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ABSTRACT

In this dissertation we develop a new real-time fiber position monitoring method
for fiber Bragg grating (FBG) sequential UV-writing processes. To real-time accurately
align the position of every exposed FBG, a single-period reference fiber grating is
probed by applying an interferometric side-diffraction method to measure the grating
phase as the position reference;:so, thatithewriting process can be less sensitive to the
measurement drifts.

During the research we haveralso calibrated. carefully the nonlinear relationship
between the UV flux and the induced index change. The pre UV treatment method can
avoid the nonlinear index change response regime when the UV flux is low. An
improved unequal-intensity UV two-beam interference scheme is proposed and
demonstrated to achieve the index response linearization in a single scan.

Finally, a simple method for attaining pure apodization of FBGs has also been
proposed. The UV exposure at every exposed location is achieved in two exposure
steps and the ac index modulation is adjusted by controlling the superimposed phase
and amplitude of the two imprinted UV fringes. The average refractive index is kept
constant, and the ac index modulation can be locally and independently changed.

Based on the grating inscription skills, we have developed an excellent grating

fabrication platform to produce complex FBGs for various applications.
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Chapter 1

Introduction

1.1 Review of Fiber Bragg Grating Devices and

Lightwave Applications

The fiber Bragg grating (FBG) research can be dating back to Ken Hill in 1978
[1.1], and during the past few years the research publications in this area still widely
appear in international journals and conferences. FBGs are reflective type filters with
periodic refractive index modulation running along fiber axis in the fiber core, as
shown in Fig. 1.1. Incident wavelengths are reflected when the Bragg condition is
satisfied, and otherwise they ;are transmitted..Owning to all-fiber geometry and low
insertion loss, FBGs are critical compenents in some fiber-optic communication and
fiber sensor applications. Today.commercial FBG 'manufacturing technology is already
quite matured. The typical grating period is around 535 nm when the reflection center
wavelength is located at 1550 nm for optical communication window, and the typical
reflectivity is 99.99 %. The center wavelength can be fine-tuned by adding stress on
the grating to change its period. Environmental stability was originally a big issue but
can be controlled now by suitable annealing process and appropriate package.

FBGs are usually fabricated by imprinting the periodical intensity of UV lights
onto the fiber core to induce the periodical refractive index change. The
photosensitivity of the core of optical fibers is caused by the fact that the Ge and Si
atom bond has the absorption peak around 244 nm. On UV illumination, the bond
readily breaks, creating the defect centers that cause refractive index change. Several

laser sources with different photosensitive mechanisms are utilized in the literature to



induce periodic refractive index changes inside the fiber. Several fabrication schemes
have also been proposed for FBG inscription by forming interference light fringes,
including the holographic method and phase mask method. The former is flexible for
adjustable Bragg wavelength by changing the two beam interfered angle, while the
latter is more insensitive to the environmental variation. In this dissertation, our FBG
fabrication process adopts the holographic writing scheme and utilizes 244-nm-UV
radiation to induce changes in refractive index.

Besides the optical filtering applications in optic communication, numerous other
applications of FBG devices provide a platform for researchers in different optical
areas. Several important applications of FBGs are in temperature and strain sensing
[1.2], feedback mirror in fiber lasers [1.3], and odd-drop mutiplexers as well as
dispersion compensator in optical.communication systems [1.4]. The FBG sensors rely
on Bragg wavelength shift corresponding to eénvironmental perturbations of strain and
temperature. FBGs as feedback mirrors.in fiber laser cavities are highly developed
recently. Narrow-band FBGs ‘at .two ends of rare-earth-doped fibers formed
Fabry-Perot laser cavities as DFB (distributed feedback) lasers that support
single-longitudinal mode operation. DBR (distributed Bragg reflector) fiber laser is
obtained by putting a phase-shifted grating on the rare-earth-doped fibers, so that the
grating is treated as a narrow-band transmission filter. Furthermore, the gain-flatten
function makes fiber gratings hot devices in fiber amplifiers systems. Many efforts
have been made to improve the fiber laser power and output performance by directly
writing FBGs on rare-earth-doped fiber and photonic crystal fibers recently [1.5-1.7].
Therefore designing and fabricating state-of-the-art FBGs is promising and very useful

in various photonic industries.



1.2 Motivation

Advanced fiber gratings have found many applications in various optical areas.
Among them, narrow-band FBG devices are important elements for high demanding
DWDM and Optical Add/Drop Multiplexer systems as well as in fiber laser systems.
Narrow-band FBGs possess long-length and weak refractive index change in optical
fibers. Manufacturing such long-length fiber gratings by adopting the phase mask and
holographic schemes are limited by the phase mask length or environmental
fluctuations respectively.

Our group started the art of FBG design and production in the recent few years
and already had achieved some good results in this area [1.8-1.16]. Establishing the
easy-realized FBGs technology is our long-term aim of project development. The
purpose of this dissertation ig:to developra state-of-the-art technique to fabricate
narrow-band FBGs with the potential of applying various designs of grating structures.
We adopted the side-diffraction method which was originally used for measuring fiber
grating index profile and modified" the setup to real-time monitor the fiber position
during the grating written process. The UV flux and refractive index change profile is
further studied to carefully calibrate the photosensitivity relationship curve. Besides, a
simple UV exposure method is proposed to achieve pure apodization for fiber Bragg
gratings fabricated by sequential UV writing. We believe the fabrication improvement
and the calibration results are quite useful in advanced fiber grating fabrication.

To summarize, in this dissertation we have proposed and demonstrated several
methods for achieving FBG pure apodization, long-length grating with sequential UV
writing, and better linear index response. An advanced FBG fabrication platform is

also established based on these methods.



1.3 Organization of the Dissertation

This dissertation consists of six chapters. In Chapter 1, the development and
application of FBG devices are described. In Chapter 2, the fundamental properties, the
photosensitivity of germanium doped silica fibers, and fabrication technology of FBG
devices are recounted. In Chapter 3, the proposed real-time side-diffraction position
monitoring scheme has been demonstrated to fabricate long-length fiber Bragg gratings.
To real-time accurately align the position of every exposed FBG section prior to UV
exposure, a single-period reference fiber grating with strong refractive index
modulation is probed by applying an interferometric side-diffraction method to
measure the grating phase as the position reference. In Chapter 4, the correlation of UV
flux and refractive index change of optical fibers is investigated. The pre UV treatment
method and unequal two beam interference. method are proposed to achieve linear
index response of written gratings. In Chapter 5, a“simple pure apodization method is
proposed. Through the expostre phase and/or time control of multiple UV shots, the
ac-index can be adjusted independently “with the dc-index kept constant. The

conclusions and suggested future works are given in Chapter 6.

1.4 References

[1.1] Hill K. O., Fujii Y., Johnson D. C., and Kawasaki B. S., “Photosensitivity in
optical waveguides: Application to reflection filter fabrication,” Appl. Phys.
Lett. 32, 647-649 (1978).

[1.2] A.D. Kersey, M. A. Davis, H. J. Patrick, M. LeBlanc, K. P. Koo, C. G. Askins,
M. A. Putnam, and E. J. Friebele, “Fiber grating sensors,” J. Lightwave
Technol. 15, 1442—-1450 (1997).

[1.3] J. Archambault, and S. G. Grubb, “Fiber gratings in lasers and amplifiers,” J.



[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

[1.9]

[1.10]

[1.11]

[1.12]

Lightwave Technol. 15, 1378-1384 (1997).

C. R. Giles, “Lightwave applications of fiber Bragg gratings,” J. Lightwave
Technol. 15, 1391-1400 (1997).

A. Martinez, I. Khrushchev, and 1. Bennion, “Direct inscription of Bragg
gratings in coated fibers by an infrared femtosecond laser,” Opt. Lett. 31,
1603-1605 (2006).

E. Wikszak, J. Thomas, J. Burghoff, B. Ortac, J. Limpert, S. Nolte, U. Fuchs,
and A. Tuennermann, “Erbium fiber laser based on intracore
femtosecond-written fiber Bragg grating,” Opt. Lett. 31, 2390-2392 (2006).

J. Albert, A. Schiilzgen, V/ L. Temyanko, S. Honkanen, and N. Peyghambarian,
“Strong Bragg gratings in phosphate glass single mode fiber,” Appl. Phys. Lett.
89, 101127 (2006).

C.-L. Lee and Y. Lai, “Evolutionary Programming Synthesis of Optimal
Long-Period Fiber GratingpFilters_for, EDFA Gain-Flattening,” IEEE Photon.
Tech. Lett. 14, 1557-1559(2002).

L.-G. Sheu, K.-P. Chuang, and Y. Lai, “Fiber Bragg grating dispersion
compensator by single-period overlap-step-scan exposure”, IEEE Photon. Tech.
Lett. 15, 1557-1559 (2003).

C.-L. Lee and Y. Lai, “Synthesis of long-period fiber gratings using
evolutionary programming”, Fiber & Integrated Optics 23, 249-261 (2004).
K.-P. Chuang, L.-G. Sheu, and Y. Lai, “Pure apodized phase-shifted fiber Bragg
gratings fabricated by a two-beam interferometer with polarization control”,
IEEE Photon. Technol. Lett. 16, 834-836 (2004).

K.-P. Chuang, L.-G. Sheu, and Y. Lai, “Complex fiber grating structures

fabricated by sequential writing with polarization control”, Opt. Lett. 29,



[1.13]

[1.14]

[1.15]

[1.16]

340-342 (2004).

C.-L. Lee and Y. Lai, “Optimal dispersionless fiber Bragg grating filter with
shorter grating length and smoother dispersion profile”, Opt. Comm. 235,
99-106 (2004).

Kuei-Chu Hsu, Lih-Gen Sheu, Kai-Ping Chuang, Shu-Hui Chang and Yinchieh
Lai, “Fiber Bragg grating sequential UV-writing method with real-time
interferometric side-diffraction position monitoring,” Opt. Express 13,
3795-3801 (2005).

Cheng-Ling Lee, Ray-Kuang Lee, Yee-Mou Kao, “Design of multichannel
DWDM fiber Bragg grating filters by Lagrange multiplier constrained
optimization,” Opt. Express 14, 11002-11011 (2006).

Kuei-Chu Hsu, Lih-Gen Sheu, Wei-Wei-Hsiang, and Yinchieh Lai, “Methods of
achieving linear index-change response. for narrow-band fiber Bragg grating

sequential writing,” aceepted by Opt..Commun.



Input

E}thput

Fig. 1-1 Fiber Bragg grating structure.




Chapter 2
Fiber Bragg Grating Model and Fabrication
Method

2.1 Introduction

The reflection spectrum of the FBG filter and its periodic index profile are Fourier
transform pairs in the low index change limit. Getting deeper understanding between
the grating structure and its corresponding spectra is useful in designing a desired filter
with specific reflection or dispersion purpose. By varying the physical parameters such
as index change, length, apodization, period chirp, and fringe tilt, numerous spectral
and dispersive characteristics ;ean be pachieved.” Though many of the mathematical
models addressed the relationship between the grating structure and spectra have been
developed elsewhere in the literature [2.1-2.:3], the simple mathematical model in the
first section of this Chapter is described iniorder to give comprehensive understanding
on the FBG optical filtering properties. Since the FBGs are usually photo-imprinted
onto the photosensitive fiber, in the second section we state three photosensitivity
mechanisms in Germanium-doped optical fibers. Then conventional FBG fabrication

methods are briefly demonstrated in the third section.

2.2 Theorem of FBG Filters

In the simplest form, FBGs are band-rejection optical filters, and the wavelength
selection was governed by the Bragg condition. The mathematical model can be

described by the coupled mode equations and solved by the transfer matrix approach.



2.2-1 Fundamental Properties of FBG Filters

The fiber Bragg grating is a reflective type filter. The fiber core has spatial
refractive index perturbation 6, With period A running along the entire grating length,

as shown in the following equation,

Oy (2)= 1y (D14 Voo 244D @
where z is the fiber axis, &, is the average effective index, v is the confinement factor,
A is the wavelength, and ¢ is the grating phase.

Light is reflected when the phase matching condition is satisfied. Setting 3, to be

the forward propagation constant, B; to be the backward propagation constant, A to be
the Bragg wavelength, and n.¢r to berthe efféctive refractive index of the fiber core, then

the Bragg condition is described as

2
ﬂz - /61 _7 , (22)
and A=2n4A (2.3)

For optical communication applications, Ag is around 1.55 pm, and hence the

grating period is about 535 nm in germanium doped silica fibers.

2.2-2 Mathematical Model of FBG Filters

Both the coupled mode equation model and the transfer matrix analysis are
commonly used to describe the relationship between the filter spectrum and grating
structure [2.2-2.3]. A brief description of coupled mode equation model and transfer
matrix approach is given in the following sections.

Consider a fiber grating with spatial index period A along the axis coordinate z

that causes small perturbations to the mode fields. Two counter-propagating waves in



the optical fiber are denoted as R, and S. Hence the resultant wave coupling can be
derived as

d—R: icR(2)+1xS(2),
dz

1.3
d—S:—iaS(z)Jrirc*R(z), ()

dz
where
o= 277[5 Negt >

(1.4)

* T
and x=x =—=von.
/1 eff

The amplitude reflection coefficient, the reflectivity and the transmission ratio are

denoted as p, 1, t respectively and are defined according to the following equations,

-L
S(—)
_ 2
P= —L >
Ri
(2)
2
r=lpl. (1.5)
and t=1-r.

The transfer matrix method 1is'ai simple way to analyzing complex grating
structures by dividing the gratings into small sections with constant period and uniform
refractive index modulation. The transform matrix yields the following relationship

between the reflected and transmitted waves,
L u(o u(o
MO e YO g YO
v(L) v(0) v(0)
_ |:T11 T12:||:u(0):| (1.6)
T Ty JLV(0) ’
where u(0) and u(L) represent the input and output forward-propagating waves, v(0)

and v(L) are the input and output backward-propagating waves, and L is the length of

the grating. The matrix, T, is a function of the refractive index modulation An, and the

10



matrices Ty, Tz, ....,Tx are governed by the parameters of every grating section. The
matrix product of Tyy, T2, Ta1, T, forms the final transform matrix. The transmission

ratio of the grating can be calculated by
t(5)=1/T,,. (1.7)

where 0 is the frequency detuning.

The uniform FBG reflection spectrum possesses apparent side-lobes and thus the
FBG refractive index envelopes are usually apodized to be of a gaussian or cosine
square shape in order to diminish the side-lobes. The quasi-periodic structure at the
long wavelength side originates from the resonance between the abrupt index change
of the two ends and can be suppressed by apodizing the index profile. On the other
hand, Fabry-Perot resonance between . peripheral sections of the grating with
apodization cause quasi-periodic, structures, of*the reflection spectrum in shorter
wavelengths, which can be reduced by keeping the'refractive index constant along the
fiber length (pure apodization) [2.4-2.5].-Figure 2.1 depicts the characteristics in the
reflection spectra of (a) uniform grating, “(b) apodized grating, (c) pure apodized

grating.

2.3 Photosensitivity in Optical Fibers

The fiber Bragg grating is a kind of phase grating that is produced by imprinting
periodic light intensity along the fiber core to establish the periodic index distribution.
Due to the photosensitivity of optical fibers, the photo-induced refractive index change
forms the required grating distribution. The so-called photosensitivity of
germanium-doped silica fibers is caused by the light absorption phenomena of the
optical fibers in UV range. The light absorption results in the permanent refractive

index change in the core region of optical fibers in the longer wavelengths due to the

11



Kramers-Kronig relationship [2.6].

Various laser light sources have been used to induce refractive index changes in
optical fibers. The commonly used pulse lasers are KrF (248 nm), ArF (193 nm), and
Ti-Sapphire (800nm), while the commonly used continuous wave laser is the
frequency-doubled Ar-Ion laser (244 nm). Under the intensities of 100-1000 ml/cm?,
the amount of induced refractive index change in germanium doped optical fibers is
around 10°-107. Higher index changes can be achieved by hydrogen loading in high

pressure [2.7].

2.3-1 Photosensitivity Mechanisms in Germanium-Doped Silica

Fibers

In the literature [2.6,2.7],sthe photosensitivity:in germanium-doped silica fibers is
attributed to three possible mechanisms; the GeE’(color center) model, the stress relief
model , and the GeH model. The three mechanisms are recounted in the following
sections.

The color center model is based on the principle that the silica fiber core with
germanium dopant possesses some defect centers in molecular bonds between Ge and
Si atoms and thus has a UV absorption peak. When the UV radiation strongly modifies
the defect nature, reconfiguration of molecules locally changes the refractive index of
the optical fibers. The higher the germanium concentration, the higher the
photosensitivity of the core due to the increase of defect centers [2.8-2.9].

On the other hand, the stress relief model was verified by using AFM to scan the
surface of the exposed D-shaped fiber. The induced refractive index change after UV
radiation is the result of the relief of frozen internal stress, which produces structural

alteration that eventually causes density changes in optical fibers [2.10-2.11].

12



The third mechanism of the photosensitivity of the core in optical fibers is the
formation of GeH after hydrogen-loading [2.12-2.13]. The photosensitivity of
Germanium-doped optical fibers is greatly increased in the high-pressure
hydrogenation case. The hydrogen reacts with Ge ions and changes the bond structure

in the UV region, which in turn locally modifies the refractive index.

2.3-2 Photosensitivity in Germanium-Boron Codoped Silicate

Fibers

Another breakthrough material development of FBG devices is the invention of
germanium-boron codoped silicate fibers [2.6]. The role of boron herein is to reduce
the refractive index of the core that:is raised:by the dopant of germanium. With boron
doped, the refractive index difference between-the fiber core and cladding area
maintains the value that supports single mode propagation, but the more germanium
concentration in the core area gteatly increases the photosensitivity. The commercially
available single mode photosensitive Germanium-boron codoped fibers are usually

employed to fabricate fiber gratings with 244-nm UV light.

2.4 Fiber Bragg Grating Fabrication

In this section, the procedures of fabricating fiber Bragg gratings using the phase
mask/two beam schemes with the scanning fiber/light source methods will be
introduced. The grating period is controlled by the phase mask period or by the angle
of two beams, respectively. Furthermore, the setup to achieve apodization envelope is

demonstrated.
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2.4-1 FBG Fabrication Using Phase-Mask and Two Beam

Interference Technique

The commonly used methods to fabricate FBGs are the phase-mask [2.14] and the
holographic technique [2.5]. The advantages of the phase mask approach are the easy
alignment, low stability requirement, and low coherence laser source requirement. Its
drawback, which is the advantage of the holographic approach, is the lack of flexible
wavelength tuning capability and the limitation of the grating length. However, the
highly environmental requirement is exactly the drawback of the holographic
approach.

The phase mask is produced in special glass materials that are transparent to UV
lights. The surface is lithographically pattérmed to form periodic phase distribution.
When the light passes through the phase. mask, zero order diffraction is highly
suppressed, and the two first order diffracted beams can form a periodic intensity
distribution with its period halfthe length of the eriginal phase grating. The fiber is put
almost in contact to the mask, so that the periodic intensity pattern can photo-print onto
the fiber core to induce the periodic index modulation. To overcome the drawback of
grating period tunability limitation, some approaches have used the techniques of
applying tension to the optical fiber during writing or changing the writing beam
incident angle [2.15].

The holographic (or two beam interference) approach is by dividing the beam into
two coherent UV beams and overlap with a mutual angle to form interference pattern.
The optical fiber is put in the middle of the illuminated interference pattern. The period

can be widely tuned by adjusting the angle of the two interfered beams.
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2.4-2 Long FBG Fabrication Using Scanning Fiber/Light Source

and Sequential Writing Method

DWDM systems as well as single longitudinal mode fiber lasers have high
demanding for narrow bandwidth optical filters. For example, the narrow bandwidth
FBG is a key element in single longitudinal wavelength laser operation. For weak
index gratings, the bandwidth is inversely proportional to grating length. [2.16,2.17]
Long-length FBG fabrication is a critical technique, but to actually write a long fiber
grating is not easy either in the phase mask or the holographic approach.

To write complex and long-length gratings, some side-writing methods have been
demonstrated either by scanning fiber/phase mask approach or by the scanning light
source approach. Both methods are valid only with a pulse writing beam or with a
shuttered continuous beam in order to controlithe grating fringe synchronism with the
writing interference pattern. The scanning-phase mask writing technique is by scanning
fiber constantly by a high precision stage [2.18], @nd performing the sequential writing
by translating the fiber with constant speed relative to the UV fringes, generating many
partially overlapping subgratings in sequence to form a long grating. The index profile
is accomplished by applying variable dithering, and by adjusting the phase offset of the
subgratings. The scanning-light source writing technique is by scanning the UV-beam
over a long phase mask in a fixed relative position to the fiber, and the complex profile
can be synthesized by designing long appropriate phase mask, by moving the fiber
slightly relative to the phase mask, or by second exposure [2.19]. In these methods, a
standard He-Ne laser interferometer is utilized to determine the fiber position, and an
electronic control by PC is needed to monitor the fiber position and the required jumps

to form the complex index profile.
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2.4-3 Apodization of FBG Index Profile

Uniform gratings with uniform refractive index modulation suffer from
considerable side-lobes in the reflection band. FBGs with well-designed apodization
profiles can greatly suppress the side-lobes in the reflection spectra and reduce the
unwanted ripples in the dispersion curve.

To keep average refractive index the same throughout the length of the grating,
pure-apodization method is used. The aim of the method is to maintain the dose of the
UV radiation the same throughout the fiber length but the fringe pattern is gradually
altering. Conventional method to achieve pure-apodization relies on double UV
exposure. The first exposure is to imprint the interference pattern onto the fiber core,
followed by second scan to keep the, total doze along the entire grating length
unchanged [2.20]. The polarization control.method was then proposed to inscribe the
fiber with complex apodization: profiles. In our group, the previous technology of
producing apodized fiber grating was-accordingly modified and well-developed
[2.21-2.22]. Using the shaping function to apodizse the refractive index modulation of
the grating and keeping the average refractive index the same along the grating length,
the reflection spectrum of the FBGs is perfectly band-rejection and zero side-lobes
outside. Figure 2.2(a) shows the diagram of the experimental setup. By rotating the
half wave plate, the relative polarization of arms A and B changes, forming the
interference pattern of maximum visibility at parallel polarizations and the interference
pattern of minimum visibility at orthogonal polarizations. The average refractive index
change is constant along the fiber axis due to the overlapped and equal-spaced UV
shots that forms constant average UV intensity written onto the fiber, as shown in Fig.

2.2(b).
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Chapter 3
Fiber Bragg Grating Fabrication by
Interferometric Side-Diffraction Position

Monitoring Scheme

3.1 Narrow Band FBGs

Advanced fiber Bragg gratings (FBGs) with complex grating structures of
arbitrary phase shifts and refractive index profiles have been continuously attractive
for many optical communication applications, including narrow-band FBG OADMs,
dispersion compensators, sensors, phase-shifted DFB fiber lasers and pulse
repetition-rate multiplication {3,1-3.5]. Several procedures that can realize long and
complex FBG structures - have. tecently 'been developed, such as the
moving-fiber-scanning-beam technique [3.6] and the sequential writing techniques
[3.7]. In these methods, a conventional laser interferometer is typically utilized to
monitor the fiber/UV-beam position during the writing process. However,
accumulative position reading errors due to interferometer drift and inaccurate grating
period estimation have caused significant difficulties on the fabrication of long-length
fiber Bragg gratings.

To overcome some of these difficulties, we utilize the side-diffraction interference
method [3.8] for real-time monitoring the fiber position accurately during the
sequential writing process [3.9-3.11]. The side-diffraction interference technique was
originally developed for measuring the variation of the grating period and the

refractive-index modulation profile of the exposed FBGs [3.8]. In the literature it has
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also been suggested that the method can be used as a position control scheme [3.12].
However, we believe our work is the first experimental report on actually using the
method for real-time position monitoring during the FBG fabrication process. By
directly measuring the grating phase, we can connect adjacent grating sections with

accurate phase alignment.

3.2 Interferometric Side Diffraction Method

The purpose of developing interferometric side-diffraction technique was to
measure the refractive-index modulation profiles of FBG devices [3.8-3.12]. In the
literature, the interferometric side-diffraction technique was first proposed by Fonjallaz
et. al. Then Fouad El-Diasty et. al. modified the experimental setup to preciously
obtain index modulation and petiodicityrof FBGs:

There are numerous methods for measuring the fiber grating structure, such as
optical low-coherence reflectometry; heat-scanning method, side Rayleigh scattering
profiling, and optical low-coherence reflectometry with scanning local heating,
side-diffraction, and side-diffraction with local heating [3.13-3.18]. They are either
limited in strong grating measurements or limited in short grating length. The
interferometric side-diffraction method is the most precise measurement method
regardless of the fiber grating length and index modulation. The advantage of the setup
is due to the use of the visibility of the two beam interference pattern, so that the
weaker grating can be measured by tuning the intensity ratio of the two interfered
beams, and by use of the translation stage to scan entire fiber grating length. Thus, a
weak index modulation profile can be determined regardless of the weak intensity of
diffraction beam. According to the equation derived by Fouad El-Diasty et. al., the

index modulation of the local grating section is proportional to the first order Bragg
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diffraction intensity.

We have built an interferometric side-diffraction setup and the interference pattern
is captured by a CCD camera which is automatically controlled by a computer to do
the whole data processing. In our side-diffraction setup, the fiber is clamped on the
translation stage with the position monitoring resolution of sub-um by an Agilent
5519A He-Ne laser interferometer, as shown in Fig. 3.1. A 35-mW high power He-Ne
laser beam of 3-mm-diameter is divided into two beams: one is the probe beam and the
other is the reference beam. The probe beam is focused onto the fiber grating under test
with a spherical lens of 20-cm focal length. The first-order Bragg diffraction of the
probe beam is generated under the phase-matching Bragg condition. This diffracted
probe beam and the reference beam are combined at the beam combiner to form an
interference pattern. A 440x480- monochrome*.CCD camera with a pixel width of
7.15-um is utilized to record the. interference pattern produced by the two beams. The
CCD is proven to have linear response.to-He-Ne laser power and its S/N ratio is 50 dB.
The refractive index profile is obtained by analyzing the visibility of the interference
pattern with Fourier transform along the whole grating. With the use of the polarization
beam splitter, the power ratio of the two beams can be controlled by adjusting the
angles of the waveplates to get good visibility contrast even in the weak grating case.
According to Ref. [3.8], the refractive index variation is directly proportional to the
amplitude of the first order diffraction beam. In our setup, the interference pattern is
taken Fourier transform to get the amplitude of the beating frequency between the
reference beam and the diffractive beam. Let the intensity of reference beam be I;, and
the intensity of first order diffraction beam be Iy, the interference pattern distribution

along x axis is I(x), and the refraction index change is An, then

I(X)=1, +1,+2(,1,)cos(2x fX) , 3.1
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and An=cyl, (3.2)

where f is the spatial frequency of the interference pattern, and c is constant. In
our experimental setup, the minimum detectable refractive index variation of the
grating is around 5x10°, depending on the probe laser power and the optimized

intensity ratio of the divided two laser beams.

3.3 Fiber Bragg Grating Fabrication by

Interferometric Side-Diffraction Position Monitoring

In this section, two real-time side-diffraction position monitoring schemes for
fabricating long fiber Bragg gratings are investigated. In the first scheme, the side
diffraction position monitoring method that probes the just-exposed grating section has
been developed to fabricate single-period fiber Bragg gratings. Because the grating
phase of the just-exposed grating section.is still affected by the later exposures due to
the strongly overlap exposure scheme we use; and because it is difficult to form a clear
interference pattern for the side-diffraction measurement when the refractive index
modulation is lower than 3.0 x 107, this simple method is only suitable for fabricating
single-period fiber FBGs with reasonable strength index modulation. The second
scheme employs a reference fiber Bragg grating with a uniform strong refractive index
profile fabricated by using the first scheme. The reference grating is placed in parallel
to the exposure fiber on the moving stage. Prior to the UV exposure of every FBG
section, the reference fiber grating is probed with the side-diffraction method to
determine the grating phase as the reference. The measured value can then provide an
accurate fiber position reference during the fabrication process. The second scheme

shares the same advantage with the first scheme that the accumulative position
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measurement errors during the long fiber scan can be avoided. Moreover, it also has
the following additional advantages. First of all, long FBGs with weak index
modulation can be fabricated. The first scheme fails to do this because the resolution of
our side-diffraction monitoring scheme is limited to 3.0 x 107 refractive index
modulation. Secondly, phase shifts along the fiber grating can be easily inserted. The
first scheme fails to do this because with the insertion of phase shifts, the grating phase
of the just-exposed section will still not reach the final value due to the
strongly-overlapped exposure method we use [3.9-3.11]. Thirdly, the required
reference FBG can be fabricated by a similar setup (the first scheme) or by different
methods (i.e., the phase mask method). In principle, the second scheme will be capable
of fabricating arbitrary FBG refractive index modulation profiles with arbitrary grating
phase shifts. Details of the experimental setups and the achieved results for the

proposed schemes will be presented during the following sections.

3.3.1 Fiber Bragg Grating Fabrication by Interferometric

Side-Diffraction Position Monitoring with Exposed Fiber Section

Our first real-time side-diffraction position monitoring method is by probing the
just-exposed fiber grating section. Figure 3.2(a) shows the schematic diagram. A
35-mW single-polarization He-Ne laser beam is expanded with two spherical lenses to
achieve a final beam diameter of roughly 3 mm. It is then divided into two probe
beams A and B with a polarization beam splitter. The function of the first half-wave
plate is to control the intensity ratio of these two divided beams. The second half-wave
plate rotates the polarization of the probe beam B relative to the probe beam A. Probe
beam A is then focused onto the exposed fiber with a spherical lens of 20-cm focal

length. The first-order Bragg diffraction of probe beam A is generated under the
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phase-matching Bragg condition sin@;=ng -A / Ag, where 0, is the input angle of the
probe beam in air, ng is the effective index of the exposed fiber at the Bragg
wavelength A, and A is the wavelength of the probe beam. Probe beam B and
diffracted probe beam A are combined at the beam combiner with an interference angle
of 0,. A 440x480 monochrome CCD camera with a pixel width of 7.15-um is utilized
to record the interference pattern produced by probe beams A and B. The visibility of
the interference pattern can be optimized by adjusting the two half-wave plates. A
frequency-doubled argon-ion laser launches a CW 244-nm single-polarization
ultra-violet (UV) beam into a two-beam interferometer. Exposure of the
Gaussian-shaped UV fringe with its 1/e* width about 6.5 mm forms a periodic UV
intensity pattern onto the exposed fiber to induce a single FBG section. The long fiber
Bragg grating is achieved by comnnecting many. strongly-overlapped, equally-spaced,
Gaussian-shaped FBG sections ,with accurate grating phase alignment. A half-wave
plate is placed in one path of the two-interfering beams to obtain pure apodization (flat
DC-index modulation) for the fihal FBG [3:19]. The translation stage comprises of a
linear motor stage and a piezoelectric translator (PZT) stage with sub-nm position
resolution. The accurate alignment of the fiber position is achieved by shifting the
translation stage by a given distance and then iteratively fine-tuning the PZT stage
according to the grating phase measurement of the just-exposed grating section. In our
preliminary experimental setup, the position monitoring accuracy of the whole system
is better than 4 nm, but the accuracy of the position-seeking feedback control loop is
only set to be around 5 nm (1% of the grating period) in order to reduce the required
position-seeking time. The measurement accuracy we have readily achieved is
two-fold better than the estimated accuracy in Ref.[3.8]. The intensity of the first-order

diffracted probe beam A is denoted as I, and the intensity of the probe beam B is
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assumed to be Ig. The intensity distribution of the interference fringe on the CCD along

the x-axis, which is perpendicular to the bisector of the two interfering beams, is given
by

: 3.3)

where k=2mn/A is the wave vector, 0, is the interfering angle and 0 is the phase

difference between the two interfering beams. The phase difference & contains two

contributions,
o= 5grating + 5path difference ’ 3.4)

where Ograiing 15 the phase change of the diffracted probe beam A caused by the
fiber grating, and Spam difference 1S the phase change caused by the optical path difference
between two probe beams. Since, 8pain differenceris constant during the scan, the grating
phase change can be inferred from monitoring.the phase difference 8. The interference
pattern Ii is processed by the Fourier transform to obtain the corresponding spatial
frequency spectrum. The spectrum is then filtered to keep only the positive frequency
part and is inverse-Fourier-transformed back to the original domain. The phase & can
then be identified by taking the arg of the processed data. Figure 3.2(b), Fig. 3.3(a) and
Fig. 3.3(b) show the typically resulted periodic pattern captured by the CCD camera
(grey solid line), the pattern after the filtering + taking-real-part procedure (grey dotted
line) and the obtained phase distribution by taking the arg of the filtered data (bold
solid line). For producing single period FBGs, the PZT stage is fine tuned until the
just-exposed fiber grating phase distribution obtained in this step is the same as that of
last step. The UV-beam shutter is then turned on for writing the present FBG section
with a given time duration. In practice, the whole algorithm is implemented with the
LabVIEW software for automatically controlling the whole exposure process.

As an example, this side diffraction position monitoring method that probes the
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just-exposed section has been employed for preparing a single-period fiber grating
with strong index-modulation. The fiber used is the photosensitive fiber (Fibercore
PS1500) after 1,900-psi hydrogen loading at room temperature for several days. The
Gaussian-shaped UV fringe has its 1/e* width about 6.5 mm and the fiber scan step is
about Imm. The final FBG is produced after a 80-section sequential writing to reach a
total grating length about 80 mm. The same side-diffraction method [3.8] is applied to
measure the whole refractive index modulation profile of the fabricated fiber grating.
Figure 3.4 shows the measured result. One can see that the fabricated fiber grating
profile is substantially uniform. The optical reflection spectrum in the inset of Fig. 3.4
shows that the Bragg wavelength is 1.546 um and there should be no obvious phase

errors. Such a FBG will be used as the reference grating for the scheme in next section.

3.3.2 Fiber Bragg Grating Fabrication by Interferometric
Side-Diffraction Position Monitoring with Reference Fiber

Grating

In the second scheme, the experimental setup includes a reference fiber grating
and an exposure fiber which are clamped in parallel on the same moving stage. Figure
3.5(a) depicts the schematic diagram of the system. The reference grating with a strong
and uniform refractive index modulation is prepared in advance with the first scheme.
The reference fiber grating under probe is adequately uniform and has a sinusoidal

index modulation profile n(x) along its fiber axial direction as

n(x) =n, +An-cos(2TﬂX+¢(X)) (3.5)

where ny is the average refractive index, An is the amplitude of refractive index

modulation, A is the grating period, and ¢(x) describes spatial grating phase. The
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UV-generated interference period is fine tuned to match the reference fiber grating
period, even though this restriction can be relaxed since it will only cause a
center-wavelength shift. The accurate alignment of the fiber position is achieved by
shifting the translation stage by a given distance and then iteratively fine-tuning the
PZT stage according to the reference grating phase measurement. The UV-beam
shutter is then turned on for writing the present FBG section with a given time duration.
Figure 3.5(b) reveals the flow chart of the whole operation algorithm. In principle, this
method should be able to fabricate long fiber Bragg gratings even when the
index-modulation is small and with the option for easy insertion of arbitrary phase
shifts. We have verified the feasibility of the proposed method by two examples. The
first example is to fabricate a narrowband, Gaussion apodized FBG with a constant DC
refractive index modulation along the whole grating, as shown in Fig. 3.6(a). The
reference grating with uniform and strong.refractive index modulation is probed to
identify the related grating phase information. The Gaussian-shaped UV fringe has its
1/¢* width about 6.5 mm and the fiber scan'§tep is about 1.2 mm. The final FBG is
produced after a 58-section sequential writing to reach a total grating length about 70
mm. Before the UV writing process, a DC pre-UV treating process is applied to avoid
the nonlinear regime when the exposure UV flux is small [3.20]. Figure 3.7(a) shows
the reflection and transmission spectra of the exposed FBG. The reflection spectrum
has a relatively flat top with the sidelobe level below -20 dB. The 3-dB bandwidth of
the reflection spectrum is only 0.07 nm. The peak refractive index modulation is
estimated to be 2.5x107 for this 70-mm-long Gaussian apodized FBG, determined by
simulation-fitting. This example demonstrates the feasibility for fabricating long fiber
Bragg gratings without noticeable phase errors, even when the written index

modulation is below the threshold for reliable side-diffraction measurement.
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The second example is to fabricate a 40-mm-long, single n-phase-shifted
Gaussion apodized FBG with a constant DC refractive-index modulation, as shown in
Fig. 3.6(b). The scan step during the exposure is about 0.6 mm and the final FBG is
achieved by connecting 70 FBG sections. A m phase shift is inserted into the center of
the exposure fiber grating during the fabrication process. Figure 3.7(b) shows the
reflection and transmission spectrum of the exposure fiber. As expected, there is a
narrow transmission peak within the stop-band due to the resonance caused by the
n-phase-shift. This simple example demonstrates the feasibility of fabricating

phase-shifted FBGs with the new scheme.

3.4 Summary

In conclusion, we have proposedsand:demonstrated a real-time fiber position
monitoring method for sequential UV-writing processes by using the interferometric
side-diffraction technique. This. new method (the second scheme) is capable of
fabricating long FBGs with weak mdex modulation and easily to insert phase shifts
along the fiber grating. Furthermore, the required reference FBG can be fabricated by a
similar setup (the first scheme) or by different methods (i.e., the phase mask method).
Several preliminary examples have been experimentally demonstrated for proving the
feasibility of the new method. Hopefully this new method is promising for increasing

the accuracy and the ease of fabricating complicated long FBG devices.
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Chapter 4
Methods of Achieving Linear Index-Change
Response for Narrow-Band Fiber Bragg Grating

Sequential Writing

4.1 Introduction

Fiber Bragg grating (FBG) devices as narrowband filters and dispersion
compensators have numerous applications in
Dense-Wavelength-Division-Multiplexing (DWDM) systems and fiber lasers [4.1,4.2].
FBGs with complex grating index profiles and multiple phase shifts can also be
inversely designed to perform advanced filtering functions [4.3-4.5].The relationship
between the UV flux to which theidevice is-exposed and the induced refractive index
change must be calibrated carefully in fabricating precisely these complex grating
profiles and phase-shifts. The induced index change in the fiber core is not a linear
function of the exposed UV flux but a complicated curve [4.6]. The curve is nonlinear
at low UV flux and linear elsewhere before saturation. For narrow-band FBG devices
with long grating length and small index changes, the nonlinear photosensitivity makes
difficult the realization of a perfect grating profile, influencing the reflection spectrum
of the grating and degrading its performance. Accordingly, the UV writing must be
conducted in the linear regime, so that an FBG with an arbitrary index modulation
profile can be easily realized.

Pre UV treatment is initially proposed to enhance the photosensitivity of optical

fibers and increase the stability of the FBG devices [4.7], yet the advantage of the
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linear index response to pre UV treatment in the matching of the target grating index
profile has not been studied. In our work, the side-diffraction method is adopted to
determine the refractive index profiles of fabricated FBGs more precisely. The linear
grating index response is first examined using a single Gaussian UV shot with pre UV
treatment. Our work demonstrates how pre UV treatment helps to achieve a linear
index change with UV flux, even though two writing scans are required. An improved
method of unequal two-beam interference is then proposed to generate the required AC
and DC amounts of UV flux in a single writing scan. This unequal interference setup

provides greater stability in writing weak gratings in the linear regime.

4.2 Nonlinear Photosensitivity and Pre UV Treatment

This work begins by calibratingmmore carefully than before the relationship
between the induced change in 'the index of a photosensitive optical fiber and the UV
flux to which it is exposed. The pre UV treatment method is then performed to achieve
a linear index change response. Unlike in previous works [4.6,4.7], which assumed that
the grating index profile was sinusoidal or uniform to fit the reflectivity, the
side-diffraction method [4.8-4.12] is employed herein to scan the fiber grating and thus
determine accurately the grating index modulation profile. An iterative procedure is
then utilized to fit the reflection/transmission spectra, based on the transfer matrix
method for determining the actual grating index modulation. The measured results
reveal that the grating shape is deformed for simple writing schemes when the UV
intensity is low. The relationship between the induced refractive index change and the
exposed UV flux is nonlinear at low UV flux, such that the written grating index
profile is deformed. As stated above, the pre UV treatment can be performed in

advance to prevent the nonlinear photosensitivity in the writing of a weak grating. The
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working principle of pre UV treatment is to eliminate the nonlinear region using a DC
bias flux so that the index change depends linearly on the UV flux, and the induced
index profiles are similar to the envelope of the holographic writing UV beam.

The experiments are performed on Fibercore (PS1500) photosensitive fibers,
which were hydrogenated at a pressure of 1,500 psi at room temperature for seven days.
The UV source is a frequency-doubled CW argon-ion laser with an output wavelength
of 244 nm. A Gaussian-shaped UV fringe with its 1/e* width about 6.5 mm was used to
imprint holographically the fiber Bragg grating in the fiber core. The induced
refractive index profile was determined using the side-diffraction method [4.12].
Furthermore, an ASE light source and an optical spectrum analyzer are employed to
measure the spectral response. The normalized refractive index profile is used directly
to calculate the reflection and transmission spectra using the transfer matrix method.
An iterative procedure is then-applied to fit the measured spectra to determine the peak
index modulation of the entire-EBG.

Figure 4.1(a) depicts therefractiverindex profiles that measured by the
side-diffraction method for exposure to specified amounts of UV flux. The scan step of
the translation stage is set to 100 um. Figure 4.1(b) plots the fitted peak refractive
index modulation as a function of the UV flux at the center of grating. As expected, the
change in the refractive index of the photosensitive fiber is nonlinear at low UV flux
and linear thereafter (No saturation is observed at the UV flux of interest). The lowest
UV flux case (15 J/em®) in Fig. 4.1(a) corresponds to the rapidly changing
exponential-shaped relationship in Fig. 4.1(b), which makes the grating index profile
flat-topped. In previous works of mechanism studies [4.13], the photosensitization of
optical fibers is modeled by a two-step process. The refractive index change is

determined mainly by the concentration of Ge defect centers and defect sites for
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hydrogen reaction. The model indicates that the change in the refractive index curve at
low UV flux has an exponential form, which result agrees with the measurements in
Fig. 4.1(b). Such nonlinear behavior causes the fiber grating index modulation profile
to differ from the writing UV periodic intensity envelope. The shapes deform mostly at
the tail edges of the Gaussian laser beam, where the UV intensity is low.

The pre UV treatment is conduced before the grating is made by pre-exposing the
fiber uniformly to the UV radiation to prevent deformation of the grating index profile.
Uniform UV pre-exposure is achieved by translating the stage step by step so that the
244 nm Gaussian-shaped UV beam partially overlaps to write on a large length of the
photosensitive fiber, forming a uniform DC index change in advance. The pre UV flux
is estimated to be around 59.5 J/cm®. The pre UV flux is applied at the point between
the linear region and nonlinear,reégion in Fig4.2(b).The middle of the pre-exposed
region is then exposed to holographic Gaussian UV beam to write the FBG. Figure
4.2(a) displays the refractive index.modulation profiles for specific exposed UV flux
following pre UV treatment. Figure 4.2(b) plots the peak refractive index modulation
as a function of the UV exposure flux at the center of the grating following pre UV
treatment. Notably, the index modulation now depends linearly on the UV exposure
flux and the induced grating index modulation profiles seem to be Gaussian-like. The
1/e’—intensity half widths of the one-shot UV used to generate grating index profile in
Fig. 4.2(a) were about 6.55 mm, 6.35 mm, and 6.75 mm, similar to the UV beam width
of 6.5 mm at a radius of 1/¢*. This result establishes the linear refractive index
response to UV flux after pre UV treatment. The pre UV treatment causes the
operating point to jump away from the initial nonlinear regime such that the following
grating writing process is entirely in the linear regime. The slopes in the linear region

of Fig. 4.1(b) and in Fig. 4.2(b) are 4.15x10” and 8.22x107, respectively, indicating
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that pre UV treatment enhanced the photosensitivity. This result is consistent with the
results of previous studies which have demonstrated that photo-hypersensitivity
increases the photosensitivity of optical fibers [4.7]. The pre UV treatment method is
established herein to be a practical method of writing a weak fiber Bragg grating with
the target index profile. The narrow-band FBGs were fabricated by using the strongly
overlapping step-scan exposure scheme and the real-time interferometric
side-diffraction position monitoring method [4.14] following pre UV treatment. The
side-diffraction interferometric method is developed to connect the sections of gratings
precisely. Our experience is that obtaining a low noise suppression ratio in the
reflection spectrum of under 10 dB without pre-UV treatment is difficult because the
nonlinear UV shots overlap process generates imperfections in the apodization index

profile.

4.3 Unequal Two Beam Interference Setup for

Achieving Linear Index Response

A long grating length and a weak apodized refractive index change with low noise
are required to fabricate FBGs with narrow bandwidth and high side-lobe suppression
ratio. In the preceding section, pre UV treatment yields a bias DC UV flux for the
photosensitive optical fiber, which is demonstrated to be helpful in ensuring the linear
response of the refractive index with AC UV flux. Unfortunately, the two required
writing scans are time-consuming and sometimes may generate unwanted uncertainties.
This work propose an improved method of interference which uses two unequal beam
intensities to provide a bias DC UV flux and to apodize the grating profile at the same
time during a single writing scan. Figure 4.3(a) schematically depicts the experimental

setup. These two beams, A and B, have different UV fluxes of 24 J/em® and 52.5 J/cmz,
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respectively. A half wave plate is placed in one arm of the two linearly polarized beam
paths to achieve pure apodization in the sequential UV writing process and thus
maintain the same refractive index change along the grating. The whole grating is
AC-apodized by setting the two beams with the same polarization at the grating center,
and slowly changing the relative polarization of the two beams until these two arms are
orthogonally polarized at the grating edge, as in the previous pure apodization setup in
which the intensities in the two arms were equal. [4.15] Figure 4.3(b) plots the
variation of the UV flux upon unequal-intensity interference along the fiber axis of the
exposed photosensitive optical fiber. When the total UV flux is kept constant along the
whole grating, the mean change in the DC index is constant along the grating,
achieving true apodization. However, the improved setup turns about 7.5 % of the
maximum AC UV flux into constant DC bias flux under the same UV exposure
conditions, as compared to the true apodization setup in which the intensities of the
two arms are equal. Accordingly,the_rapidly ‘changing nonlinear index response
regime can be avoided from the ‘beéginning and the gratings can be inscribed linearly.
An experiment is carried out by fabricating a narrow-bandwidth Gaussian apodized
FBG with a large length to confirm the feasibility of this proposal. The FBG is
connected section by section by several 1.2 mm-spaced UV shots to a total length of 6
cm. Figure 4.4(a) compares the scanned index profile with the target profile. The tail
edges are smooth and match the target Gaussian envelope, suggesting the effectiveness
of the scheme. Figure 4.4(b) shows the reflection and transmission spectra of the
fabricated FBG. The side-lobes are suppressed below 20 dB and the 3 dB bandwidth is
approximately 0.05 nm. The peak refractive index change is 3.3x107, as determined by
simulation fitting. Compared with the equal-intensity interference setup for a given

total UV flux, this improved setup is effective in writing FBGs to match the designed
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index profile. The two beam intensity ratio can be further adjusted to optimize the

performance.

4.4 Summary

In conclusion, the nonlinear relationship between the exposed UV flux and the
induced index change of the FBGs has been calibrated more carefully than before
using the side-diffraction method to determine the grating profile. The pre UV
treatment method was demonstrated to eliminate the nonlinear index change response
regime when the UV flux is low. An alternative new method of unequal two-beam
interference was demonstrated to be able to ensure further that the shape of the induced
index profile matched the targeted apodized envelope. We assert that the methods and
the results presented here should be very useful in-fabricating long narrow-band FBGs

with weak refractive index profiles.
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Chapter 5
Simple Pure Apodization Method for Fiber
Bragg Gratings by Sequential UV Writing

5.1 Introduction

Many pure apodization methods for realizing advanced fiber Bragg gratings
(FBGs) have been developed during the past few years to achieve high quality filtering
functions [5.1-5.8]. FBGs as narrowband filters have important applications in
single-longitudinal mode fiber lasers and DWDM systems [5.9,5.10]. The required
narrow-band is achieved by long grating léngth, while the high sidelobe suppression
ratio is achieved by pure apodization. Here pure apodization means to keep the average
refractive index to be constant through' the entire’grating length while the ac index
modulation can change independently. Previous developed technologies include the
double-ultraviolet exposure method, complex design of phase mask, moving-fiber
scanning-beam dithering technique, phase mask method with polarization control, and
two beam interference with polarization control. However, these methods may suffer
from the introduction of additional uncertainties, requiring additional optical elements,
limitation of grating length, or only being suitable in either phase mask or holographic
approach. In this work, a simple and cost-effective FBG writing method is proposed to
realize pure apodization for both the phase mask and holographic sequential UV
writing schemes. The UV dose exposed on the fiber to form every grating section is
divided into two sequentially writing shots instead of one. In this way one gain the
freedom to adjust the ac-index independently while keeping the dc index profile fixed

through the whole grating length. Meanwhile, the grating phase kept continued at
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every exposure location to precisely connect grating sections with partial overlap to
form the desire grating profile. Narrow-band FBGs are experimentally demonstrated,

and tolerance analysis is given using the proposed method.

5.2 Theory and Experiment

For long FBG fabrication by the sequential UV writing scheme, Gaussian-shaped
writing beam is equally-spaced and partially-overlapped to sequentially imprint grating
sections. The phases of the overlapped grating sections must be controlled precisely to
form a long-length grating without phase errors. The average refractive index (nqc) has
to be constant along the fiber while the ac index modulation (n,) can be locally
changed to form specific apodized profiles. The schematic diagram of writing a
cos-squared apodized FBG by.sequentialbUV, writing process is shown in Fig. 5.1(a).
The exposure locations are equal-spaced and are denoted as x;, i =1, 2....N, and let the
UV dose to be 2l at every equal-spaced xi:Fora cos-squared apodized FBG, the UV
fringe is maximum at the grating center, and minimum at the grating tail, and the total
UV dose at x; 1s the same.

To achieve pure apodization, two exposure configurations are proposed. The total
UV dose, 2y, is divided into two shots, shot 1 and shot 2, with the beam amplitudes I,
and I, respectively, and the phases of the two sequentially writing UV fringes are 0,
and 0,, respectively. The index modulation amplitude and phase of every grating
section are determined by the superposition of the two shot profiles, as shown in Eq.

5.1.
1) = 1" + 1,8 oc ny (X)+ 1,0 (X) . (5.1)

In configuration 1, the total UV dose is 2I,, and the two sequentially writing shots

have equal amplitude Iy,. The ac index modulation is adjusted by symmetrically
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changing the fringe phase of the two shots to be AB and —A8, as shown in Fig. 5.1(b).
Expected zero phase-shift at x; after superposing is achieved by the symmetrically
phase shifts of two sequentially writing shots. Equation 5.2 shows the superposed UV
fringe distribution, which amplitude can be determined by the factor cos(A6). Table 5.1
shows some example conditions of the two sequentially writing shots in this
configuration.

In configuration 2, the index modulation is achieved by setting 0; and 0, equal to
0 and m, respectively, and let the amplitude I; = ml,. The total UV dose is 2Iy. Equation
5.3 shows the superposed UV fringe amplitude distribution. Expected zero phase-shift
at x; after superposing is achieved by the fixed 7 phase shifts of two sequentially
writing shots. The final fringe amplitude is determined by the factor (m-1). Table 5.1

shows some example conditions.of the two shets.in this configuration.

I(x) =21,6" cos(A) , (5.2)

I(x)=21,e"(m-1). (5.3)

The proposed methods have been experimentally tested by exposing
photosensitive optical fibers to 244-nm UV radiation, which has the Gaussian-shaped
UV fringe with its 1/e* width about 6.5 mm. The UV dose for achieving maximum
index modulation is divided into two shots, and sequentially exposes onto the fiber at
the same location. To ensure linear index response, the fibers are performed with UV
treatment in advance [5.11]. The grating index modulation envelopes are measured by
side-diffraction method [5.11] and the transmission dips are measured by the optical
spectrum analyzer. Figures 5.2(a) and 5.2(b) show some measured grating index
profiles. The index modulation profiles of the gratings are Gaussian-shaped, similar to
the shape of UV writing profile. By using the measured Gaussian index envelopes in

the transform matrix calculation to fit the transmission spectra, the curve between the
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normalized index modulation and phase shift A8 is shown in Fig. 5.2(c), and the curve
between the normalized index modulation and m=I,/Iy is shown in Fig. 5.2(d). The
simulation curves in Figs 5.2(c) and 5.2(d) are derived from Eq. 5.2 and Eq. 5.3. The
experimental data in dots fit well with the theoretical predictions in Eq. 5.2 and Eq.5.3.

The feasibility of the proposed method is verified by connecting grating sections
to form a cos-squared apodized FBGs with a constant DC refractive index modulation
along the whole grating. The real-time interferometric side-diffraction method [5.11] is
utilized for sequential UV writing. The Gaussian-shaped UV fringe has its 1/e* width
about 6.5 mm and the fiber scan step is about 1.6 mm. The final FBG is produced after
a 35-section sequential writing to reach a total grating length about 50 mm. Before the
UV writing process, a DC pre-UV treating process is applied to avoid the nonlinear
regime when the exposure UViflux is small:, Figures 5.3(a) and 5.3(b) show the
envelope of index modulation profile for the produced FBG utilized configuration 1
and configuration 2, respectively, and Figs..5.3(¢)-and 5.3(d) show the reflection and
transmission spectra of the exposed FBG-connected by grating sections utilizing
configuration 1 and configuration 2, respectively. The reflection spectrum has a
relatively flat top with the sidelobe level below -20 dB in both configurations. The
3-dB bandwidth of the reflection spectrum is only 0.088 nm and 0.083 nm in
configuration 1 and configuration 2, respectively. The peak refractive index
modulation is 3.76x107 for this 50-mm long cos-squared apodized FBG, determined by
simulation-fitting. This example demonstrates the feasibility for fabricating long fiber
Bragg gratings without noticeable phase errors. This proposed method needs no
additional elements and easy to integrate into real-time interferometric side-diffraction
method, while the take-time is slightly increased on finding the fiber phase than our

previous setup.
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The fabrication tolerance is evaluated by random position error for FBG
sequential writing. Simulation of random phase errors caused by random position
errors is added to every grating section to show how they affect transmission rate and
side lobe suppression ratio. The three cases of interest are that the UV dose exposed on
the fiber to form every grating section to be one shot (case 1), and to be two
sequentially writing shots as proposed configuration 1 (case 2) and configuration 2
(case 3). Table 5.2 shows the average and variance result on spectral characteristic of
transmission dip and sidelobe suppression ratio in three cases under the error condition
of 0%, 1%, 5% and 10% of grating period. In all cases, the position error slightly
effects transmission dip of connected FBGs, but greatly affects the performance of
sidelobe suppression ratio. When position error is smaller than 5% of grating period,
the degrade rate of side lobe suppression ratio for both configurations are at the same
level in with case 1. This verifies that two configurations have good resistance to

random phase error in practical production.

5.3 Summary

In conclusion, a simple method for attaining pure apodization is proposed for
FBG sequential UV writing. The UV dose at every exposed location is divided into
two, and the ac index modulation is adjusted by controlling the superimposed phase
and amplitude of the two sequentially imprinted UV fringes. The average refractive
index is kept constant due to the constant net UV flux per grating section, and the ac
index modulation can be locally and independently changed in both configurations.
Experimental results and tolerance analysis are given to show the feasibility of both

configurations in connecting grating sections.
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Figure 5.1. (a) Schematic of UV sequential writing. (b) Superposed UV fringe by controlling intensities

and phases of the two sequentially writing shots.
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Figure 5.2. Index profiles of single grating section utilized (a) configuration 1 and (b) configuration 2.
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Configuration 1

Configuration 2

0,=-0,=A0 0,=0,0,=m
L=L=1 I, =ml, I, + I,=2I,

Normalized | AO =0 m=2

Noe = 1

Normalized | AO=n/3 m=1.5

n,. = 0.5

Normalized | AO=m/2 m=1

n,.=0

Table 5.1 The conditions of the two configurations.
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Transmission (dB)

Side lobe suppression ratio (dB)

Casel Case Caze 3 Casel Cage 2 Case 3
Error of| Average/ Average/ Average/ Average/ Average/ Average/
period deviation deviation deviation deviation deviation deviation
0% 1536/ 15.36/ 1536 / 35/ 35/ 35/
126 |15.36/0.003| 15.33/0.09 |15.36/0.004] 32.73/1.20 | 31.92/2.55 | 31.17 / 1.55
5% | 15.12/0.06 | 1505/0.52 |15.17/0.086| 24.40/2.63 | 21.87 /3.45 | 20.83 /277
10% | 1447 /023 | 14.26/1.07 | 14.60/0.42 | 17.79/3.69 | 15.60 /3.17 | 14.43/3.33

Table 5.2 Simulation of how random position error contributes to transmission and sidelobe suppression

ratio in one shot case and two configurations.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Complex FBG structures of arbitrary phase shifts and refractive index profiles
have been continuously attractive for many optical applications. To develop the
state-of-the-art FBG fabrication technique, in this dissertation we have proposed and
demonstrated several advanced FBG fabrication methods for achieving pure
apodization, long grating length with sequential UV writing, and better linear index
response.

This dissertation firstly- presents a-neéw sequential UV-writing procedure for
fabricating long fiber Bragg “grating (FBG) devices in Chapter 3. In the literature,
several procedures that can realize long and complex FBG structures have recently
been developed. However, the accumulative position reading errors have caused
significant difficulties on the fabrication of long-length fiber Bragg gratings. Based on
the side-diffraction method, we have proposed and demonstrated a real-time fiber
position monitoring method for sequential UV-writing processes, in order to be able to
write long-length gratings accurately. To real-time accurately align the position of
every exposed FBG section prior to UV exposure, a single-period reference fiber
grating with strong refractive index modulation is probed by applying an
interferometric side-diffraction method to measure the grating phase as the position
reference. In this way the overlapped FBG sections can be connected

section-by-section without obvious phase errors, even when the written
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index-modulation is weak.

To realize FBGs with arbitrary refractive index profiles and arbitrary phase shifts,
it is necessary to calibrate the relationship between UV beam exposure duration versus
refractive index change. In Chapter 4, we elucidate the refractive index change
response of the photosensitive optical fiber to exposed UV flux. The nonlinear UV
photosensitivity deforms the index profile of FBGs on the tail edges where the writing
UV flux is low. Pre UV treatment eliminates the nonlinear index-change response and
ensures the linearity of the response of subsequent grating writing. A new method that
involves interference between two unequal beams in a single writing scan is proposed
and demonstrated to be able to improve the index profile and the spectral response of
fabricated FBGs. The procedure is stable for writing weak fiber Bragg gratings with
pre-designed index profiles.

In Chpater 5, a simple UV exposure method is proposed to achieve pure
apodization for fiber Bragg gratings-fabricated by sequential UV writing. Through the
exposure phase and/or time control of multiple*UV shots, the ac-index can be adjusted
independently with the dc-index kept constant. The UV dose exposed on the fiber to
form every grating section is divided into two sequentially writing shots instead of one.
In this way one gains the freedom to adjust the ac-index independently while keeping
the dc index profile fixed. By precisely connecting grating sections with partial overlap,
the desire grating profile can be matched while the dc index become constant through
the whole grating length. The proposed simple and cost-effective FBG writing method
is able to realize pure apodization for both the phase mask and holographic sequential
UV writing schemes

Based on the developed grating inscription skills and calibration results in this

dissertation, we have developed an excellent fiber grating fabrication platform which
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has the potential to be able to produce complex and advanced FBGs for various

applications.

6.2 Future Work

This dissertation demonstrates improved FBG fabrication methods which are
proven to be feasible. Future work on FBG development along this line are listed in the
following sections, including complex FBG fabrication, FBG sensor applications, and

FBGs in fiber lasers.

6.2.1 Complex FBG Fabrication

Since our goal is to develop-a plateform to, fabricate various kinds of FBGs, the
next work is to actually realize a more complicated designed grating structure. In the
past years, our group have tried jsome.-numeri¢al simulation methods to inversely
design the detail parameters of FBG. structures from a given spectrum [6.1,6.2]. The
FBG fabrication can be carried out in principle by the proposed techniques in Chapter
3, 4, and 5. However, smaller UV writing beam size is required to be able to fit the
severely changed grating index profiles. Take Ref. [6.2] for example, the multi-channel
FBG structure is very difficult to realize by using the ordinary partially-overlapped
sequential writing process with the Gaussian-shaped UV fringe with its 1/e* width
about 6.5 mm. For this case, we will use smaller UV writing beam size to fit the target
index profile, and sequentially write the profile into the fiber by using the
side-diffraction method for real-time monitoring and by the new pure apodization
method. Furthermore, the reference fiber grating used in Chapter 3 makes the optical

alignment difficult because of the small fiber radius and the weak diffraction efficiency.
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The idea of replacing the reference fiber grating with a phase mask as a position
reference is considered. Though the phase mask has the period twice of the written
grating, the reliable accuracy of the period and the stable properties makes the phase
mask a good candidate as the reference for position monitoring. The work is already

going on right now.

6.2.2 FBG Sensor Applications

Fiber Bragg grating-based sensing has proven to be a very fertile research area,
and new developments can be expected to continue over the next few years. Gratings
are simple, intrinsic sensing elements which can be photo-inscribed into a silica fiber.
Grating-based sensors appear to be useful for a variety of applications, including
refractive index, temperature, and_tensionssensing. Our next work is trying to apply

FBGs and LPGs into environmental sensing:

6.2.3 FBGs in Fiber Lasers

Many research works have been focused on the development of 1 ¢ m
mode-locked Yb-fiber lasers recently, since 1 m femtosecond pulsed source are
useful in many applications, such as multiphoton microscopy [6.3], supercontinuum
generation for optical coherent tomography (OCT) [6.4], and high-repetition-rate
femtosecond combs for precise frequency metrology [6.5]. Our group had achieved
1.55 4 m femtosecond Er-fiber lasers, and can also apply to 1 zm femtosecond
Yb-fiber lasers. FBGs written in Yb-doped photosensitive fiber to directly form a DBR

fiber laser is our next project.
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