)
where { is a normalized length of the grating defined by equation (1.3-6), v is
the visibility of the interference pattern defined by the UV laser’s characteris-
tics [7] and B is the phase shift between the two interference patterns, which
is equal to

B=m+AB. (4.2-15)

The resulting intensity F({) of the UV light is given by the sum of 7, and
7, Using equation (4.2-15), we get

F({) = Fcos? @ + vF cos(20) + Fsin® 6 — vF cos(2L + AB), (4.2-16)

Since cos’@ +sin@ = 1 and cos®@ — sin’§ = cos(26), we get in the ideal case
when AB=0:
F({) = F + vF cos(26) cos(20). (4.2-17)

While inscribing Bragg gratings in fibers, one tries to work in the linear regime
where the photosensitivity of the fiber is proportional to the intensity of the UV
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light. In this case the induced change An in the refractive index of the fiber is
given as a function of ¢ according to the following expression:

\ An(d) o 1 + v cos(26) cos(20). \ (4.2-18)

This means that one induces refractive index variation with constant average
level (no chirp) and apodization which is proportional to cos(26). Thus, im-
plementing computer control of the polarizer angle 6 according to the posi-
tion along the grating {, we are able to inscribe gratings with an arbitrary
apodization as a function of {. Say, if we want to inscribe a grating with nor-
malized apodization A({), which is a slowly varying function of { compared
to cos(2(), then we have to vary the polarizer angle 6§ according to the follow-
ing equation:

0(z) = J_r% arccos [A(z)]. (4.2-19)

Here |z] < L/2 is position of the scanning UV beam along the grating and one
can use either plus or minus sign.

Typical dependencies 6(z) are shown in Fig. 4.2 where normalized apodiza-
tion function A(z) is given by a Gaussian profile in Fig. 4.2-a) defined by equa-

tion 5
2e-Lr2) L/Z)] } (4.2-20)

A(z) =G (z) = exp {— an[
’ s-L

where L is the length of the grating and s is a taper parameter that describes the
width of Gaussian profile and |z| < L/2. Fig.4.2-b) shows a commonly used
sinc -profile

A(z) = sinc(z) = lzl < L/2 (4.2-21)

where sL is the spacing between the two central zero points z, = +(s- L)/2. In
some cases it can be desirable to superimpose these two types of apodization
in order to reduce the so-called Gibbs phenomenon due to a finite length of the
grating and hereby to improve some of its characteristics [83]. This situation is
depicted in Fig. 4.2-c). In order for 6(z) to be smooth to reduce mechanical in-
stability of the motor that controls angle 6 one may choose to rewrite equation
(4.2-19) as

1
0(z) = 3 arccos[A(z)] - signz, (4.2-22)

where function

sien 1 forz>0,
Z:
g -1 forz<O.
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In most practical cases though, we used equation (4.2-19) with positive sign
for both negative and positive z in order to ensure that the used dependence
of the UV power as a function of angle 6 deviates as little as possible from
the uniform distribution (see section 4.6). It is possible to introduce a 7 phase
shift in apodization profile (or effectively negative apodization) by crossing
the polarizer angle value of 45°.

4.2.4 Non-ideal situation

Equations (4.2-17) and (4.2-18) are valid in the case of the perfectly aligned
experimental setup. When the values of the fiber-to-phase-mask distance and
the polarizer angle deviate from the their optimal values, we get a slightly
changed interference pattern and hereby refractive index change. In this case
we have to use (4.2-15) with AB # 0 and replace 6 with 6, + 6, where 6,
is a small misalighment angle and A is given by equation (4.2-13). In the
case of the perfect alignment the two position of the polarizer angle of 0 and
90° should give two different polarizations of the UV light on the fiber: one
polarization along the fiber and the other perpendicular to the fiber. If 6 # 0,
then we have a mixture of the two polarizations at § = 0° and 6 = 90°. As
in the ideal case, this inscribes a grating with constant average level of the
refractive index change. As for the apodization of the grating, it will slightly
modified compared to the ideal case. Equation (4.2-18) should be replaced by
the following one:

An({) o< 1 + vA(0) cos(2{ + ), (4.2-23)

where f, is a value depending on 6, + 6 and AS
sin® (6, + 6) sin AB
cos? (90 + 9) — sin’ (90 + 9) cosAB’

tanf, = (4.2-24)

and

A(B) =y cos* (6, + ) = 2.cos? (6, + 6) sin® (6, + 6) cos AB + sin* (6, + 6).  (4.2-25)

In case when AB = 6, = 0 we get B, = 0 and A() = cos(26) and equation
(4.2-23) takes the form of the equation (4.2-18) as expected.

Equations (4.2-24) and (4.2-25) show that in case of imperfect adjustment
of the polarizer angle (6, # 0 and AB = 0), we induce an unchirped grating
with a slightly different apodization profile than expected. While in case of
imperfect alignment of the fiber-to-phase-mask distance (6, = 0 and A3 # 0)
we get a change in the induced apodization profile as well and introduce an
extra chirp in the grating (5, # 0). The introduced chirp g, is a function of the
distance along the fiber z (or ¢) since both 6 and AS depend on z:

Bo(@) = B, (02), AB(d,;,(2))).
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4.3 Setup adjustment

wo important parameters of the experimental setup need careful adjust-
ment in order to write gratings of high quality: polarizer angle (6§, must

refractive index An(z)
(arb. units)

@) n phase shifts

|

= = = p-polarized
--------- s-polairized

norm. apodization profile
[A(2)]

50.00

40.00

30.00

20.00

10.00

polarizer angle 6 (deg.)

0.00

0.0 0.2

0.4

0.6 0.8 1.0

normalized grating position z

ave

Figure 4.3: (a) Schematic representation of the refractive index profile (solid
line) of a sinc-apodized grating along with the normalized fluence pro-
files for p- and s-polarizations. The period is much smaller compared to
the grating length. (b) Resulting apodization profile A(z) and (c) corre-
sponding polarizer angle 6(z) = 1/2arccos (A(z)); the dashed line at the
45° level marks the cross-over between segments of the grating with dif-

ferent phase.
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be equal to 0) and fiber-to-phase-mask distance (AS should be equal to 0).
Apodization profiles with multiple @ phase shifts are especially sensitive to
the proper setup adjustment. This allows us to choose such an apodization
profile, e.g. a sinc-shaped apodization profile as a calibration profile which
we can use in order to adjust the two important parameters of the setup op-
timally. Fig.4.3 shows the chosen calibration sinc-shaped apodization profile
with twelve m phase shifts.

The fiber-to-phase-mask distance is found experimentally by writing cali-
bration weak sinc-like gratings (reflectivity ~ 30% ) with apodization profiles
A(z) given by

A(z) = sinc, 4(2) - G,(2), (4.3-1)

reflection (dB)

04 -02 00 02 04

04 -02 00 02 04
wavelength detuning (nm)

Figure 4.4: (a) Calibration weak sinc-gratings written at different phase-mask-
to-fiber distances at optimum polarizer angle. (b) Calibration weak sinc-
gratings at different polarizer angle offsets. The resulting grating spectra
are offset by +10dB for clarity compared to the 70pm and 0.0° respec-
tively.
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where sinc (z) and G,(z) are defined by equations (4.2-21) and (4.2-20). As
known, the reflectivity spectrum of a weak sinc grating should have a rectan-
gular profile. The deviations from this shape can be used as indication of how
much the two critical parameters of the experimental setup deviate from their
optimal values.

Thus, adjustment of the two parameters is an iterative process where the
parameters are varied slightly with respect to their former values, then the ob-
tained grating spectrum is compared to the predictions of the coupled mode
theory with different values of the two parameters. In such a way one can get
an idea about how much and in which direction one has to change the current
values in order to adjust the setup optimally. Practical experience and com-
puter simulations show that in order to write high quality Bragg gratings, one
has to adjust the fiber-to-phase-mask distance with precision of about 1pum,
while the polarizer angle position should not deviate more than 0.1° from its
optimal value.

4.4 HNLF - highly nonlinear fiber

NLF (the Highly Non-Linear Fiber) is a commercially available fiber from

OFS Denmark optimized for use in non-linear devices. The fiber has a
small effective area and a group velocity dispersion close to zero. Even though
it is not especially designed for grating writing, we have found it to be well
suited for this application. It has a high photosensitivity due to its highly Ge-
doped core (~ 22% Ge). The fiber has a complicated refractive index profile
which is confidential and is not known to the users. In order to make com-
puter simulation with any fiber, one has to know its characteristics such as its
core radius, confinement factor, refractive indices of its core and cladding as a
function of the distance from the fiber’s center. Two known parameters of the
HNLEF fiber are the radius of its core @ = 1.181 um and its confinement factor
I' =0.501 [84].

We found out that one gets satisfactory simulation results if one assumes
a step index approximation for this fiber, i.e. the refractive indices of the core
. and the cladding n,, are constant (independent of the distance from the
fiber’s center).

In order to determine the effective values of n_,, and n,, a3 mm long test
uniform grating has been written in HNLF and development of its spectrum
has been monitored with time. Measuring the transmittivity spectrum during
the exposure, we hereby determine the position and the strength of the trans-
mittivity dip as a function of time (or total UV light fluence). Using these data
and coupled mode theory, one can calculate the dependencies of the effective
refractive index n,; and the modulation strength An of the grating as func-
tions of time (or total UV fluence F), that are illustrated in Fig.4.5. One can
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Mg An
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Figure 4.5: Effective refractive index n., and modulation strength An as func-
tions of UV-light fluence F [J/cm?] for a 3mm long uniform Bragg grat-
ing in HNLF (highly non-linear fiber).

see that the effective refractive index of this fiber in the absence of the grating
is equal to
Ny = lim [ne(F)] = 1.4551.

The coupled mode theory gives theoretical expressions for the confinement
factor I' and effective refractive index n_; as functions of n_, n,, and the
radius of the fiber’s core a as defined by equations (3.1-18) and (3.1-20):

T (Mgoger Megaqr @) = 0.501,
{ (4.4-1)
Mot (Meorer Megagr @) = 1.4551.

Knowing the value of a to be equal to 1.181um, we can readily find the nu-

merical values of n_, and n,, [85]:

... = 1.4823,
n, . = 1.4460. (4.4-2)

clad

These values of n., and ng, are used in all computer simulations in this

thesis together with the step index approximation.

4.5 Birefringence

irefringence is a difference in photosensitivity of an optical fiber to two
different polarizations of the UV light [86]. This induced birefringence can
be harmful for optical devices such as grating based optical filters [87]. On
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the other hand, birefringence can be useful for controlling the polarization of
a single-mode distributed feed back (DFB) fiber laser [88].

One can find a broad discussion in the literature about the origin of the
birefringence in the optical fibers. There are at least four contributions to it:

¥ a geometric asymmetry of the index change is induced because of the
finite penetration depth of the UV light. This effect is complicated by
the high variability in the excimer UV intensity per pulse, preventing a
uniform index change across the core [89,90];

<

the dipole orientation when working with polarized UV light [91, 92];

¥ differences in scattering between the two polarization states of the writ-
ing laser as a result of the circular geometry of both the outer cladding
and the core-cladding interface;

® relationship between densification along the laser writing axis [93] and
the stress release along this axis [87,94].

These four effects and the interplay between them are very controversial in
literature and have not been satisfactorily studied. The presented polarization
control method uses both the s- and the p-polarization state of the UV light,
while inscribing a Bragg grating and may induce significant birefringence into
the target apodization profile.

To check the presence and the magnitude of the birefringence in the used
HNLF fiber, we performed experiments similar to Erdogan and Mizrahi where
the experimental setup is described in details [89-91]. Briefly, uniform excimer
laser radiation (UV wavelength 248 nm) was incident upon a deuterium-
loaded HNLF fiber. A commercial polarization analyzer (HP8509B) consisting
of alaser source of A = 1530nm and a set of three polarizers (aligned 60" with
respect to each other) was used to measure the growth in birefringence of the
fiber.

It can be shown [91] that if T(¢) denotes the Jones matrix of the fiber sec-
tion being exposed at time 7, measured by the polarization analyzer, then the
birefringence An of the fiber can be calculated by

A
By = 57 fare (A) —are ()], (45-1)

where A = 1530nm, L is the length of the exposed part of the fiber, arg(z)
is the argument of the complex number z. The parameters A, and A, are
the complex eigenvalues of the matrix T(r)T~!(0), i.e. the two solutions to the
following equation

det[TOT'0) - A-1] =0, (4.5-2)

where [ is the identity matrix.
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Figure 4.6: Induced birefringence in deuterium loaded HNLF as a function
of the number of UV light pulses (one pulse fluence 36 mJ/cm?) with
different pulse rates of the laser (a) 1 Hz, (b) 5Hz and (c) 40Hz. A solid
blue line depicts exposure by s -polarized light, and a dashed right line -
p -polarized light.
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Figure 4.7: The UV-induced effective index change in pristine (not loaded)
HNLF fiber as a function of the accumulated fluence for different po-
larizations. Error bars are not included for clarity. The measurement
uncertainty is #2%.

A L = 0.7mm long piece of HNLF has been exposed to the 248nm ex-
cimer laser UV light. Fluence of one pulse of the UV light was measured to be
36 mJ/cm?’. Fig.4.6 shows the experimental results of birefringence measure-
ments at three different pulse rates of the 248nm excimer laser of 1Hz, 5Hz
and 40Hz. We can see in Fig. 4.6-(b) and (c) that at those values of UV fluence
that are normally used for Bragg grating inscription (up to a couple of kJ/cm?),
the induced birefringence is very sensitive to s-polarized UV light (6 = 90°)
and can be reduced by a second exposure with p-polarized light (6 = 0°). This
is consistent with experimental results of other authors [87,88,91]. We have ob-
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served that in all cases the induced birefringence is not larger than 2 — 3% of
the total induced refractive index change.

Thus, these results suggest, that by writing gratings in deuterium loaded
HNLF fiber with mainly p-polarized light and a post treatment with 5 — 10%
of the initial UV dose in p-polarization, we can fabricate highly isotropic fiber
Bragg gratings using the polarization control method. Using a CW laser op-
erating in the long-wavelength tail of the 266 nm absorption will suppress the
induced birefringence significantly [90,94].

Fig. 4.6-(c) represents an interesting case of a very high value of UV fluence
of about 5kJ/cm* which is typically not used for Bragg grating inscription.
Nevertheless, the graph confirms one again that birefringence is a very com-
plicated phenomenon and should studied and be taken into account during
UV inscription of advanced Bragg gratings. A comprehensive study of bire-
fringence could be desirable and very interesting but it is beyond the scope of
this thesis.

Figure 4.8: A typical UV intensity (mJ/cm?/pulse) angular distribution used in
polarization control method. It is uniform with precision of 1-2% in the
working interval from zero to 50°.
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In order to be sure that the polarized UV light induces the same refractive
index change independent of its polarization, we have written several similar
uniform grating at different constant angles of the UV light polarizer. The
result is shown in Fig. 4.7 where the results for three similar uniform gratings
are presented. One can see that both polarizations induce the same refractive
index change within the measurement uncertainty.

4.6 UV intensity angular distribution

s mentioned before we used a tilted quartz plate in order to equalize the
UV power output in both polarizations. By changing the angle between
the plate and the direction of the UV beam, we can experimentally find the
angle that ensures a uniform angular distribution of the UV intensity.
Actually, the the angular distribution does not need to be uniform for all
angles. As we can see in Fig. 4.3 the polarizer angle changes only from zero to
~ 50° and it needs to be uniform only in this interval. Fig. 4.8 shows a typical
angular distribution of the UV light power. It is uniform in the interval of
interest with precision of 1 —2%.
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Chapter 5

Bragg grating design

ide-spread usage of Bragg gratings in optical communication sys-
Wtems requires techniques capable of designing gratings with specific

properties, i.e. to synthesize the coupling coefficient from the desired
spectral response. Various approaches, both iterative and non-iterative, exist at
the present time [39,95-97]. The earliest synthesis methods used the Gel’fand-
Levitan-Marchenko inverse scattering algorithm [98] which is based on iterative
solution of an integral equation in order to get the whole grating profile. Later,
an iterative and general technique was developed [99]. A couple of alternative
techniques such as differential inverse scattering algorithm [100], signal process-
ing technique [101] and evolutionary synthesis [102] have been proposed lately.
The layer-peeling algorithm [96] is a commonly used non-iterative differential
method that is used to extract the grating profile sequently section by section.

Differential methods of grating design have proven to be more effective
compared to the integral ones when considering computational speed and ac-
curacy of reconstruction. An intrinsic part of these methods is an artificial but
inevitable modification of a generally non-casual impulse response of the de-
sired grating by a windowing procedure. As a result the spectral response of
the constructed grating might deviate considerably the desired one. The ef-
fect becomes more pronounced in case of short and strong gratings which are
attractive due to their compactness and easy manufacturing.

Poladian suggested a very simple and elegant grating synthesis algorithm
[103]. It utilizes the direct solution of exactly the same coupled mode equations
that are used in grating analysis, thus it has a transparent description which
is not obscured by the underlying mathematical formalism. The complex cou-
pling coefficient g(z) encodes all the information about the apodization and chirp
of the grating and is given as a function of the distance z along the grating
according to the simple synthesis relation:

)

g0 =" f (2, 8)do, (5.0-1)

—00
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58 BRAGG GRATING DESIGN

where the detuning ¢ is proportional between the and the Bragg frequencies
and r(z, 6) is a partial reflection coefficient obtained from solving the coupled-
mode equations while simultaneously evaluating ¢(z) using equation (5.0-1).
Simple and smart as it is, this technique produces complicated chirped grating
profiles that are difficult and expensive to fabricate and may require a custom-
made phase mask with a complicated non-uniform profile. The same disad-
vantage takes place for the layer-peeling method despite the fact that it can be
modified into a combination of integral and differential methods in order to
deal with the problem of designing strong gratings [104].

Most of the existing techniques are either capable of designing a restricted
class of gratings or are slow and ineffective, especially for strong gratings. We
suggested a new iterative approach for designing Bragg gratings [105,106]. It
is based on minimizing a y? merit function using Levenberg-Marquardt (LM)
method (also called Marquardt method) [107-109], i.e. minimizing the discrep-
ancy between the target spectral response and the spectral response of the re-
constructed grating via nonlinear least-square minimization, where the discrep-
ancy is presented as a multi-variable of the discretized grating profile. Despite
nonlinear least square minimization has a long history, it has not been applied
for optimization of grating designs before. The method we suggest is highly
efficient due to the possibility of analytical calculation of the gradient of the
merit function and invoking iterative schemes into the optimization process.

The number of calculational operations with respect to the number of the
variables N for the LM method is estimated to O(N*log(N)) which is compa-
rable to the quickest of the existing inverse scattering solvers as far as the com-
plexity of the algorithm is concerned. Nevertheless, it is much quicker than
any other existing method due to the fact that it does not use the fast Fourier
transform and hence is much less limited by finite bandwidth and resolution of
the target spectrum. This allows choosing much fewer sampled points along
the spectrum and the grating, thus providing less calculation time.

The method is effective for both strong and weak gratings along their
whole length. The second important advantage is that one can choose to
design unchirped gratings with specified spectral properties. This type of grat-
ings are very easy to fabricate with our recently developed polarization control
method [63] which is developed for fabricating Bragg gratings with arbitrary
apodization (amplitude of the coupling coefficient) but no chirp (phase of the grat-
ing’s coupling coefficient).

5.1 Levenberg-Marquardt algorithm
he Levenberg-Marquardt method has become the standard for implementing

nonlinear least-squares routines. It was developed by Marquardt [109],
related to an earlier suggestion of Levenberg [108]. Before this method (also
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5.1 LEVENBERG-MARQUARDT ALGORITHM 59

called Marquardt method) has been developed, it was common to use a Taylor
series for a non-linear problem and to make correction to a solution achieved
during previous iteration on the assumption of local linearity. On the other
hand, several modifications of the method of steepest descent (or gradient) have
been used. Both of them frequently did not lead to a desired result either
because of slow convergence or divergence.

The Marquardt method which is sometimes called a maximum neighborhood
method performs an optimum interpolation between the Taylor series and the
gradient method, the interpolation being based upon the maximum neighbor-
hood in which the truncated Taylor series gives an adequate representation
of the non-linear model. The latter method is used far from the minimum,
switching continuously to the former as the minimum is approached [107].

We consider a function

y=y(xa), (5.1-1)

that depends on a set of N parameters a = (a 1, @y, ...ay). The merit function
X*(a) is defined in the following way:

M v a) 2
PRCOEDY [yyi] . (5.1-2)

g
i=1 !

Here x = (x;, x,, ...x,,) is a set of points where the function y (x, a) is to be fitted
by the values y = (y,,y,, ...y,,) with uncertainties o = (0, 03, ...0;,). Our task
here is to find a set of parameters a that minimize y*(a) from equation (5.1-
2). With nonlinear dependencies the minimization must proceed iteratively.
Given trial values for the parameters, the Marquardt method suggests a proce-
dure that improves the trial solution. The procedure is then repeated until x>
stops (or effectively stops) decreasing.

Sufficiently close to the minimum, we expect the y? function to be well ap-
proximated by a quadratic form and according to the steepest descent (gradient)
method we can proceed from the current iteration a_, to the nextiteration a,,,
in the following way:

A = Ay — A V/\/2(acur)’ (5.1-3)

where A = const is a constant value and Vy*(a,,,

of parameters a. This equation is equivalent to

) is a gradient of y? at the set

a,=ApB, for 1=12 N, (5.1-4)

where dq, is a change in parameter with number [ and g, is the /- th compo-
nent of the gradient of y*(a) :

>

i (5.1-5)

a

ﬁl:

N —

Ph.D. thesis -59 of 100- Nikolai Plougmann



60 BRAGG GRATING DESIGN

The Marquardt method is based on two elementary, but important, insights.
Consider the “constant” A in equation (5.1-4). What should it be, even in order
of magnitude? What sets its scale? There is no information about the answer
in the gradient. That tells only the slope, not how far that slope extends. Mar-
quardt’s first insight is that the components of the Taylor series, even if they
are not usable in any precise fashion, give some information about the order-
of-magnitude scale of the problem. The equation (5.1-5) should be replace by
the following equation

a; = A% (5.1-6)
where ¢, is a coefficient in the Taylor series of y*(a) :
I1 [ay(x, a) dy(x, a)

@, = ; p= [ T (5.1-7)

and A is a dimensionless parameter.
Marquardt’s second insight was to define a new matrix @’ in the following
way:

o, =a, for k+l 51.8
{a/;, =a,(+2), (5.1-8)
and replace (5.1-6) by the following equation:
N
> aj,0a, = By (5.1-9)
I=1

When A is very large, equation (5.1-9) reduces to the (5.1-6) that represents
the steepest descent method but on the other hand as A approaches zero the given

equation leads to
N
Z @ oa, =B,
I=1

which represents the Taylor series method [109].
Given an initial guess for the set of fitted parameters a, the recommended
Marquardt recipe is as follows:

® compute y*(a),
@ pick a modest value for A say A = 0.001,
@ solve the linear equations (5.1-9) for da and evaluate y*(a + da),

@ if y*(a+da) > x*(a), increase A by a factor of 10 (or any other substantial
factor) and go back to ®,
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5.2 MARQUARDT METHOD FOR BRAGG GRATING DESIGN 61

® if y*(a+da) < y*(a), decrease A by a factor of 10, update the trial solution
a « a+0a, and go back to ®.

It is also necessary to have a condition for stopping. Iterating to machine
accuracy is generally wasteful and unnecessary. In practice, one might as well
stop iterating on the first or second occasion that y* decreases by a negligible
amount. One must not stop after a step where x? increases, this only shows
that A has not yet adjusted itself optimally.

Thus, in order to implement the Marquardt method, one should have both
values of function y(a) (5.1-1) and its derivatives used in equations (5.1-5) and
(5.1-7). The next section describes the use of the Marquardt method for Bragg
grating design.

5.2 Marquardt method for Bragg grating design

he iterative procedure of the method is based on calculation of the spectral

characteristics of the grating given its refractive index modulation n g(¢)
from equations (1.3-7) and (3.1-22). Since we design the gratings in order to
fabricate them using the polarization control method, we can assume o({) = 0 =
const in equation (3.1-22) since the polarization control method gives n, ({) =
const (see section 4.1) for the DC component of the refractive index change in
the fiber’s core.

We use the transfer matrix method described in section 3.6. We divide the
existing length of the grating L (or {, = k,L) by N points placed at equal
distance Az (or A = k,Az) to each other and hereby we sample the function
n,.04(2) by its values at these points z, where i = 1,2,...N. Atevery interval

lz -zl < Az/2

we assume the apodization function n_,(z) to be constant and equal to n, =
Nyoa@). The transfer matrix method supplies a procedure for calculating the
spectral characteristics of the the whole grating knowing complex values of
transmission and reflection coefficients of its uniform parts. The latter are
given by simple equations of the coupled-wave theory described in section 3.2.
Thus, one can calculate spectral properties of the grating given the values

n = (n,n,...n,...ny), (5.2-1)

which are being optimized by the Marquardt method in a succession of iterations
in order to minimize the discrepancies between the current calculated values
of the grating’s spectral functions and their desired values.

The spectrum can be discretized with M sampling points over a finite
bandwidth Aw (or Ad = nAw/c) that we are interested in, with a sampling
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frequency of dw (or dé = ngdw/c). Since we are interested only in spectrum
in the vicinity of the central frequency w, which corresponds to the central
wavelength A, given by equation (4.2-1)

w, =w,(1-0),

we can choose to use & as the spectrum variable (instead of § or wavelength
A) with the center in w_. Thus, the spectrum points that we choose are given
by M values of the parameter & with center in & = 0 (corresponding to w,)
and interval of dd = dé between two adjacent points

6 = (6,,65...6;)). (5.2-2)

5.2.1 Choice of initial set of parameters

The choice of the initial set of values n, is crucial for obtaining the final op-
timized result. It is important to start sufficiently close to the global minimum
to avoid ending up in a local minimum. According to our experience, a Fourier
transform of the target reflectivity spectrum or its part makes a good start guess
and leads to an acceptable convergence. Thus, if we want to design a spectrum
which has a rectangular-shaped reflectivity profile, we can choose a truncated
sinc-profile for an initial set of variables n,. One should though normalize the
obtained n, set of variables before use, so that they ensure the appropriate
strength of the grating in transmittivity close to the transmittivity of the target
spectrum.

5.3 Spectral functions and their derivatives

n order to calculate values of the spectral functions of the grating and their
derivatives, we use the transfer matrix method described in section 3.6. Ac-
cording to equation (3.6-9) we have:

N k-1 N
T = ]_[ (T_l)i = (T_l)i ’ (T_l)k ’ l—l (T_l)i’ (5.3-1)
i=1 i=1 i=k+1

forany k = 1, 2...N if we define the following products to be equal to the unity

2 X 2 matrix [ .
[16),=[] @), =1

i=1 i=N+1

In this way the transfer matrix T~! of the whole grating is equal to the
product of three parts:
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O the first (left) part denoted L which is independent of the current num-
ber k and value n,

L= U o ﬂz (), (53-2)

® the second (central) part denoted C which depends on n, through the
matrix (T‘l)k as specified by equation (3.6-4), where k, depends on n,

as defined in (1.2-3)
Clny) = (T7), = H i Qs ]]

G () Cyh(ny) ©.3-9)

here C; () for i, j = 1,2 are known analytical functions of their argu-
ment defined in equation (3.6-4),

® the third (right) part denoted R which is independent of the value n,

R, R N
R = 11 L2 | = 1. 5.3-4
i[ R,, R,, ]] 1—[ ( )’ ( )

i=k+1

As a result we can write the following equation using equation (3.6-8) for
the transfer matrix T!

Hl/r (/1)
1o
r/t 1/t

or combined with equations (5.3-2), (5.3-3) and (5.3-4) we have

|, /e (mf1) M: ﬂ Ly Ly ]H[ Cii(m) Cpa(my) H.HRM R H (5.3-5)

r*/t l/t* Ly, L, G () Cyy(my) Ry, R,,

Multiplying the three matrices in the right part of the equation (5.3-5) and com-
paring the resulting 2 x 2 matrix to the matrix in the left side of the equation,
we get the theoretical expressions for complex spectral functions of the grating
such as its transmission #(n,) and reflections from both sides r*(n,) and r~(n,)
as functions of the current n, from the set of variables n. One can for example
easily get an expression for #(n,):

l}:[l.-@(nk)-[R,

1

1(ny) = [Rl,l (L1,1C1,1(”k) + L1,2C2,1(”k)) +R,, (Ll,lCI,Z(nk) + L1,2C2,2(”k))] (5.3-6)

s
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and similar expression for r*(n,):

R, (L2,1C1,1(”k) + L2,2C2,1(nk)) +R,, (L2,1C1,2(nk) + L2,2C2,2(”k))
Ry, (L1,1C1,1(”k) + L1,2C2,1(”k)) +R,, (Ll,lcl,Z(nk) + L1,2C2,2(”k))

ri(n) = (5.3-7)

The last two equations give analytical expressions for transmission ¢ and
reflection r* as functions of the value of the refractive index n, of the uni-
form part with number k. All other spectral functions such as transmittivity
T, reflectivity R, dispersion d and group delay D can be analytically calcu-
lated from these two as described in section 3.5. Moreover, since all the func-
tions C; ;(n;) are known analytical functions, we can analytically calculate the
derivatives of all the spectral functions we are interested in as functions of all
values n, for k=1,2...N.

As a example, one could wish to design a Bragg grating with a certain
logarithmic transmittivity T which is defined by

T = 10log,, (I1*). (5.3-8)
Equation (5.3-6) gives dependence of T on any arbitrary n,:
T(n) = 10log,, (1(n)t*(my)).

Using this expression, it is straightforward to calculated to derivative T’(n,).

It can be written as
20 t'(n,)
T = — , .3-9
(ny) lnIORt(t(nk)) (5.3-9)

where Re(z) is a real part of a complex number z. In order to define deriva-
tives of such spectral functions of group delay and dispersion, we need the
derivative of the transmission’s phase ¢,(n,) as a function of any arbitrary n,.
It can be found in a way similar to equation (5.3-9):

¢/(n) = Im (’t'((;’k)) ) (5.3-10)
k

where Im(z) is an imaginary part of a complex number z.

5.3.1 Beauty of the spectral derivatives

One can draw beautiful color pictures if one plots the dependencies of the
derivatives of the spectral functions in color with different colors changing
from blue for low values to red for higher values. If we consider for instance
logarithmic transmittivity T as a function of both & (a number of a uniform
part of the grating along the its length) and m (a number along the discretized

Ph.D. thesis -64 of 100- Nikolai Plougmann



5.4 FITTING MULTIPLE SPECTRAL CHARACTERISTICS 65

Figure 5.1: Derivative T of a Bragg grating with a sinc-shaped apodization
profile.

grating’s spectrum given by (5.2-2)), then we can draw T(k, m) as a 2D plot
with different colors for different values of the calculated derivative T’(k, m).

An example of such a plot is used on the cover page of the thesis. it was
plotted for a uniform Bragg grating written in HNLF fiber with the length of
23mm and apodization strength of 7.5 -107. The horizontal axis in the plot
defines the direction of the grating and the vertical axis varies along the fre-
quency of the grating’s spectrum (in the vicinity of the grating’s central wave-
length A,).

Another beautiful plot is shown in Fig.5.1 for a sinc-shaped grating. The
grating is 23 mm long with a maximum of apodization strength of 5-107*.

5.4 Fitting multiple spectral characteristics

he described algorithm can easily be generalized to the case when one

wants to fit several spectral functions of the grating simultaneously. For
example, if one wants to design a grating with specific dependencies for reflec-
tivity R(w) and group delay in reflection D (w). One simply has to combine
the two spectral functions into one generalized function Q(w). In this case the
number of sampling points along the new generalized spectrum gets twice as
large as before, i.e. 2M . Now, if we define Q; = R(n) and Q,,,, = D,(n) for

Ph.D. thesis -650f100- Nikolai Plougmann
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i = 1,2...M, we can use the same algorithm for minimizing the value of x*
which in this case is defined in the same way as in equation (5.1-2) except that
M should be replaced by 2M .

It is of course the user’s own responsibility not to impose some non-
physical restrictions on the target’s spectral characteristics and their self-con-
sistency. One should remember that the spectral functions of the grating are
not independent of each other but are connected by relations described in
section 3.5.
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Chapter 6

Examples and results

6.1 Single channel filter examples

he remarkable ability of the described design algorithm is that one is free to

fix some parameters of the grating during the iteration process and thereby
to decide in advance what those values will be in the final design. So one can
decide before designing a grating that it should have a certain length L or, if
necessary, choose it to be symmetric with respect to its center. In the latter case
one should choose only half of all the values n as the parameters to be opti-
mized during the iteration process while the other half is assumed to be equal
to them. This is also a reason why it is easy to design unchirped gratings.
One simply assumes from the beginning that n,.(z) = const and ¢(z) = const
and keeps this condition fixed during execution of the fitting algorithm. Im-
posing additional constraints (such as grating length, symmetry, or absence of
chirp) makes the design results more practical. Unchirped grating have sim-
ple apodization without imaginary part (chirp) and are easy to fabricate with
existing method such as our polarization control method.

A grating shown in Fig. 6.1-(a) represents a grating designed to have a rect-
angular filter function transmittivity profile with —40dB signal suppression.
It was written in a D,-doped HNLF fiber. Negative values of the grating’s
apodization mean the phase shift of 7 in the grating’s structure.

Another grating is shown in Fig. 6.1-(b). It has been designed to be sym-
metric and to have a rectangular reflectivity profile with ~ 30dB side lobe
suppression as well as constant group delay D(w) (as far as it is possible
for a symmetric grating). Both profiles show excellent agreement with the
simulation as far as reflectivity and transmissivity are concerned. Moreover,
measurements of group delay in reflection have been made for the the sec-
ond grating shown in Fig. 6.1-(b). A perfect agreement with the simulation has
been observed for this spectral function with maximum fluctuation of ~ 18 ps
and RMS group delay ripple of ~ 5ps within the 1 dB reflection bandwidth.
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6.2 MULTICHANNEL GRATING DESIGN 69

Actually, there are no special reasons for making the above gratings sym-
metric with respect to their center. Nevertheless, the examples demonstrate
the strength of the suggested design technique as well as the power of the po-
larization control method, since we can see a perfect agreement between the
designed target spectra and the experimentally measured ones.

6.2 Multichannel grating design

he method can also be used as a tool for designing multichannel fiber

Bragg gratings. There exists a design technique where an N -channel grat-
ing design can be obtained by a dephasing approach, where the slowly varying
envelope of a direct summation of N identical gratings, equally spaced in fre-
quency space, is taken with different phases ¢, for each one-channel (seeding)
grating [110,111]. One can expect that the Marquardt algorithm can be used here
to find the optimal set of values ¢; to minimize the necessary maximum index
change and to design the refractive index profile of a seeding grating as well
as for fine-tuning of spectral qualities of the final multichannel grating profile.

It is though possible to design multichannel grating by direct use of the
Marquardt algorithm. An example in Fig. 6.2 shows a 45 mm long multichan-
nel grating designed to have three equidistant channels each being 0.23nm
wide with 30dB side-lobe suppression and zero dispersion. The number of
uniform subdivisions of the grating is N = 250 with the bandwidth of 5nm
subdivided into M = 750 intervals. The dotted line shows the initial profile
which is a simple sinc function whose Fourier transform corresponds to the
shape of a single channel of the grating. The solid line in this figure is the final
zero-chirp apodization profile obtained after 30 iterations. In Fig. 6.3 one can
see the spectrum of the designed grating which is in good agreement with the
target spectrum. It has three distinct channels with 30 dB side lobe suppres-
sion and a group delay ripple of about 1 ps within the 1 dB reflection band of
each channel.

6.3 Dispersion free gratings

Dispersion—free Bragg gratings play an important role in optical communi-
cation [83,112]. And the Marquardt method proves to be an efficient tool of
their design. As an example, we consider a zero-chirp grating designed to be
45mm long and to have a rectangular reflectivity profile with 30 dB side lobe
suppression as well as zero dispersion in reflection within the 1 dB reflection
band (or constant group delay). The number N of grating subdivisions was
taken to be 120, and the number M of the points along the spectrum is 500.
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Figure 6.2: Spectrum of the final optimized single-channel design.
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Figure 6.3: Initial and final apodization profiles of a three-channel grating.
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Figure 6.4: Initial and final apodization profiles (a dotted and a solid line/left-
bottom) of a single-channel grating and x* evolution during the opti-
mization process (a dashed line/right-top).
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Figure 6.5: Spectrum of the final optimized single-channel design.
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In Fig. 6.4 we can see the initial guess of the apodization profile shown as
a dotted line and the final optimized apodization profile as a solid line (the
left-bottom scale). The dependency of x? as a function of the number of it-
erations can be seen in the same figure as a dashed line (the right-top scale).
One can see that the number of iterations necessary to make in order to find
the final solution is about 50. This makes the procedure very quick because
the method has a quadratic convergence in the vicinity of the final solution.
A typical run takes only a few minutes of CPU time for an average personal
computer. As shown in Fig. 6.5 the spectral characteristics of the designed grat-
ing are in perfect agreement with the requirements that we had in the begin-
ning of the iteration process. The value of the group-delay ripple is calculated
by the simulation program to be 0.1 ps. The commercially available software
IFO_Gratings from Optiwave Corpotation [113] gives the same result.

6.4 Chirped gratings

inearly chirped gratings play an important role in optical communica-
tion as dispersion compensators [114-121]. An appropriate choice of the
apodization has a critical importance for short gratings [115]. We have not

reflection (dB)
(sd) Aejap dnoxg

I 1 . 1 -100
1551.5 1552.0 1552.5

wavelength (nm)

Figure 6.6: Experimental (solid curve) and theoretical (dashed curve) reflec-
tion spectra, and measured (points) and simulated (dotted line) group
delay for a 20mm long chirped Gaussian grating. The peak reflectivity is
93%.
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6.5 EXPERIMENTALLY INDUCED LOW-DISPERSION GRATING 73

implemented the Marquardt method for chirped gratings design. Such an im-
plementation requires just some extra programming work without changing
any principal ideas of the method. One would need to vary both apodization
strength and average refractive index of the grating in order to get chirped
grating designs. Nevertheless, my college H.-]. Deyerl wrote a few chirped
grating using our polarization control method. A Gaussian apodization profile
for the demonstration of a linearly chirped FBG for dispersion compensation
has been chosen [78]. In Fig. 6.6 the reflection spectrum and the group delay
are shown for a Gaussian apodized grating with length of L = 20mm, s = 0.4
and A, = 1070.10nm, using a linearly chirped phase mask of 0.212nm/cm.
The simulated group delay is in good agreement with the measured one and
shows a dispersion of 200 ps/nm and a RMS-group delay ripple of 6 ps.

6.5 Experimentally induced low-dispersion grating

his section presents one more low-dispersion grating that has been experi-

mentally induced in HNLF fiber using the polarization control method. It was
designed to be 23 mm long, to have a rectangular-shaped reflectivity profile
and to have a constant group delay (zero dispersion) within the —1dB reflec-
tion bandwidth. The number of uniform parts along the grating’s length was
taken to be 125, and the number of spectrum subdivisions was 750. The initial
“guessed” and final optimized apodization profiles are shown in Fig. 6.7.

The designed grating has been induced experimentally in HNLF fiber. The
simulated and experimentally measured curves for its transmittivity and re-
flectivity are shown in Fig.6.9. The dotted lines represent simulation, while
the solid ones show experimentally measured data. The graphs show an ex-
cellent agreement between the theoretical spectrum of the designed grating
and the experimentally measured spectrum of the induced grating.

The group delay was measured by the phaseshift method [122,123] and RF
modulation technique [124] at a modulation frequency of 500 MHz, 1 GHz and
5GHz as shown in Fig. 6.8. Using this technique, we measure a certain phase
difference Ay which can be converted to the group delay 7 according to the
following equation:

AY = -2nf, 1, (6.5-1)

where f, is the used modulation frequency.

The theoretically predicted value of the group delay ripple at the -1 dB re-
flectivity level is equal to 0.05 ps. The measured value of the group-delay rip-
ple with modulation frequency of 500 MHz is though equal to ~ 0.6 ps. Never-
theless, the achieved experimental value of the group delay ripple can be con-
sidered to be satisfactory. As simulation results show, the phase characteristics
of the grating are much more sensitive to the alignment of the experimental
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***** initial "guessed" profile
\ final optimized profile

-4

apodization, 10

length, mm

Figure 6.7: Initial (dotted line) and final optimized (solid line) apodization
profiles for a low dispersion rectangular-shaped grating.

setup than its amplitude spectral functions such as reflectivity and transmit-
tivity. Moreover, a much better result can be expected from a more stable UV
laser source than the used KrF excimer laser. Our group is now in the progress
of implementing the polarization control method using a 266 nm cw UV laser
with a very stable power output (< 1% ), and we expect to be able to write
gratings with much better spectral phase characteristics.

6.6 Gaussian-apodized gratings

Gaussian—apodized gratings with apodization profiles given by equation
(4.2-20) provide strong side lobe suppression in the grating’s spectrum
[125]. Fig. 6.10 shows two gaussian-apodized gratings inscribed in deuterium
loaded HNLF fiber using the polarization control method.

The grating in Fig. 6.10-(a) is a weak grating with ~ 90% peak reflectivity,
modulation depth of 1.7-107, length of 23 mm and taper parameter g = 0.40.
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Figure 6.8: Group delay measurements for a low-dispersion grating.

Grating Fig. 6.10-(b) shows the transmittivity spectrum of an ultra strong
Gaussian apodized grating with a measured transmittivity dip of ~ 80dB and
a theoretical one of ~ 100dB. It is 23 mm long too and has modulation depth
of 1.4-107% In both cases we have excellent agreement between the theory
and the experiment. Some discrepancy between the simulation and the exper-
iment in the case of the ultra strong is explained by the fact that no equipment
can measure peak reflectivity of 100 dB beginning to operate at its noise level
approximately at 70 dB. Strong Gaussian apodized gratings can be used as ex-
tinction (notch) filters, to cut out unwanted light for example from a pump
laser.

These two examples show, that the polarization control method is capable
of writing standard and compact apodization profiles in just one scan with
side lobe suppressions up to 32.5dB and a reflectivity up to almost 100%.
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D, loaded HNLF, 23mm, An__=4.17-10" I
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Figure 6.9: Transmittivity and reflectivity curves for a low dispersion grating
written in the HNLF fiber.
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Figure 6.10: (a) Experimental (solid curve) and theoretical (dashed curve) re-
flection spectra for of 23 mm long Gaussian apodized-grating. The peak
reflectivity is 90%. (b) Experimental (solid curve) and theoretical (dashed
curve) transmission spectra of a 23mm long Gaussian apodized ultra
strong grating with practically 100% peak reflectivity.
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Conclusion

once more my two main contributions to the fields of UV photosensi-
tivity and Bragg gratings during the three years at COM, DTU. They
are mentioned in the abstract of this thesis as well.

ﬁ s a conclusion, I would to summarize my Ph.D. project by mentioning

X Development of a novel polarization control method for UV writing of
advanced Bragg gratings with arbitrary refractive index modulation pro-
file including multiple  phase shifts. This method represents a practical
cost-efficient technique that allows inscribing Bragg grating with any ar-
bitrary apodization profile.

X Development of a novel efficient technique for Bragg grating design. The
technique allows calculating an index modulation profile that should be
inscribed in an optical fiber (or any other waveguide) in order to achieve
a desired target spectrum of the grating. It is based on Marquardt-
Levenberg algorithm of least-square optimization. The developed tech-
nique wins over all existing methods in computer time necessary for its
implementation. Even more importantly, it has the remarkable ability to
restrict some of the characteristics of the target grating, thus enabling,
for example, the design of chirp-free gratings that are easy and cheap to
fabricate with existing techniques, including the above mentioned po-
larization control method. In contrast, most other existing techniques
produce complex grating designs with complicated chirp characteristics
that are difficult, expensive and sometimes impossible to fabricate.

The experimental results presented in this Ph.D. thesis show high efficiency
of the two techniques mentioned above. The Levenberg-Marquardt method is ca-
pable of designing simple apodization profiles that can be easily fabricated
with the implemented polarization control method. Combined together, they
provide an efficient tool to design and inscribe Bragg gratings with desired
spectral specifications.
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