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Preface

The growing need for devices to perform fast, reliable and in situ
measurements in the field of chemical and biochemical sensing is urging
researchers to look for new technologies. One possibility is provided by optical
refractometers, which measure the change of the refractive index (RI) associated
with a chemical/biochemical reaction. The focus of this thesis is the design and
development of optical fibre grating based chemical and bio sensors, mainly those

with surrounding medium refractive index (SRI) sensitivities.

Optical fiber grating technologies have attracted much attention in recent
years due to their numerous applications in fiber optic sensor and communication
systems. Fiber gratings are prepared by creating a region of periodically varying
refractive index within the fiber core and these gratings are often classified as Fiber
Bragg Gratings (FBGs) or Long-Period Gratings (LPGs), according to grating
period. LPGs typically have a grating period in the range 100 pm to 1 mm,

whereas FBGs have period of the order of hundreds of nanometers.

Monitoring of chemical and biological species is becoming more and more
important in many markets including industrial process control, energy production,
health care, food industry, environment monitoring and anti-terrorism. Hence, fast,
reliable and accurate chemical and biological sensors have attracted extraordinary
interest in recent years. The research work reported in recent years, reveals that
fiber-optic sensors have great potential in chemical and biological sensing
compared with other sensors which are usually time consuming and require not

only high cost equipment but also strictly trained personnel.

The thesis is divided into seven chapters and Chapter 1 presents the general
background of optical fiber sensing systems including the applications of fiber

optic sensors.



Chapter 2 presents an overview of the fundamental theory of fiber optic
gratings. It begins with a review of the historical prospective of the photosensitivity
mechanisms in optical fibres and provides a brief discussion on the reported
photosensitization and fabrication techniques. The basic principle of FBGs, types

of FBGs and sensing characteristics of FBGs are detailed in this section.

This chapter also introduces the sensing capabilities of long-period gratings.
Firstly, the LPG theory and the basic principle of operation of LPG based sensors
are discussed and then the mechanism behind the spectral shifts in the resonance

band structure is explored.

Chapter 3 starts by discussing the effect of grating length and annealing on
the transmission spectrum of LPGs written in hydrogen loaded standard single
mode fiber (SMF-28). It then presents and discusses the characterization of an
LPG to measurands such as temperature and changes in the RI of surrounding
medium. We also investigate the temperature sensitivity of the LPGs fabricated in
SMF-28 fiber and B-Ge co doped photosensitive fiber. The difference in
temperature sensitivity between the SMF-28 and B-Ge fiber is explained on the
basis of the thermo-optic coefficients of the respective core and the cladding

materials of the two fibers.

Chapter 4 presents the application of the developed LPG based
refractometer as an edible oil adulteration detection sensor. When the edible oils
are subjected to adulteration, a change in its original refractive index occurs. Such
changes cause corresponding shifts in the resonance wavelength and change in depth
(amplitude) of the loss bands in the LPG. Adulteration levels can be detected by
analyzing these spectral changes. A complete experimental analysis on the use of
an LPG for adulteration detection in coconut oil and virgin olive oil is presented.

The device performance is analyzed in terms of its sensitivity and resolution.

i



The fabrication method and characterization of FBGs used in this research is
outlined in Chapter 5. This chapter also summarizes the details of RI sensing
based on etched FBGs. FBGs have been extensively used as temperature and strain
sensors. However, FBGs are intrinsically insensitive to surrounding refractive
index of the medium since the light coupling takes place only between well-bound
core modes, which are shielded from the influence of the surrounding refractive
index by the fiber cladding. To make the FBG sensitive to changes in the
surrounding refractive index, the cladding thickness around the grating region must
be reduced. The resultant FBG is often termed as an etched, thinned or reduced

cladding FBG.

Among the two main sections of the chapter, the initial part explores the
fabrication of etched FBGs and the spectral response of FBGs during etching
process. A reliable and stable method of etching of FBGs using a special mount is
discussed. An experimental verification of the RI sensitivity of the FBGs is given

in the latter part of the chapter.

In chapter 6, we propose a novel method for measuring the concentration of
protein (Bovine Serum Albumin) present in bio-chemical samples. The bio sensor
exploits the inherent characteristics of the Fiber Bragg Grating (FBG) which is
coated with a biopolymer, deoxyribonucleic acid (DNA). For increased sensitivity,
the fiber with FBG was etched with hydrofluoric acid (HF) prior to coating with
the DNA. The etched FBGs are sensitive to an external analyte by evanescent field
interaction. The sensing mechanism is based on the interaction of the protein with
the biopolymer film, which changes the film refractive index resulting in a shift in
the Bragg wavelength. By analyzing the Bragg wavelength shift, we can calculate

the amount of protein present in the sample solutions.

il



Chapter 7 deals with the summary of the findings of the present investigations

and discusses the scope for future work.

This thesis also includes a list of the papers accepted for publication during

the course of this Ph.D work.
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Chapter 1

Introduction to fiber optic sensors

Abstract

This chapter presents the general background of optical fiber based sensing

systems and then discusses the specific importance of fiber gratings in optical

sensor field.
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1.1 Introduction

The optical fiber is considered to be one of the most significant inventions of
the twentieth century. As suggested by Kao and Hockham [1] during the early
development stages, the optical fiber has emerged to become undeniably the most
important transmission medium for light wave delivery, and has revolutionized
modern communications and optical science. The award of the 2009 Nobel Prize in
Physics to C. K. Kao, who first proposed the use of optical fibers for data
communication, is the crowning jewel on this fantastic story. Fiber optic sensor has
been one of the most benefited technologies of the remarkable developments that
were achieved by optoelectronics and fiber optic communications industries.
Fundamentally, a fiber-optic sensor works by modulating one or more properties of
a propagating light wave, including intensity, phase, polarization, and wavelength,
in response to the environmental parameter being measured [2]. Today fiber optic
based devices, including fiber gratings, play a major role in optical sensor and
optical communication applications. These applications include civil, mechanical,
electrical, aerospace, automotive, nuclear, biomedical and chemical sensing

technologies [3,4].

The following section provides an introduction to optical fiber sensors

before focusing on fiber gratings and grating based sensor.

1.2 Fiber Optic Sensors (FOS)

Optical fiber as the light wave guiding media has been proposed and
developed since 1960s. But it is not until 1980s that the first silica based low loss
fiber was fabricated for optical communication system. Since then, there has been
an explosive development in fiber optical communication and fiber based systems
have become the backbone of the “information age”. In parallel with these

developments, optical fiber sensors, which have been a major user of the
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technology associated with the optoelectronics and fiber optic communications
industries, have fascinated the researchers and tantalized the application
engineers for over thirty years. Many components associated with optical fiber
communications and optoelectronic industries have been developed for optical
fiber sensor applications nowadays. The capability of optical fiber sensors to
displace traditional sensors for sensing applications has been increased, since

component prices have fallen and the component quality has been improved

greatly.

In the 21* century, photonics technology has turned into one of the primary
research fields. Fiber optic sensors have been used in diverse applications ranging
from monitoring of natural structures for prediction of earthquakes and volcanic
activity [5] to medical systems like blood oxygen monitoring [6]. For structural
applications, fiber optic sensors are used for strain sensing and damage detection
[7-9]. These sensors have also been used for sensing temperature, pressure, rotation,
velocity, magnetic field, acceleration, vibration [2,10-13], chemical [14-16] and
biological species [17-19], pH level, acoustic waves, environmental [20] sensing

and many other physical parameters [4].

Optical fiber sensors may be defined as a means through which a physical,
chemical, biological or other measurand interacts with light guided in an optical
fiber or guided to an interaction region by an optical fiber to produce an optical
signal related to the parameter of interest. The fiber sensor is illustrated
diagrammatically in Fig. 1.1. Light is taken to a modulation region using an
optical fiber and modulated therein by physical, chemical, or biological
phenomena, and the modulated light is transmitted back to a receiver, detected,

and demodulated.
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Light Modulator
(Physical, Chemilcal, Bio-Medical)
Input Fibre ¢ Output Fibre
Light Input Light Output

Figure 1.1: A basic fiber optic sensor system consists of an optical fiber and a light

modulating arrangement.

The advantages of fiber-optic sensing are well known and have been widely

presented [3, 4, 21-23]. Comparing with the conventional electrical and electronic

sensors, fiber-optic sensors (FOS) have inherent superiorities that others cannot or

difficult to achieve, such as:

).

(ii).

(ii).

@iv).

Insensitivity to EMI (electro magnetic interference) and inability to

conduct electric current;

Remote sensing: it is possible to use a segment of the fiber as a sensor
gauge with a long segment of another fiber (or of the same fiber)
conveying the sensing information to a remote station. Optical fiber
transmission cables offer significantly lower signal loss, as compared to
signal transmission in other sensors, and can maintain a high signal-to-

noise ratio (SNR).

Small size and light weight: optical fibers are intrinsically small-size,
which helps when building a compact measurement and acquisition

system and suitable for installing or embedding into structures.

Operation in hazardous environments: optical fiber sensors have been

proven to be able to work under extreme conditions, such as high
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temperature, high pressure, corrosive and toxic environments, high

radiation, large electromagnetic fields and other harsh environments;

(v). High sensitivity and wide bandwidth: a FOS is sensitive to small

perturbations in its environment.

(vi). Distributed measurement: an optical fiber communication network allows
the user to carry out measurements at different points along the transmission
line without significant loss when the signal passes through it. This provides
a method to monitor, control, and analyze the parameter being monitored

over an extended length or area.

1.2.1 Classification of FOS

In general, optical fiber sensors may be categorized under two headings

according to their operation [2-4, 23, 24]:

L Extrinsic Fiber Optic Sensor
IL. Intrinsic Fiber Optic Sensor

Extrinsic sensors are distinguished by the characteristic that the sensing
takes place in a region outside the fiber as shown in Fig. 1.2(a). The optical fiber is
only used as the means of light delivery and collection. The propagating light
leaves the fiber in a way that can be detected and collected back by another or the
same fiber. Intrinsic FOSs differ from extrinsic sensors, where light does not have
to leave the optical fiber to perform the sensing function as shown in Fig. 1.2(b).
In intrinsic FOSs, the optical fiber structure is modified and the fiber itself plays an
active role in the sensing function, i.e. modulation of light takes place inside the
fiber to measure a particular parameter [25-29]. So they are also called all-fiber

SE€NsSors.
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Extrinsic optical fiber sensors can be found in schemes such as Fabry-Perot
interferometers which utilize only some of the advantages optical fibers offer over
competing technologies. Intrinsic optical fiber sensors such as fiber optic
gyroscope, fiber Bragg gratings, long period gratings, microbend and coated or
doped fiber sensors utilise most of the advantages offered by the technology [24].
Intrinsic systems have attracted many researchers mainly due to their ability to be

embedded into composite structures.

Input fibre Output fibre (’l_"""l
\ fibre

AVA - Zo Vo N VAV

4

External External
perturbation perturbation

@ (b

Figure 1.2: Schematic showing the general design scheme of (a) extrinsic and
(b) intrinsic fiber optic sensors.

1.2.2 Classification of FOS based on modulation techniques

Optical fiber sensors act as transducers and convert measurands such as
temperature, strain and pressure into a corresponding change in the optical radiation.
Light wave propagating along the optical fiber could be characterized in terms of four
factors, which are intensity (amplitude), phase, wavelength (frequency) and state of
polarization [3,4]. When the surrounding environment has certain perturbation on
the sensing head, at least one of the four factors change according to the influence.
By measuring the light signal variation, one could obtain useful information of the
change in surrounding environment. Thus the effectiveness of the optical fiber sensor
depends on its ability to convert the measurands into these parameters reliably and

accurately. Based on the modulation technique FOSs are classified as follows.
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* Intensity modulated FOS
=  Phase modulated FOS
=  Polarization modulated FOS

*  Wavelength modulated FOS

Phase-modulated sensors usually use an interferometer and sense the output
signal by comparing the phase of the received signal with a reference signal.
Generally, this sensor employs a coherent light source such as a laser and two
single mode fibers. The intensity sensors are basically incoherent in nature and are
simple in construction and handling, while the interferometric sensors are quite
complex in design and handling but offer better sensitivity and resolution
compared to intensity modulated sensor. In the polarization modulation based
sensors, a plane polarized light is launched in the fiber and the change in the state
of polarization is measured as a function of the perturbing parameter of interest. In
the case of commonly used wavelength modulated sensors, light from a broad band
source is launched from one side of the fiber and the variation is sensed in terms of

change in wavelength of reflected or transmitted spectrum.

1.2.2.1 Intensity modulated sensors

In an intensity modulated FOS, the measurand modulates the intensity of
transmitted light through the fiber and these variations in output light is measured
using a suitable detector [24,30]. Measurements of optical power are easier than
measurements of complicated optical properties like wavelength shift, polarisation
state or phase interference. Various mechanisms such as transmission, reflection,
micro-bending, or other phenomenon such as absorption, scattering, or fluorescence
can be associated with light loss. Depending upon which mechanism changes the
intensity of a signal, a wide variety of architectures are possible for these sensors.
Optical fiber intensity-based reflective sensors represent one of the initial,

straightforward and, maybe, the most widely used sensors [31-33]. The intensity-
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based sensor requires more light and therefore usually uses multimode large core
fibers. The popularity of these sensors is related to their simple configuration, low
fabrication cost, possibility of being multiplexed, robustness and flexibility because
no speciality components or fibers are required except a stable optical source, a
reasonable photo-detector and signal processing unit. However, by adding suitable
components to the architecture of these sensors, performance can be enhanced and
sensing at multiple points becomes possible. Intensity-based fiber optic sensors
have a series of limitations imposed by variable losses in the system that are not
related to the environmental effect to be measured. Potential error sources include
variable losses due to connectors and splices, micro bending loss, macro bending
loss, deterioration of optical fiber and misalignment of light sources and detectors.
Variations in the intensity of the light source may also lead to false readings, unless
a referencing system is used [34]. Intensity modulated FOS can be found in a

variety of intrinsic and extrinsic configurations.

1.2.2.2 Phase modulated sensors

Phase modulated sensors use changes in the phase of light for detection. The
principle attraction of optical phase modulation is its intrinsically high sensitivity
to environmental modulation, so that very high resolution measurand are feasible.
The optical phase of the light passing through the fiber is modulated by the field to
be detected. This phase modulation is then detected interferometrically, by

comparing the phase of the light in the signal fiber to that in a reference optical fiber.

In an interferometer, the light is split into two beams, where one beam is
exposed to the action of the measurand and undergoes a phase shift and the other
is isolated from the sensing environment and is used as a reference. Once the
beams are recombined, they interfere with each other [24]. These are used to
measure pressure, rotation and magnetic field, etc. Mach-Zehnder, Michelson,

Fabry-Perot, Sagnac, polarimetric, and grating interferometers are the commonly used
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intereferometers. These interferometric sensors have wide applications in science,
engineering and technical field [4,24,35]. Mach-Zehnder interferometer is the most
commonly used phase-modulated sensor. These sensors give a change in phase
depending upon the change in length of an arm of interferometer or change in RI,
or both. In general, the phase-based fiber optic sensor is more sensitive than the

intensity-based fiber optic sensors.

1.2.2.3 Polarization modulated sensors

Optical fiber is made of glass. The refractive index of the fiber can be
changed by the application of stress or strain. This phenomenon is called a photo
elastic effect. In addition, in many cases, the stress or strain in different directions is
different, so that the induced refractive index change is also different in different
directions. Thus, there is an induced phase difference between different polarization
directions. In other words, under the external perturbation, such as stress or strain, the
optical fiber works like a linear retarder. Therefore, by detecting the change in the

output polarization state, the external perturbation can be sensed [2,24].

Polarization plays an important role in a system using single mode fiber. A
variety of physical phenomena influence the state of polarization of light. They are
Faraday rotation, electrogyration, electro-optic effect and photo elastic effect.
Polarization modulation may also be introduced by a number of other means, such
as mechanical twisting or by applying stress on the fiber. We can measure magnetic
field, electric field, temperature and chemical species based on polarization effect
[23, 24, 36, 37]. For example, magnetic field causes Faraday rotation of the plane
polarized light by an angle proportional to the strength of the magnetic field.
Liquid crystals (LCs) have polarization effects, so sensors based on LCs also

exhibit polarization effects [38].
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1.2.2.4 Wavelength modulated sensors

Wavelength modulated sensors use changes in the wavelength of light for
detection. Truly wavelength-modulated sensors are those making use of gratings
inscribed inside the optical fiber. A grating is a periodic structure that causes light
or incident electromagnetic energy to behave in a certain way dependent on the
periodicity of the grating. The following section will give a brief introduction to

fiber grating based sensors.

1.3 Fiber grating based sensors

Fiber sensors based on intensity modulation and phase modulation principle
have some problems that need to be solved in practical applications. The problems
associated with source power fluctuations, coupler losses, bending losses,
mechanical losses due to misalignment and absorption effects will significantly
influence measurement performance of intensity based fiber sensors [4].
Measurement accuracy of phase-based fiber sensors is often compromised due to
the existence of temperature drifts and vibration. Among the spectrally modulated
fiber sensors the most promising developments are those based on grating

technology.

A fiber optic grating is formed by inducing a periodic refractive index
perturbation along the length of an optical fiber core [39]. The periodical
perturbation of the effective refractive index allows the coupling of a core mode into
forward or backward propagating modes, depending on the grating period [40]. The
fiber gratings are classified into two categories depending on the grating period and

type of mode coupling:

Fiber Bragg Gratings (FBGs) - also called reflection or short period gratings,
where the coupling takes place between two modes travelling in opposite

directions [39].

10
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Long Period Gratings (LPGs) - also called transmission gratings, where the
coupling take place between core and cladding modes travelling in the same
direction [41-44]. These cladding modes attenuate rapidly on propagation and
result in loss bands at distinct wavelengths in the grating transmission spectrum.
When broadband source is injected, a specific wavelength is reflected back and rest
are transmitted. Whenever the environmental measurand affects the grating region,
it shifts the peak wavelength. In FBG the reflected spectrum is studied, while in
LPG the transmitted spectrum is studied [45,46].

The most widely used wavelength based sensor is the Bragg grating sensor.
FBGs have revolutionized modern telecommunications and subsequently that of
optical fiber based sensor technology. In the latter case, FBGs are an excellent
sensing element due to their high sensitivity, multiplexing ability and reasonable
fabrication cost. In addition, several distinct types of FBGs have been developed in
order to meet certain scientific needs. The principle of operation of an FBG sensor
is based on the shift of the Bragg wavelength when it is under the influence of a
measurand [46,47]. Strain and temperature are the two basic parameters that can
directly tune the Bragg wavelength of FBG [48]. Since the light coupling takes
place between well-bound core modes that are screened from the influence of the
surrounding medium refractive index by the cladding, normal FBGs are
intrinsically insensitive to SRI. So normal FBGs cannot be used as chemical
sensors or biosensors. To use the FBG as an effective refractometric sensor
element, the cladding radius around the grating region must be reduced, allowing
the effective refractive index of the fiber core to be significantly affected by the
refractive index of external medium [49]. As a consequence, shifts are expected in
the Bragg wavelength combined with a modulation of the reflected amplitude. The
resultant FBG is often termed as an etched, thinned or reduced cladding FBG

[50,51]. A very simple method to reduce the cladding can be the uniform chemical

11
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etching of the Bragg grating section of the fiber using hydrofluoric acid. The
sensitivity of the sensor depends on the change in the effective index of the core
mode, which is related to the change in the refractive index of a biological or
chemical sample under test. To date, a number of surrounding refractive index
(SRI) sensors have been realized using etched FBG structures to measure

concentrations of some chemicals or bio samples [52,53].

The first LPG successfully inscribed in an optical fiber was described in
1996 by Vengsarkar et al. and was used as a band-rejection filter [43]. In the same
year Bhatia presented the first LPG device acting as an optical sensor [54]. Since
then, LPGs have found many applications in optical communication and sensing.
In optical communication systems, LPGs are applied as gain equalizers [55],
dispersion compensators [56], optical switches [57], components in wavelength
division multiplexing (WDM) systems [58], band rejection filters [9] and mode
converters [59]. The attenuation bands of LPG is a strong function of external
perturbations like strain, temperature, bending and surrounding refractive index
[54,60]. Presence of these external perturbations affects the coupling strength
between the core and cladding modes, which could lead to both amplitude and
wavelength shift of the attenuation bands in the LPG transmission spectrum.
Measurement of these spectral parameters in response to environment, surrounding
the grating region is the basis of sensing with LPGs [45]. In an LPG the guided
light interacts with the external medium and the effective index of the excited
cladding modes depends on the refractive index of the core, cladding and external

medium materials.

Long-period fiber gratings have been demonstrated to have high sensitivity
to the refractive index of the ambient media. However, their multiple resonance
peaks and broad transmission spectra (typically tens of nanometers) limit the

measurement accuracy and their multiplexing capabilities. In addition, the

12
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relatively long length of the grating limits their application as point sensor devices.
In conventional fiber Bragg gratings, for refractive- index sensing, etching of the
cladding is required for the evanescent field of the guided mode to be accessed.
This reduces the strength and durability of the sensor and makes it susceptible to
damage under harsh environmental conditions. Long period grating (LPQG)
refractive index sensors retain their endurance, as the integrity of the fiber is not

violated.

At present, the refractive index sensing based on the fiber grating is an
extraordinarily important subject in the biochemical sensing area which attracts
significant research interest. FBGs are generally less sensitive to the variations
in the refractive index of the surrounding medium as the fiber core is well
covered by the cladding layer. This limits the application of FBGs in chemical
and bio-sensing. Therefore, Long Period Gratings (LPGs) [54,60] and etched
FBGs (eFBGs) [49-52] have been utilized for chemical and bio-sensing

applications.

The forthcoming chapters of this thesis discuss the design and development

of different LPG and FBG based sensors in detail.

Chapter 2 of the thesis has been devoted to the fundamental theory of fiber
optic gratings, fabrication technology and principle of operation of FBG and LPG
based sensors. In chapter 3, the fabrication of LPG and experimental analysis of its
transmission spectra with variation in refractive index and temperature of
surrounding medium have been presented. Chapter 4 presents the application of the
developed LPG based refractometer as an edible oil adulteration detection sensor.
Chapter 5 of the thesis deals with the fabrication of etched FBGs and refractive
index sensing using etched FBGs. In chapter 6, we propose a novel method for

measuring the concentration of protein (Bovine Serum Albumin) present in bio-

13



Chapter 1

chemical samples using FBG. Finally, chapter 7 gives a summary of the present

work and a few future studies for various medical diagnostic applications.

1.4 Summary

This first chapter presented an overview of the optical fiber sensors, its
classifications, the advantages and the applications. The chapter also introduced the
relatively new class of fiber optic sensors, the fiber grating sensors, and discussed
the advantages that they offer over conventional fiber optic sensors. The chapter
also presented the distinguishing features of the two different classes of fiber

grating, the fiber Bragg grating and the long period grating.
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Chapter 2

Fiber Gratings: Basic Theory and
Sensing Principle

Abstract

This chapter begins with a review of the historical prospective of the
photosensitivity mechanisms in optical fibers and a brief discussion on the reported
photosensitization techniques. The chapter presents an overview of the fundamental
theory of fiber optic gratings and their development. It also provides a review of
the sensing applications of FBGs and LPGs with a particular emphasis on their
application as refractive index sensors for chemical and bio-sensing applications.
This chapter provides the basis for the following chapters in which applications of

gratings with different structures are proposed and demonstrated.




Chapter 2

2.1 Introduction

The significant discovery of photosensitivity in optical fibers led to the
development of a new class of in-fiber components called fiber gratings.
Photosensitivity refers to a permanent change of RI of the fiber core while exposed
to light with characteristic wavelength and intensity depending on the core
material. In recent years, owing to the numerous advantages of fiber gratings in a
wide range of applications, they have attracted great attention over other
conventional fiber optic devices. Applications in which FBG structures are
employed use the coupling between the forward and backward propagating core
modes in the fiber while those using LPGs utilize the core mode to cladding mode

coupling,
2.2 Bragg grating history

Fiber Bragg gratings (FBGs) are formed by constructing a periodic or a
quasi-periodic modulation of refractive index inside the core of an optical fiber.
This change in index of refraction is typically created by exposing the fiber core
to an intense interference pattern of UV energy. The exposure produces a
permanent increase in the refractive index of the fiber's core, creating a fixed
index modulation according to the exposure pattern. This fixed index modulation
is called a grating [1]. A small amount of light is reflected at each period. All the
reflected light signals combine coherently to one large reflection at a particular
wavelength. This is referred to as the Bragg condition, and the wavelength at
which this reflection occurs is called the Bragg wavelength [2,3]. Only those
wavelengths that satisfy the Bragg condition are affected and strongly back
reflected through the same core of the fiber.

The formation of permanent grating structures in optical fiber was first

demonstrated by Hill and co-workers in 1978 at the Canadian Communications
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Research Centre (CRC) in Ottawa, Ontario, Canada [4,5]. In groundbreaking work,
they launched high intensity Argon-ion laser radiation (488 nm) into germanium
doped fiber and observed an increase in reflected light intensity. After exposing the
fiber for a period of time it was found that the reflected light had a particular
wavelength. After the exposure, spectral measurements were taken, and confirmed
that a permanent narrowband Bragg grating filter had been created in the area of
exposure. This was the beginning of a revolution in communications and sensor

technology using FBG devices.

The Bragg grating is named after William Lawrence Bragg who formulated
the conditions for X-ray diffraction (Bragg's Law). The gratings first written at
CRC, initially referred to as “Hill gratings”, were actually a result of research on
the nonlinear properties of germanium-doped silica fiber. At this early stage,
gratings were not fabricated from the “side” (external to the fiber) as commonly
practiced now, but written by creating a standing wave of radiation interference
within the fiber core introduced from the end of the fiber. This fabrication method
was known as internal inscription method. As the light reflected from the grating
has the same wavelength as that used to write the grating, this technique is limited

to applications using wavelength at or near the writing wavelength.

Almost a decade later, in 1989, Meltz and co-workers showed that it was
possible to write gratings from outside the optical fiber using a wavelength of
244nm [6]. This proved to be a significant achievement as it made possible future
low cost fabrication methods of fiber Bragg gratings. With this external writing
method, it was discovered that a grating made to reflect any wavelength of light
could be created by illuminating the fiber through the side of the cladding with two
beams of coherent UV light. By using this holographic method the interference
pattern and therefore the Bragg wavelength could be controlled by the angle

between the two beams, something not possible with the internal writing method.
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Since the discovery of photosensitivity in optical fiber by Hill and the developments
of the holographic writing method by Meltz, hundreds of articles have been
published concerning photosensitivity and fiber Bragg gratings.

To overcome the limitations of two-beam holographic technique, phase
mask technique for fabricating gratings was reported by Hill ez a/. [7] in 1993. This
new techniques has removed the complexity in the manufacturing process of FBGs,

making them reproducible at lower costs.

Nowadays, the phase mask technique has become the most popular and one
of the most effective methods for the fabrication of FBGs. This technique makes
use of phase mask as a key component of the interferometer to generate the
interference pattern. The use of high power femtosecond laser sources for
inscribing Bragg gratings has attained significant interest in recent years[8,9]. The
principal advantage of high-energy pulses is their ability of grating inscription in
any material type without pre-processing, such as hydrogenation or special core
doping with photosensitive materials. The refractive index change in femtosecond-
inscribed gratings is initiated by a nonlinear reaction through the multiphoton
process. The commercial products of fiber Bragg gratings have been available
since early 1995. Today, FBGs have become almost synonymous with the field

itself and most fiber optic sensor systems make use of Bragg grating technology.

2.3 Basics of FBG

A fiber Bragg grating consists of a periodic modulation of the refractive
index in the core of a single-mode optical fiber. Schematic and operation of basic
FBG are illustrated in Fig. 2.1. When light from a broadband source is launched
from one side of the fiber, only a particular wavelength which satisfies Bragg
condition will be reflected while the remainder is transmitted without any loss.

Periodic RI variations reflect the incoming wave front and constructively form a
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back reflected power peaked at a centre wavelength defined by the grating
characteristics. The wavelength for which the incident light is reflected with
maximum efficiency is called the Bragg wavelength [1,3,10,11]. In optical fiber
gratings, the phase matching condition is given by [1]:

where B; and [, are the propagation constants of the modes being coupled and A is
the grating period. In the case of FBGs, the forward propagating core mode (LPy,)
couples to the reverse propagating core mode. i.e. Propagation constants remain the

same but with a negative sign.

Since AP is large in this case, the grating periodicity will be small, typically less
than 1pm.

But

where 1,5 is the effective refractive index of fiber core. Now the equation (2.4)

becomes

2(Enepp) =2 ottt (2.6)

Thus the Bragg wavelength can be written as:

AB = 2. Tleff.A ................................................................. (27)
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where ne is effective refractive index of the fiber core and A is the grating period.
So any change in the effective refractive index or the grating period will cause a
shift in the reflected Bragg wavelength. The wavelengths, other than A will
experience weak reflection at each of the grating planes because of the phase
mismatch over the length of the grating. The grating spacing can be changed,
during manufacturing, to create Bragg gratings of different center wavelengths.
Comprehensive explanation of FBG basic principles can be found in several
references [4,11]. In some papers, the coupled-mode theory [12] is used as a
technique for the detailed theoretical analysis of FBGs, because it is simple and
accurate in simulating the optical behavior and in modeling the optical property of

most the fiber gratings.

Flbre core Cl addlng
Transmitted

Incident Light
Light
*

ragg grating

Reflected Light

Figure 2.1: Schematic representation of a Bragg grating inscribed into the core of
an optical fiber. The period of the index of refraction variation is
represented by A.

2.3.1 The Bragg condition
The Bragg grating resonance condition is the requirement to satisfy both
energy and momentum conservation, in which the energy conservation (hw,=hwy

requires that the frequency of the reflected radiation should be the same as that of

the incident radiation. The momentum conservation requires that the sum of
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incident wave vector (l_&) and the grating wave vector (I? ) should be equal to the

wave vector of the scattered radiation (l—éf). This can be expressed as

KiF K S KE oo eee e (2.8)

where the grating wave vector K, has a direction normal to the grating plane with a
magnitude 2n/A, with A being the grating spacing [3,13]. The diffracted wave
vector is equal in magnitude and opposite in direction with regard to the incident
wave vector and hence the momentum conservation condition can be represented

as [3,10]

2 (2%;) R (2.9)

This simplifies to the first order Bragg condition

7\.]3 = ZneffA .............................................................. (210)

where Ag is the Bragg wavelength and n.fs is effective refractive index of the
fiber core. If the Bragg condition is not satisfied, the reflected light from each
subsequent plane in the grating becomes out of phase progressively and gradually
cancel out. Also, light that is not coincident with the Bragg wavelength will simply

get transmitted and experience very little reflection.

2.3.2 Induced refractive index change

The simplest uniform fiber Bragg grating structure in optical fiber is an
axial (x) and periodic change of the refractive index of the core with a

refractive index profile given by[3,13]:

Nesr(x) =ng + Ancos (2%) ....................................... (2.11)
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where An is the amplitude of the induced refractive index perturbation, ng is the
averag index of the fiber core, x is the distance along the fiber’s longitudinal axis

and A is the grating period.The typical value of An varies in the range 107 to107.
2.3.3 Bragg grating reflectivity
The reflectivity of a grating with constant modulation amplitude and period

can be expressed using the coupled mode theory of Lam and Garside as [3,14]

Q2sinh2(sl)

R(ALA) = S simnzsh+s2 coshzGal)

where R(], 2) is a fraction between 0 and 1 of the propagating optical power reflected
by a grating of length / at a given wavelength .. Ak =k — g is the detuning wave

2mng

vector, k = is the propagation constant and s= v Q% — Ak2. The coupling

coefficient, Q, for a sinusoidally varying index modulation along the fiber axis is

given by:

where An is the amplitude of the induced refractive index at a given wavelength A

and 1 (V) is a function of the normalized frequency V of the fiber that represents
the fraction of the fiber mode power contained in the core, n (V) =1 — 1/V2 . The

normalized frequency V can be expressed as [14]

2T

V=220 02 —12)72 it (2.14)

where a is the fiber core radius, n, and n. are the core and cladding refractive

indices, respectively. The fiber is single mode at wavelengths for which
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V <2.405 [6]. At the Bragg grating center wavelength, there is no wave vector

detuning and Ak equals zero. Therefore, the expression for the reflectivity becomes

R(LA) = tanh2(QL) weooeveeeeeeeeeeeeeeeeeeeeeeeeeeseseee s (2.15)

2.3.4 Spectral reflectivity dependence on grating parameters

Bragg grating has the property of reflecting light within a narrow band of
wavelengths and transmitting the entire wavelength outside that band. The
reflectivity increases with the change in the induced refractive index. It can also be

found that the reflectivity increases with the increase in the length of the grating.

A.  Grating strength

The reflectivity of the fiber Bragg grating depends on the grating strength
according to Eqn.2.15. It implies that the reflectivity of the Bragg gratings
can be increased by increasing the magnitude of the refractive index change
[3]. A refractive index modulation of 107 in silica fibers is normally

achievable.

B.  Grating length

The length of a Bragg grating is dependent on the size of the fabrication
system and is normally limited to a few centimeters. An FBG close to 100%
reflection of the Bragg wavelength can be obtained by increasing the length

of the grating [3].

2.3.5 Full-width at half-maximum (FWHM)

The full-width at half-maximum (FWHM) bandwidth of a grating [15,16] is
the difference between two wavelengths on either side of Bragg wavelength where

reflectivity drops to half of its maximum. An increase in length of grating results in
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reduced FWHM bandwidth. A general expression for the approximate full width at

half-maximum bandwidth of a grating is given by

where N is the number of grating planes present in grating structure, & ~ 1 for
strong gratings(for grating with near 100% reflection) and a = 0.5 for weaker

gratings [17].

2.4 Sensing principle

Fiber gratings are excellent elements in sensing applications, which is the
main topic of this thesis. The basic principle of operation commonly used in an
FBG based sensor system is to monitor the shift in Bragg wavelength, Az with the
changes in the measurand. The Bragg wavelength of an optical fiber grating is a
function of the grating period (A) and the effective refractive index (n.gy) of the

fiber core and is represented by equation (2.7).

)\'B = ZneffA

Thus any change in refractive index or the grating period due to external
measurands will change the Bragg wavelength of the device and can be detected in
either the reflected or transmitted spectrum of FBGs. Strain (g) and temperature (T)
are the two basic parameters that can directly tune the center wavelength of
FBG [1,3]. i.e. the Bragg wavelength is a function of both the strain and
temperature, Ag - Ag (§,T) and they are considered as independent variables
[18,19]. Since the measurand field induces a differential change in the wavelength,

the differential of Ag is taken. It can be represented as
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d\ _ade +aXB dT
B = 5 Y67 Gt

= [2 @nepr M) de+[Z @ nepr M| AT o 2.17)

_ oA O nefr oA O nesr
—[Zneff E+ 2 TA] de + [Zneff E+ 2 TA] aTr

Dividing the equation by Ag = 2 n.g A becomes,

dig _ [10A 1 Onesy 1 0A 1 Onegsy
- [A et gy o | BE T [Rar T,y Tar | AT e (2.18)

This equation shows how the Bragg wavelength is shifted by the strain and

temperature.

The first term in Eq. 2.18 represents the strain effect and the second term

represents the temperature effect on optical fiber grating.

2.4.1 Strain sensitivity of Bragg gratings

The basic operation of FBG strain sensor is based on the measurement of the
peak wavelength shift induced by the applied strain [19]. FBGs can provide
extremely sensitive strain measurements for various materials and structures. Strain
sensing is an important part in a health monitoring system for civil, mechanical,
and aerospace applications. The idea of using FBGs for strain measurement was
first introduced by Bertholds ef al. in 1988 [20], where the strain-optic coefficient

of optical fibers has been determined.

The strain induced shift of the fiber Bragg grating results from two effects
(former part of Eq.2.18); the physical elongation of the optical fiber corresponding
to a change in grating spacing and the change in the effective refractive index due

to photo elastic (strain-optic) effects [21,22,23]. The Bragg wavelength shift due to
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strain optic effect alone can be expressed in terms of the photoelastic coefficient as

[17, 20]

where the term ¢ is axial strain experienced by the fiber in micro-strain (ne), A)g is

the shift in wavelength (nm) and p, is the photoelastic coefficient (effective strain-

optic constant) of the fiber given by

A G o R Ry ) I — (2.20)

where p, | and p_, are the components of strain-optic tensor, and v is Poisson’s ratio.

Figure 2.2 shows the shifts of the wavelength and the grating pitch length
before and after the strain is added on both ends of the fiber. Strain measurements
based on FBG is a rapidly developing technology which is driven by its
performance accuracy and versatility and is being used for structural monitoring

and smart structure applications [24-30].

Unstrained Fiber Reflectvily (4B) .
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Figure 2.2: Wavelength shift and pitch length shift when strain is added on the
FBG.
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2.4.2 Temperature sensitivity of Bragg gratings

The temperature response of the Bragg wavelength is due to two factors
(latter part of Eq.2.18), the thermal expansion of the fiber resulting in a change in
the grating spacing and the change in the effective refractive index of the fiber due
to the thermo-optic effect. Thus the Bragg wavelength shift due to temperature

change can be expressed as

AAg = (0 F E)AB AT oo eeereeee 2.21)

1) (0A

where o = (X) (E) is the coefficient of thermal expansion, & = (ﬁ) (%)

represents the thermo-optic coefficient of the fiber and AT is the change in
temperature. Both parameters o and & are functions of temperature and have been
observed to be non-linear at high temperatures [22,24]. Most materials expand
when the temperature increases. If the fiber expands with increase in temperature
then the grating spacing increases and the Bragg wavelength will shift towards
positive side (red-shift). For silica fibers, the thermo-optic effect is the dominant
factor accounting for approximately 95% of the observed shift in the Bragg
wavelength. The thermal expansion accounts for only 5% of the total effect.
Various authors have reported the use of FBGs for temperature sensing

applications [31-34].

2.4.3 Strain and temperature sensing

As discussed above, FBGs respond to changes in both strain and
temperature. The strain directly affects the FBG as it expands or contracts the
grating period and thus the refractive index is modified whereas, the temperature
sensitivity of an FBG mainly occurs because of the change in induced refractive
index [3]. Therefore if a FBG sensor is subjected simultaneously to both strain and

temperature changes, the combined Bragg wavelength shift can be expressed as
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Mg =[(1=p e+ (@+E AT |Ag oo (2.22)

Thus the Bragg wavelength shift can be rewritten using the above defined variables as

Akg = ({1 - (ngzi> [P, = by +p35)] }‘C’ + {G) (Z_/T\) +
3) (%) }AT) AB woveeeeeeseeee oo (2.23)

So, it is necessary to discriminate strain and temperature effects in order to reveal
each physical parameter, and various methods have been proposed [35-40]. A
straightforward method, as proposed by Y. J. Chiang ef al. in [41] involves using a
pair of FBGs, both susceptible to temperature effect, with one of them being
protected from strain. In this case, it is desirable that both FBGs experience the

same sensitivity to temperature and its effect can be isolated from the strain effect.

Another method is to use two FBGs with a large difference in their Bragg
wavelengths, which show different responses to the same measurand [42]. FBGs
written on fibers of different diameters have also been proposed, which give
different strain responses, while the temperature responses remain the same
[43,44]. By writing FBG with close wavelengths in undoped and boron co-doped
fibers, different temperature sensitivities are obtained while the strain sensitivities
remain the same [45]. In these reported techniques, it is necessary to use special
fibers (specialty fibers with different doping elements, microstructured fibers, and
photonic crystal fibers) or special spectroscopic techniques (fluorescence and
interferometry) in order to distinguish temperature and strain, which result in bulky
sensor systems targeting for the sole purpose of simultanecous measurement of
temperature and strain only [46-48]. Another method involves using nonlinear
effects such as stimulated Brillouin scattering to discriminate temperature from
strain measurements [49]. Lu et al. reported an approach to resolve the cross-

sensitivity between temperature and strain of FBGs [50], in which acrylate and
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polyimide polymers were used as the coating materials for different FBGs to

achieve simultaneous measurement of axial strain and temperature.

2.4.4 Refractive index sensitivity

In standard single mode optical fibers, the fundamental mode is strongly
shielded by the cladding layer avoiding any influence of the surrounding medium
refractive index on the guiding properties. So the effective refractive index is not
influenced by the external one, thus leading to no sensitivity to surrounding
medium refractive index. However, if cladding diameter is reduced partially or
totally along the grating region, the effective refractive index is significantly
affected by the surrounding medium [51-53]. As a direct consequence, strong
changes in the spectral response of the FBGs occur in etched optical fiber. This
effect can be useful in chemical as well as in bio sensing applications [54-58]. The
first demonstration of an FBG as a refractometer was done in 1997 by Asseh ef al.
[59], and it was based on the application of chemical etching to the fiber region
where the grating was located. Usage of chemically etched fiber Bragg grating as

refractive index sensor is discussed in detail in chapter 5 of this thesis.

2.5 Photosensitivity in optical fibers

The photosensitivity in optical fibers refers to a permanent change in the
refractive index of the core of the optical fiber when exposed to light radiation with
characteristic wavelength and intensity that depends on the fiber material [1,60].
The significant discovery of photosensitivity in optical fibers led to the
development of a new class of in-fiber components called fiber gratings. The
existence of high photosensitivity within a fiber core is crucial to the fabrication of
high quality Bragg gratings. Photosensitivity in fiber was discovered by Hill ef al.
[4] in 1978 while they were studying the nonlinear effects in a specially designed

high silica optical fiber using 488nm radiation and since then, several published
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studies have explained the photosensitivity mechanisms. The refractive index
change reported by Hill was due to two photon absorption and was determined by
Lam and Garside [13]. They concluded that using a UV light source would be more
effective in the fabrication of fiber gratings. Since then, photosensitivity in optical
fibers remained dormant for several years, mainly due to limitations of the writing
technique. However, a renewed interest has risen with the demonstration of the side

writing technique by Meltz et al. [6] almost ten years later.

Numerous studies have been conducted to understand the mechanism of
photosensitivity of optical fiber. Studies have also been conducted to discover for
fibers of higher photosensitivity and more efficient FBG fabrication techniques. In
the early research, it was believed that the photosensitivity exists only in germanium
doped fibers [61], but later studies reported the photosensitivity in a wide range of
different fibers, that contain dopants other than germanium and which contained no
germanium at all [62,63]. However, germanium doped fibers are still the most
interesting photosensitive fibers for grating fabrication due to their extensive
applications in optical sensor and telecommunication area. Photosensitivity is also
detected when the fiber is exposed to different wavelengths of radiations (157nm,

193nm, 244nm, 248nm, 255nm, 266 nm, 325nm, 351nm etc.) [64-66].

2.5.1 Photosensitivity models

Regardless of the worldwide interest into the subject, there is still no single
model to explain the Photosensitivity in all cases, but it has been realized that the
photosensitivity depends on a number of factors, including the core material, the
wavelength and intensity of the radiating light. Several models have been proposed
for these photoinduced refractive index changes, such as colour-centre model [67],
compaction model [68], stress relief model [69], dipole model [70], electron

charge migration model [71], ionic migration model [72] and Soret effect [73].
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These models have been reviewed extensively in many papers [1,3,74]. To date,
the colour centre model is the most widely accepted model for the formation
mechanism of fiber gratings. According to the colour centre model, photosensitivity

is related to defects present in glass.

The colour centre model is based on the breaking of the germanium-oxygen
vacancy defect bonds in germanium-doped silica on absorption of UV radiation
around the 244 nm wavelength band. On absorption of a photon, the GeO defect
bond breaks forming a colour centre characterized by the presence of a Si” hole and
a released electron that is free to move within the glass matrix and can be retrapped
at the original site or at some other defect site. The newly trapped electron causes a
reconfiguration of the shape of the molecule which changes the absorption
properties of doped silica in the UV region of the spectrum, leading to an increase
in the refractive index given by the Kramers-Kronig relationship [74]. The colour
centre model for photosensitivity was supported by many experiments [75-77]. The
compaction model or densification model [78] suggests that the UV radiation
breaks bonds in the glass network causing the glass structure to compress and its
density to increase, producing the refractive index change. The stress-relaxation
model is based on the assumption that breaking of chemical bonds on exposure to
UV radiation results in the relief of compressive internal stress which is frozen
within the core of the fiber during the fiber drawing process. Thus the change in
refractive index is characterized by the photo elastic process of stress relief during
fabrication [69]. The electron charge migration model is based on the appearance

of a periodic electric field by photoexcitation of fiber defects.

2.5.2 Photosensitivity enhancement techniques

Since the discovery of photosensitivity and the first demonstration of grating
formation in germonosilicate fiber by Hill in 1978, considerable efforts have been

made to understand and increase the photosensitivity in optical fibers. The
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developed photosensitization techniques, including hydrogen loading, flame
brushing and co-doping in fiber core are able to increase the photoinduced index
modulations in the fiber core up to the order of 107 - 102, This section discusses

different techniques available to enhance the photosensitivity in optical fibers

2.5.2.1 Hydrogen Loading or Hydrogenation Technique

Hydrogen loading of optical fibers is the most commonly used technique for
achieving high UV photosensitivity in germanosilicate and germanium-free optical
fibers and was first developed by Lemaire et al. in 1993 [79,80]. Hydrogen loading is
carried out by diffusing hydrogen molecules into the fiber core at high pressure and
temperature. This method is beneficial in that it allows any optical fiber to have Bragg
gratings inscribed in them. Under UV laser radiation, the hydrogen that is diffused into
the fiber reacts with the Ge-O-Si bonds in the glass, forming additional OH species.
This raises the level of oxygen-deficiency in the glass matrix and hence increases the
amount of absorption at 240nm. The time required for hydrogenation of fiber to
achieve a certain photosensitivity level varies with the pressure and temperature. It
normally takes a week of hydrogen soaking at room temperature in order to obtain the
desired photosensitivity in optical fiber. The required time can be decreased to a few
days by raising the temperature or the pressure during the hydrogen loading process.
But it should be noticed that high pressure hydrogen is dangerous and demands special

precautions.

There are several advantages with hydrogenation technique. It offers a very
simple and effective way to substantially increase a fiber’s photosensitivity.
Fabrication of FBG is possible in any germanosilicate fibers, and even in
germanium-free fiber when shorter wavelength UV light is used (typically 193 nm).
Additionally, permanent refractive index changes occur only in regions that are
UV irradiated. The fiber loses its photosensitivity when hydrogen molecules

diffuse out. Therefore, by thermally diffusing out the hydrogen molecules after
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the index change, the grating will have high photo-stability even in the UV
wavelength region. The hydrogen loading technique also removes the necessity
of using UV wavelengths, coinciding with defect absorption bands for accessing

photosensitivity [81].

The major disadvantages of this process are that it uses high pressure
hydrogen, which in itself is very dangerous and requires special precautions.
Another drawback of this method is the strong absorption near the 1550 nm
telecommunication window which arises due to increase O-H bond formation
during hydrogenization. Thermal annealing process diffuses out the excess hydrogen
present in the fiber. But this process can shift the resonance peak up to a few
nanometers, thus causing difficulties in reproducing the same Bragg resonance
wavelength repeatedly. The Bragg wavelength caused by the out diffusion of
hydrogen molecules can also affect the stability of gratings used in elevated

temperature sensing applications.

2.5.2.2 The flame brushing

This technique is based on brushing the fiber repeatedly with a flame
fuelled with hydrogen and a small amount of oxygen at a temperature of
approximately 1700°C to achieve photosensitization [82]. At this temperature,
hydrogen diffuses into fiber core very quickly and it takes only approximately
20 minutes to photosensitize a fiber completely. The principle of flame brushing
technique is the same as hydrogen loading technique. Hydrogen molecules are
used to create defects that strongly absorb at UV wavelength, and increase
photosensitivity. Highly localized photosensitivity can be obtained in fiber
because of the fact that the flame can be made very small in size. The effect only
targets the core of the fiber while the cladding properties remain unaffected. The

flame brushing technique has been used to increase the photosensitivity of
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standard optical fiber by a factor greater than 10, achieving refractive index
changes of greater than 10°. The major advantage of the flame brushing
technique over hydrogen loading is that the increased photosensitivity is
permanent when the fiber has been flame brushed, whereas hydrogen loaded fiber
loses photosensitivity as the hydrogen diffuses out of the fiber. The biggest
disadvantage of this technique is that the exposure to high temperature flame
greatly reduces the mechanical property and durability of the fiber which
increases the likelihood of the fiber breaking.

2.5.2.3 Co- doping Technique

The other schemes for increasing the photosensitivity in optical fibers
include, increasing the concentration of germanium in germanosilicate fiber or
codoping of the fiber preforms with co-dopants such as boron [83], europium
[84], cerium [85], erbium [86], phosphorous [87], antimony [88] and tin [89]
which  exhibit different degrees of sensitivity in silica host optical fiber.
Germanium doping increases the intrinsic photosensitivity but also enhances the
refractive index of the silica. For communication fibers, the refractive indices of

the core and cladding and numerical aperture are standardized.

Studies have shown that fiber co-doped with boron to be much more
photosensitive than fiber with higher germanium concentration and without
boron co-doping. Addition of boron oxide to silica results in a compound glass
that has a lower refractive index than silica. So boron co-doping reduces the RI of
the core and makes it softer than before. Fiber indices may be matched with high
concentrations of germanium as long as the boron concentration is sufficient.
The absorption measurements suggest that in contrast to hydrogen loading and
flame-brushing techniques, boron co-doping does not enhance the fiber

photosensitivity through the creation of oxygen-germanium deficiency centers.
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Instead, it is believed that boron co-doping increases the photosensitivity of the
fiber by allowing photo induced stress relaxation to occur, which seems likely to
be initiated by the breakage of bonds by UV light. Tin co-doped fibers exhibit
similar photosensitivity as those doped with boron. But the Sn co-doped fibers
also benefit from some advantages over boron doped fibers including the grating
survival at high temperature and their induced refractive index changes are more

stable with time [90].

2.6 FBG Fabrication Technology

Since the discovery of photosensitivity in optical fibers, there has been a
growing interest for fabrication of Bragg gratings within the core of an optical
fiber. Direct optical inscription of high quality gratings into the cores of optical
fibers has been actively pursued by many research laboratories and various
techniques have been reported. Different FBG fabrication techniques can be
classified as internal inscription and external inscription techniques [3.4].
Adopted primarily during the earlier years, internally writing technique uses
relatively simple experimental setup in which the standing wave inside the
optical fiber photo imprints a Bragg grating with the same pattern as the standing
wave. In recent years, the internal inscription technique has been superseded by
the external inscription technique due to the inefficiency of the writing process.
In this, gratings are side written into the core of a photosensitive fiber by
exposure to a UV light source and generally have greater reflectance due to the
large index modulation. Currently, there are three basic external writing
techniques for FBGs fabrication in photosensitive optical fibers with the
necessary accuracy namely: Interferometric technique [6,85,91,92], Phase Mask
Technique[93-108] and Point-by-Point Inscription method [109-110]. These
techniques differ in the principle of writing and consequently, in the equipment

used in the grating writing process.
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The interferometric fabrication technique, the first external writing
technique to inscribe Bragg gratings in photosensitive fibers, was demonstrated
by Meltz et al. in 1989 [6], in which a single laser beam is split into two
components, which are subsequently recombined at the fiber to produce an
interference pattern. Bragg gratings can be written interferometrically by

amplitude-splitting [6,90] or by wavefront-splitting [14,91,92].

The first demonstration of the point-by-point technique for writing FBG was
reported by Malo ef al. in 1993 [109]. This technique uses a UV pulse laser or
femtosecond laser [110] to inscribe individual grating planes one step at a time
along the core of the fibre. A single pulse of light passes through a slit and then is
focused onto the core of the optical fiber to produce an index change at one point.
After the refractive index at the irradiation point is changed, the fibre is translated
by a distance A, which corresponds to the grating period, from the original place by
a precision translation stage. The movement of the translation stage is computer

controlled. This procedure is repeated until the desired grating length is obtained.

The phase mask method is the most widely used and effective method for
inscribing FBGs in photosensitive fibers [90]. This technique makes use of
phase mask as a key component of the interferometer to generate the
interference pattern. A Phase mask is a corrugated grating etched in a silica
substrate produced either by holographic or by electron-beam lithography
method [93,94]. The phase mask is normally placed in contact or near contact
with the fiber. The laser beam passes through the mask and is spatially
diffracted to form an interference pattern. This interference pattern photo
imprints a refractive index modulation in the core of the photosensitive optical

fiber as shown in Fig.2.3.
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With a normally incident UV radiation, the phase mask diffracts the incident
beam into several orders, m=0, +1, £2 ... and the diffraction angle of the positive
and negative orders are equal. The superpositions of the different plus and minus
diffraction orders form an inference pattern, which can be used to inscribe Bragg
gratings in optical fibers. Normally, the near field interference fringe pattern,
generated by £1 order diffraction is employed for grating fabrication. Phase masks
for FBG fabrication are usually designed such that the zero order diffracted beam is
suppressed to less than few percent (typically less than 3%) of the transmitted light
when the light is incident on the mask. The diffracted plus and minus first (£1)
orders are maximized, each containing, typically more than 35% of the transmitted

power [14].

Important features in a phase mask are the period of the etched grooves and
the etch depth. The period of the grating (A) written in the core of the fiber is one
half of the phase mask period (A,n) and does not depend on the wavelength of the

writing beam or its incident angle on the phase mask.

To achieve the minimization of the zero order diffraction, the etching depth d of

the relief grating in phase mask is controlled to be:

where A, is the wavelength of UV irradiation. From this equation, it can be
concluded that in FBG inscription, for each UV laser source working at a
different wavelength, a different phase mask needs to be used. This is the major
disadvantage of the phase mask based fabrication method. The wavelength of
the UV light source is selected based on the absorbance spectra of the doped

optical fiber core — thereby maximizing the source’s efficiency in FBG writing.
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KrF excimer lasers (248nm) are the most common UV sources used to fabricate
Bragg gratings with a phase mask. Different lasers have been used for the
manufacture of gratings in fibers using phase mask, ranging from fluorine
lasers (157nm) [95,96], ArF lasers(193nm) [97], frequency-doubled argon-ion
lasers (244 nm) [98], copper vapour lasers (211 and 255nm) [99], frequency
quadrupled diode-pumped Nd*+:YLF laser (262 nm) [100], fourth harmonic of
Nd:YAG ( 266nm) [101], 351 nm light from an Ar ion laser [102], near UV
lasers at 334nm [103], tripled Nd: YAG laser at 355nm [104] and femtosecond
lasers [105,106] etc. The phase-mask technique can also be used to fabricate

complex grating structures such as chirped and apodized gratings [107,108].
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Figure 2.3: Phase-mask geometry for inscribing Bragg gratings in optical fibers.

The phase mask technique has been used to fabricate FBGs for the
experiments undertaken in the present thesis work. The experimental set up is
explained in detail in chapter 5 of this thesis. This technique was selected

primarily due to the reduced complexity of the fabrication system.

42



Fiber Gratings: Basic Theory and Sensing Principle

2.7 Long Period Gratings (LPGs)

Significant research efforts have been devoted to the study of Long Period
Gratings (LPGs) since it was first reported in 1996 [111,112]. An LPG can be
formed by the introduction of a periodic modulation to the optical properties of the
fiber with a pitch of the order of 100um [113]. The periodic modulation can be
realized by a permanent modification of the refractive index of the fiber core or by
a physical deformation of the fiber. The transmission spectrum of a typical LPG
consists of a number of attenuation bands at specific wavelengths (resonance
wavelengths), each of which corresponds to the coupling between the guided core
mode and a particular cladding mode [114]. The study of the LPG’s attenuation
bands has yielded many potential applications in fiber-optic communication and
sensing fields. The centre wavelengths of the attenuation bands are dependent on
the composition of the fiber, and are influenced by environmental factors such as
temperature [114,115], strain [116-118], refractive index [119-121] of the material
surrounding the fiber and bend radius [117,122]. Thus it may be used for multi-
parameter sensing applications. The principle of operation mechanism of long-period
grating sensors is based on the modulation of the effective indices of the core and
cladding modes and/or the grating periodicity by the external perturbation [123]. In
comparison with fiber Bragg gratings (FBGs), LPGs offer a number of advantages,

including easy fabrication, low insertion loss, and better wavelength tunability.

This section introduces the sensing capabilities of long-period gratings based
on the above mentioned principle. Firstly, the LPG theory and the basic principle
of operation of LPG based sensors are discussed and then the mechanism behind
the spectral shifts in the resonance band is explored. It is shown that for a given
LPG, the wavelength shifts are strong functions of the grating period and the order

of the corresponding cladding mode. The temperature and strain sensitivity of the
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LPG is discussed and furthermore long-period gratings are shown to be highly

sensitive to index changes of the medium surrounding the bare cladding.

2.7.1 Mode Coupling in LPG

In optical fiber gratings, the phase matching condition is given by [111]:

where B; and [, are the propagation constants of the modes being coupled and A is

the grating period [124,125].

In the case of LPGs, the forward propagating core mode couples to the

co-propagating cladding modes of order m. Then

2T

,Bco - ,Bcl,m = A,B = 7 ................................................. (2.27)

where ., is the propagation constant of core and f;,, is that of m™ order
cladding mode. In this case AP is small and hence the grating periodicity will be
very large compared to FBG grating period. Substituting the values as done in the

case of FBG, we will get the resonance wavelength condition as [111,112]:

Am = [0 = DSEem A s (2.28)

where Ap, is the resonance wavelength corresponding to coupling to the m™

C
e

cladding mode, A is the grating period, ngy is the effective index of the

C

elff_m is the effective index of the m™ order

fundamental core mode (LPy), n
cladding mode (LPy,,). Comprehensive explanation and analysis of mode coupling
in fiber gratings and theory of LPGs can be found in several books [72,126,127],

and in published literature [114,123,124,128,129].
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2.7.2 Phase Matching Curve (PMC)

The n.sr for each resonant wavelength can be calculated after identifying the
modes in simulation software (eg: OptiGrating). Using this n.q, corresponding to
each cladding modes for various wavelengths, grating period versus wavelength

can be plotted using the equation (2.28). Therefore

Am

= co cl
[neff “Neffm

A

Thus for various modes, period versus resonant wavelength can be plotted.
This plot is called Phase Matching Curve (PMC). The phase matching curve for
LPGs in SMF-28 fiber is shown in Fig. 2.4.
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Figure 2.4: The phase matching curve for SMF-28 fiber. The PMCs represent the
grating period, A as a function of the resonant wavelength, ..

The slope, dk/ da from the phase matching curves is indicative of the
sensitivity of the cladding mode to external measurands. The highest order cladding
mode with the largest dk/ dA will exhibit the greatest sensitivity [123-125]. If we are

taking a particular period, there will be a corresponding resonance wavelength. The
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intersection of the curve with period of grating gives the corresponding wavelength

of attenuation.

From Fig. 2.4 several important observations can be made: (1) For a specific
grating period, the LPG can couple the energy of the fundamental mode into
multiple other modes simultaneously at different resonant wavelengths; (2) For a
certain resonant wavelength, a particular grating period can be chosen to allow the
LPG to couple the fundamental mode into a certain fiber mode; (3) The higher the
coupled fiber mode order, the shorter the grating period required to achieve mode
coupling; (4) The slope, dA/dA.s progressively decreases from the lower order
modes to the higher order modes. Consequently, dA.s/dA progressively increases
from lower order mode to higher order mode. This shows that the change in A, as
a result of the change in A gets larger as the order of the coupled fiber mode
increases for the same LPG. The change in A can result from the change in strain
on the grating or the change in ambient temperature. Consequently, the sensitivity
of the LPG to strain or temperature increases with increase in fiber mode order for

the same LPG.

The simulations made (using Optigrating software by Optiwave) for two
LPGs of grating period of 550 um and 415 pm are shown in Fig.2.5. The
sensitivity to a particular measurand is dependent on the core-cladding refractive
index contrast, the core-cladding dimension, and the order of the cladding mode to
which the fundamental core mode is coupled to. Therefore, different cladding

modes exhibit different sensitivities.
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Figure 2.5: Simulated transmission spectra of LPG-1 with a grating period of
550 um and LPG-2 with a grating period of 415 um using Optigrating
software by Optiwave.

2.8 Principle of operation of LPG based sensor

An LPG is a periodic modulation of the fiber core refractive index produced
along its length. The basic function of the LPG is to couple light from the fundamental
guided mode (i.e. the LPy; mode present in the core) to co-propagating cladding modes

(LPyy, mode with m =2, 3,4 .. .) in the fiber and is shown in Fig.2.6.
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Figure 2.6: Mode coupling in a Long Period Grating.
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As the cladding modes are weakly guided and suffer from high attenuation, the
transmission spectrum of a typical LPG consists of a series of attenuation bands at
discrete wavelengths. The wavelength at which the guided mode couples to the

cladding modes can be obtained through the phase-matching equation [113,130]:

_ co cl
An = [0S — nem]A
We can also write

Mt = (OIof) A\ wvvrreeeeeeeeseoeeeeeeeeeeee e s e e ees e eeeeeseee (2.30)

where Onggr is the differential effective index between the guided and
cladding mode (ngf — nglff,m) at wavelength A,,. For a typical long period grating,
more than one cladding mode can satisfy the phase matching condition at different
wavelengths, and the guided mode will be coupled to all those cladding modes.

The strength of transmission of the attenuation bands [113] can be written as

To = 1 = SI% (KL oo, (2.31)

where L is the length of LPG and ki, is the coupling coefficient for m" cladding
mode. Therefore, the coupled power % depends on L and k,,. The parameter ki,
however depends on the specific cladding mode and also the amplitude of

refractive index modulation (An,,) induced in the fiber core.

The resonance wavelength of LPG is a strong function of external
perturbations like strain [115], temperature [117], bending [111] and SRI [119].
Presence of these external perturbations affects the coupling strength between the
core and cladding modes, which could lead to both amplitude and wavelength shift
of the attenuation bands in the LPG transmission spectrum [131,132]. Measurement
of these spectral parameters in response to environment, surrounding the grating

region is the basis of sensing with LPGs. The shift in the coupling wavelength can
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be determined using an optical spectrum analyser(OSA) to produce a simple LPG
based sensor. A complete analysis of the sensitivity of LPGs to external ambient is
necessary prior to practical device design. In 2002, Shu et al. [133] have
presented a complete investigation of the shift in the center of the resonance
wavelength of the LPG due to temperature, strain and external refractive index

variations, and can be expressed as

Ay = (Z2) AT + (22) Ae +(dnsur)Ansur ........................ (2.32)

d, d, da, . .
where (d—;‘), (d—m) and ( ] m) are the temperature, strain and surrounding
& nSLll’

refractive index sensitivity of the resonant wavelength, respectively. In the following

sections a detailed expression for such sensitivities will be discussed.

2.8.1 Wavelength dependence of long-period gratings on temperature

The temperature sensitivity of LPGs arises from two major contributions:
1) changes in the differential refractive index of the core and the cladding due to
thermo-optic effects, 2) changes in the LPG’s period with the temperature. The
sensitivity of an LPG to temperature, T, can be explained by taking the temperature

derivation of the phase matching condition to give [114, 133-135]

dnggf dngff ) dhn 1dL (2.33)
e .

dim _ .
dT d(Sneff) dT

where T is the temperature, L is the length of LPG, and on.s is the effective
differential refractive index between the core mode and the cladding mode
(e ngp m) The wavelength shift is mainly influenced by the grating period [4],

the order of the cladding mode to which coupling takes place [114] and by the
composition of the optical fiber [133].
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The right hand side of the equation (2.33) contains two terms that may be
separated as two contributing terms to the wavelength response. The first term
represents a thermo-optic effect and is described as the material contribution. It is
related to the change in the differential refractive index of the core and cladding
arising from the thermo-optic effect. This contribution is dependent upon the
composition of the fiber, i.e. different fiber types having different thermo-optic
coefficients. It is also dependent upon the order of the cladding mode. Different
temperature dependent spectral response can be observed when coupling occurs with
lower-order cladding modes as opposed to modes of higher order [114,115,136].
For coupling to lower order cladding modes, which are accessed using a large
grating period (in excess of 100 pum), the material effect dominates. On the other
hand, coupling to higher-order cladding modes takes place in LPGs with relatively
short periods (less than 100pm). When these shorter period LPGs are exposed to
temperature fluctuations the material contribution can become negligible. The
second term on the right hand side of equation (2.33) is the waveguide
contribution. This contribution arises from changes in the grating periodicity and

can be negative or positive depending on the order of cladding mode [123].

Shu et al. [133,135] also derived an equation for the temperature sensitivity

of the resonance wavelengths of LPGs as

where T is the temperature, o is the thermal expansion coefficient of silica, ¥ is the
contribution of the waveguide dispersion and I is a measurand-specific factor,
which reflects the influence of the measurand on the dispersion of the LPG. The

specific sensitivity factor for temperature, I', and ¥ are given by [137,138]
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dA

m

dA
s e (2.35
7/ ncff _ncff )

co cl,m

eff eff
r :éconco - clncl,m

T o —neff ..............................................................

nco cl,m

where £ and & are the thermo optic coefficients of the core and the cladding,

respectively. I, is determined by the temperature dependence of the refractive

index of the core, which depends on the composition of the fiber( SiO,, GeO,,
B,0; etc.).

As O has a small value at room temperature, it is negligible compared with
I', and the temperature sensitivity is determined by the term } I'.. Equation (2.33)

highlights the importance of the relative temperature dependencies of the effective

refractive indices and therefore the magnitudes of the core and cladding thermo-
optic coefficients (respectively £ = dn./dT and & ,= dny/dT) [139] in determining

LPG wavelength sensitivity to external temperature fluctuations.

The direction of attenuation band shift depends on the relative magnitudes of
the core and cladding thermo-optic coefficients [133,140]. The thermo optic
coefficient of the core depends on the concentration of the dopants in silica. GeO,
has a larger thermo optic coefficient than that of SiO,, whereas B,O; has a negative
thermo optic coefficient. In the case of standard fiber, the core contains SiO, and

GeO; and the cladding contains only SiO,. So the thermo optic coefficient of the

core will be higher than that of the cladding (& n%/ > Clnf{m and I',>0). Asa

co co

result when the temperature increases, these fibers will show a wavelength shift
towards longer wavelengths [135,140]. On the other hand, the boron co-doped

fibers will show a wavelength shift towards shorter wavelengths due to the
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negative thermo optic coefficient of the boron dopant (& n < Clnf{m and I'; <0)

[133,140,141]. Thus, it is to be expected that the thermal responses of LPFGs
produced in different fiber types will exhibit different trends. The temperature
sensitivity of the resonance wavelength of LPGs can be increased by coating the
LPGs with polymer materials that have large thermal-optic coefficients [142,143] or
by etching the fiber cladding [144]. Long-period gratings written in microstructure
fiber with large holes in the cladding that were filled with polymer also demonstrated
higher temperature sensitivity [145].

2.8.2 Wavelength dependence of long-period gratings on strain

Strain induces significant variations in the core and cladding refractive
indices of an optical fiber and, unlike the temperature, it also induces significant
changes in the dimensions of an optical fiber. In an LPG the deviation of these
parameters from the unperturbed state gives rise to different coupling of the light
between the propagating modes and, as consequence, corresponding variations in
the transmission spectrum. These variations can be detected and related to the

strain intensity.

The strain response of a long-period fiber grating arises due to the physical
elongation of the fiber, changing the grating pitch and the effective refractive index
of the core and cladding due to the elastooptic effect [145]. Differentiation of the
phase-matching condition with respect to axial strain, €, provides an equation for
the shift in resonant wavelength with axial strain [114,115,136].

dm d

n  [dngff  dnSff ) d
=_om |TRCo  ekml (g AT e (2.37)
de d(dnefr) | de de

Similar to the temperature sensitivity (equation 2.33), there are two terms

which influence the axial strain sensitivity: material and waveguide effects. The
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first term on the right hand side of the equation is the material contribution and the
second is the waveguide contribution. The material effects are the change in
dimension of the fiber (Poisson’s effect) and the strain-optic effect (refractive

index changes); while the waveguide effect is a function of the slope of the
dispersion term, ?—Am , for a specific cladding mode [115,136]. In short, the shift in

resonant wavelength (4,,) of the LPG transmission spectrum is dependent on the
order of the relevant cladding mode(m) that participates in coupling, as well as the

grating period (A).

The polarity of the strain coefficient depends on whether the material or
waveguide contribution provides the dominating effect. The two contributions to
the total strain induced wavelength shift can be either positive or negative
depending on the period of the LPG and the order of the cladding mode. For LPGs
with a periodicity > 100pm the material contribution is negative and the waveguide
contribution is positive. When the LPG period is less than 100 pm, both material
and waveguide contributions to the strain sensitivity will be negative. The relative
magnitudes of these contributions will therefore determine if the overall effect
creates an attenuation peak shift to longer or shorter wavelengths. For the case
where the material and waveguide effects cancel each other completely — their
magnitudes are equal but opposite in sign — that particular resonant band becomes
insensitive to axial strain. i.e. By choosing appropriate grating period and fiber
composition, it is possible to get an attenuation band with positive, negative or zero
sensitivity to strain [115,136]. Thus the ability to design an LPG’s response to
strain and temperature opens up the possibility of sensing multi-parameter devices
with the option of isolating either of the measurands. Shu et al. [133,135] derived

an equation for the strain sensitivity of the resonance wavelengths of LPGs as

%, _ 27 (T4 Tg) oo (2.38)
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where J is the general sensitivity factor which describe the waveguide dispersion,

and it relates the sensitivity of the LPG to all forms of external perturbation

including strain, temperature and surrounding refractive index [133,138]. The

specific sensitivity factor, I’ for strain is given by

eff eff
F _ nconco _nclncl,m (2 39)
S - ne/f _ ne/f --------------------------------------------------------------- .
co cl,m

where 77, and 7], are the elastooptic coefficients of the core and cladding

materials, respectively. So, the LPG sensitivity to strain can be expressed as

follows
dA n..n" —nn?
= AV I | s (2.40)
de ( ng —ng,

It can be seen form eq. (2.40) that an LPG is strain-insensitive when the

second term in the parenthesis is equal to -1.

The effect of strain on the wavelength shift of an LPG is different from that
of a fiber Bragg grating. Qualitatively, the FBG and LPG responses are different.
The FBG wavelength is linearly proportional to the grating period multiplied by the
effective index of refraction of the core, the LPG wavelength is proportional to the
grating period multiplied by the difference in index of refraction between the core
and the cladding. Furthermore, the effect of strain on the long-period grating is

more dependent on the fiber type.

2.8.3 LPG Sensitivity to the refractive index of the surrounding medium

Conventional fiber optic refractive index sensors typically use some form of
modification of the cladding to gain access to the evanescent field of the guided

mode. For example, surface plasmon sensors require polishing the fiber cladding
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and depositing a thin layer of appropriate metal on the polished fiber surface [146].
Limitations of this device include questionable repeatability and mechanical
strength. In an LPG the guided light interacts with the external medium so there is
no need to modify the fiber. In this section we will show that long-period gratings
are highly sensitive refractive index sensors and can be implemented without

sacrificing the integrity of the fiber [111].

The attenuation spectrum of an LPG is highly sensitive to the ambient
refractive index. The refractive index sensitivity of an LPG arises from the
dependence of the phase matching condition on the effective refractive index of the
cladding modes, which are determined by the refractive index of the cladding
material and that of the medium surrounding the cladding. LPG is very useful as a
surrounding medium refractive index sensor when the refractive index of the
external medium changes. The change in ambient index changes the effective
index of the cladding mode and will lead to both amplitude and wavelength shifts
of the resonance dips in the LPG transmission spectrum. The RI sensitivity of
LPGs has been exploited to form RI sensors, biosensors, liquid sensors and
chemical concentration sensors by measuring the small shift in the resonant
wavelength with a change in ambient refractive index [111,120,133,147-149]. The
effect of refractive index of the surrounding medium on the resonance wavelength

is expressed by [114]:

d cl
P d”—m[ﬂ] ................................................................. (2.41)

- 1
dng, dngfﬂ m L dngyr

where ng,, is the refractive index of the surrounding material. For each cladding

cl

neff,m

d
d

mode, the term [ ] is distinct and hence an LPG is expected to have a strong

dependence on the order of the coupled cladding mode. Higher order cladding

modes tend to show greater sensitivity to changes in external refractive index
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because these modes extend further out into the area exterior to the fiber
[114,120,133]. Shu et al. [133,134] derived an equation for the RI sensitivity of

the resonance wavelengths of LPGs as

The specific sensitivity factor, Iy, for surrounding RI is given by

2 3
Um Am Dsur

3 ff eff 2 2
8nry ne (ngo —ngp' ) (ng —ndyr

Fsur = — )3 A
Where u,, is the m'™ root of the zeroth-order Bessel function of the first kind, ry and
ngy are the radius and refractive index of the fiber cladding, respectively. From
equation (2.43), it is evident that the sensitivity is greater for higher order cladding
modes and it can be enhanced by reducing the cladding radius since the term in

parenthesis is dependent on (r> ) [133,150].

The spectral change of LPG sensors can be characterized in terms of
external RI as follows. If the SRI is lower than the refractive index of the
cladding (ng,< n.), mode guidance can be explained using total internal
reflection. In this case, typically strong resonance peaks are observed and the
attenuation dips shift towards shorter wavelengths (blue shift) when the external
medium refractive index increases up to the fiber cladding refractive index
[133,148]. The closer the refractive index of the external medium to the cladding,
the higher the grating sensitivity and leads to larger wavelength shift. When the
value of the ambient refractive index matches with that of the cladding, the
cladding layer acts as an infinitely extended medium and thus supports no discrete
cladding modes. In this case, a broadband radiation mode coupling occurs with no

distinct attenuation bands [151]. In short, when the external RI becomes equal to
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the RI of the cladding, rejection bands disappear, and the transmission spectrum
gets flattened. Once the SRI is higher than the refractive index of the cladding
(Ngyr > Ngrg), the cladding modes no longer experience total internal reflection and
Fresnel reflection can be used to explain the mode structure [147]. Whatever may
be the value of the external index (> ng.4), a part of the energy is reflected at the
interface of the cladding and the external medium. The ratio of the energy reflected
will be determined by the Fresnel coefficients. In this case the resonance peaks
reappear at slightly longer wavelengths (red shift) compared to those measured with
air as the surrounding medium [152,153]. The depth of each attenuation peak
steadily increases with increase in refractive index of the surrounding medium,
owing to larger Fresnel reflection coefficients that yield improved reflection at the
cladding boundary [151,154]. So, chemical concentration changes can also be
measured by studying the amplitude changes in the LPG attenuation dips.
Refractive index sensing is important for biological, chemical and biochemical
applications since a number of substances can be detected through the measurements

of refractive index [118,155-159].

Etching of the cladding diameter is a simple method to improve the
refractive index sensitivity of a long-period gratings following the fabrication
process [144,150]. The sensitivity to the ambient refractive index of an LPG can
also be improved by coating the fiber grating with a thin film of material with
higher refractive index than that of the fiber cladding [131,160-167]. As an
example, an opto-chemical sensor employing LPGs coated with polymeric
sensitive overlays (syndiotactic polystyrene (sPS) in the nanoporous crystalline &
form) has been proposed [168]. A monolayer of colloidal gold nano-particles has
also been proposed for improving the spectral sensitivity and detection limit of

LPGs [169].
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2.9 Fabrication methods for Long Period Gratings

The fabrication of an LPG relies on the introduction of a periodic
modulation of the optical properties of the fiber, which can be in the form of index
modulation along the fiber core [112] or physical deformation along the fiber
[113]. It has been seen that long-period gratings could be fabricated by a number of
methods, which belong to either the UV exposure or non-UV exposure. In the UV
exposure, there is either the point-by-point writing method [182-184] or amplitude
mask technique [112,173,174]. The former method is flexible for fabricating LPGs
with different spectral characteristics but not suitable for mass production, whereas
the amplitude mask techniques could be used for mass production of LPGs.
UV-induced index modulation is typically achieved in germanosilicate optical
fibers using wavelengths between 193 nm and 266 nm [113,175]. The major UV
sources are, radiation from a KrF excimer laser (242-248 nm) [2, 176-178], the
second harmonic radiation of a continuous-wave (CW) Ar ion laser (244 nm)
[179], nanosecond pulses from a ArF excimer laser (193 nm) [180], frequency
quadrupled and tripled Nd:YAG lasers (266nm and 355nm outputs, respectively)
[112,181] etc. UV exposure is the most widely utilized method for the fabrication
of LPGs. Fibers with high UV photosensitivity have been developed by co-doping
the core with boron and germanium [182] and by hydrogen loading [173].

Non-UV methods include CO, laser irradiation [183,184], electric arc
discharge [185,186], infrared femtosecond laser pulse irradiation [187,188],
mercury-arc lamp [189], ion implantation (bombardment) [190,191] and dopant
diffusion in nitrogen-doped fibers [192]. Advantages of the ion and proton
implantation techniques include the fabrication of LPGs by inducing high
refractive index changes in the core and the possibility to write LPGs in almost any
kind of silica-based fibers. These fabrication techniques have the disadvantage of

increasing the average cladding effective index, leading to losses in the spectrum
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and requiring specialized equipment to fabricate LPGs. A periodic physical
deformation along the fiber can also be produced by mechanical methods [193-196]
or tapering the fiber [197] or deformation of the core [198] or the cladding [199]. A
simple method to create temporary LPG is to press a periodically grooved plate
onto a fiber, and this is based on the physical deformation to the optical fiber which
can also change the refractive index profile of the fiber core [141,200]. In addition,
dynamic LPGs with controllable transmission characteristics have been implemented
by using coil heaters [201], mechanical loading [202], and liquid-crystal filled
hollow-core fibers [203]. A temporary LPG can also be created using acoustical

modulation of a length of optical fiber (acousto-optic modulation) [204,205].

Long period gratings have been virtually written in all kind of optical fibers,
namely, in standard single mode communications fibers [112], in non-photosensitive
fibers [185,206,207] for EDFAs gain equalisation and sensing, in multimode fibers
for chemical sensing [208], in polarization maintaining fibers [209], in D-fibers for
enhanced RI measurements [210], in specially designed fibers like dispersion
compensating [211], depressed inner cladding [212], dual core [213], twin core
[214] fibers with particular properties for optical communications and sensing.
Recent advances have been focused in the research of LPGs induced in photonic
crystal fibres (PCFs) which consist of a pure-silica core, and a microstructured air-
silica cladding [215,216]. Because the microstructured cladding consists of air holes,
a PCF’s cladding index shows strong wavelength dependence. LPGs have also

been fabricated in planar waveguides for compactness and mass production [217].

A big problem with the UV inscription method is the LPGs fabricated by this
method cannot survive at high temperature. When the temperature goes much beyond
room temperature, the UV written LPG starts to fade and eventually loses the modal
coupling. Among the techniques mentioned above, femtosecond laser, CO, laser

irradiation and electric discharge are able to fabricate survival LPG at a temperature up
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to 1000°C [185]. But femtosecond lasers are too expensive to be used in LPG
fabrication; and CO; laser irradiation and electric discharge method may significantly
affect the mechanical strength of the optical fibers. A detailed review of the above

fabrication techniques and mechanisms can be found in the review paper [113].

The LPGs used in our experiments were fabricated using a 248 nm KrF
excimer laser source, employing point-by-point writing method [182-184]. A
great advantage of the point-by-point method is that it is a highly flexible
technique, since the grating periodicity and length can be individually adjusted to

meet the desired LPG specifications and corresponding spectral characteristics.

2.10 Annealing of long-period gratings

In the case of fiber gratings fabricated using hydrogen loaded fibers, the
amount of hydrogen present in an optical fiber will be far in surplus of that
required to achieve a given refractive index change. Thus, at the end of the writing
process, there is a finite amount of unused hydrogen remaining in the cladding that
can significantly influence the grating transmission spectrum. Hydrogen diffusion
leads to wavelength shift of the attenuation bands in the case of UV written LPG.
Hydrogen out diffusion also causes a change in resonance strength of the LPGs
after UV inscription. From this point of view, after the UV writing, it is necessary
to anneal the grating in order to stabilize the optical properties of long period
grating [112,218-220]. In 1995, Williams et al. studied the thermal stability of in
fiber gratings and reported that annealing ensures the stability of the gratings for
about 25 years at room temperature [221]. Later in 1997 the creditability of this
work was further confirmed by Kannan et al. [222].

There are two purposes for the annealing process: 1) to anneal out the
unreacted hydrogen, which would increase the average refractive index of the fiber

and temporarily shift the LPG attenuation bands to longer wavelength (red shift)
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and 2) to anneal out the portion of the UV created sites which would be thermally
unstable over long periods at a normal operating temperature [112]. Appropriate
annealing conditions will depend on the fiber and grating type, the anticipated
operating temperature and the required stability of a grating device. The annealing
process involves heating the gratings to an elevated temperature for a period of
time dependent on the expected lifetime of the device [123]. The annealing
temperature varies from 150°C to 200°C while the duration of this thermal
treatment is 10 to 48 hours. Since the removal of hydrogen and UV sites causes the
effective index of the guided mode to be reduced, the resonance wavelengths move

to lower wavelengths (blue shifts) after annealing.

2.11 Summary

This chapter discussed fiber Bragg gratings, theory behind the gratings and their
applications. Measurement of various measurands using FBG such as strain,
temperature and refractive index were presented in detail. Brief overview of
photosensitivity in optical fiber and different methods to enhance the photosensitivity
has been presented in this chapter. Widely employed FBG writing techniques in
photosensitive optical fibers were also introduced and discussed. Although fiber
Bragg gratings and long-period fiber gratings are similar in terms of the introduction of
an index modulation in the fiber core, a few fundamental differences exist between
them in terms of the operating principle and spectral response. The chapter also

outlined the characteristics and the mechanism of mode coupling in FBGs and LPGs.

This chapter has also discussed the origin of the sensitivity of LPGs to
measurands such as temperature, strain and RI, and how the attenuation bands have
differing sensitivities to the various measurands. The ability to tune the sensitivity
by virtue of the fiber composition and LPG period has also been discussed.

Continuing with more practical aspects concerning LPGs, a number of reported
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grating fabrication techniques in the literature were presented. The fabrication of
LPGs relies upon the introduction of a periodic modulation of the optical properties
of the fiber. This may be achieved by permanent modification of the RI of the core
of the optical fiber or by physical deformation of the fiber. Finally the effects of
residual hydrogen diffusion from the LPG after fabrication and the method of
annealing were discussed. This method emphasized the importance of stabilizing a

grating structure after grating fabrication.

To enhance the richness of these discussions, the results of experiments
conducted on LPGs and FBGs are presented and discussed in chapter 3 and chapter 5
of this thesis.
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Chapter 3

Fabrication and Characterization of Long
Period Gratings

Abstract

This chapter discusses the characterization of an LPG to measurands such as
temperature and changes in the RI of surrounding medium. We also investigate the
temperature sensitivity of the Long Period Gratings (LPG) fabricated in SMF-28
fiber and B-Ge co doped photosensitive fiber. The difference in temperature
sensitivity between the SMF-28 and B-Ge fiber is explained on the basis of the
thermo-optic coefficients of the core and the cladding materials. The influence of
grating period of LPG on refractive index sensitivity is experimentally investigated
in the second part of this chapter. The response of the LPG to surrounding
refractive indices greater than and less than that of cladding is studied by

monitoring the wave length shift and amplitude changes of the attenuation bands.
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Chapter 3

3.1 Introduction

In Chapter 2, the basic properties of long-period gratings were introduced.
One can now summarise the long-period gratings as devices that couple light from
the guided mode to discrete cladding modes and result in attenuation bands for
which spectral locations are functions of the grating period and the differential
effective index. Thus any variation in the effective indices of these modes or in the
grating period serves to modulate the phase-matching wavelengths [1,2]. Chapter 3
presents and discusses the characterization of an LPG in the presence of

measurands such as temperature and changes in the RI of its surrounding medium.

The influence of grating length and annealing on the transmission spectrum
of long period grating is investigated by monitoring the wavelength shift and the
intensity variation in the loss peaks. It is important that the LPG is annealed,
before use as a sensor, so that its transmission spectrum is stable. Then the effect
of temperature on the transmission spectrum of LPGs written in hydrogen loaded
standard single mode fiber and B-Ge co doped fiber is experimentally studied.
The results obtained show that the LPG written in B-Ge doped fiber will show
more sensitivity than the LPG written in SMF-28 fiber under identical
temperature ranges. It has also been shown that LPGs in a B-Ge co-doped fiber
have opposite sign of temperature dependence compared to those in a standard
single mode fiber. The negative sensitivity of an LPG in a photosensitive B-Ge

co-doped fiber is due to the negative thermo optic coefficient of the boron dopant.

In this chapter, the influence of grating period of Long Period Grating (LPG)
on refractive index sensitivity is also experimentally investigated. Three LPGs
with grating periods 400 pm, 415 um and 550 pum are used to carry out the
experimental study. The fundamental principle of analysis is the sensitive

dependence of the resonance peaks of an LPG on the changes in the refractive
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index of the medium surrounding the cladding surface of the grating. The response
of the LPG to refractive indices greater than and less than that of cladding is
studied by monitoring the wave length shift and amplitude changes of the
attenuation bands. It is shown that for a given fiber the wavelength shifts are strong

functions of the grating period and the order of the corresponding cladding mode.

3.2 LPG fabrication

LPGs can be produced in various types of fibers, from standard
telecommunication fibers to micro structured ones [3,4]. We first discuss the
spectral variation of the transmitted output of an LPG during the fabrication
process and then the impact of annealing and temperature variations on the
attenuation bands of LPGs. The LPGs used in our experiments were fabricated
using a 248 nm KrF excimer laser source, employing point-by-point writing
method [5]. A great advantage of the point-by-point method is that it is a highly
flexible technique, since the grating periodicity and length can be individually
adjusted to meet the desired LPG specifications and corresponding spectral
characteristics. The duty cycle of grating period was ~ 50%. The LPGs were
fabricated in three different types of fibers.

1) The standard single-mode fiber SMF-28e (Core RI: 1.46145, Cladding
RI: 1.456).

2)  B-Ge co-doped photosensitive fiber manufactured in CGCRI, Kolkota
(Core RI: 1.463, Cladding RI: 1.456).

3)  B-Ge co-doped photosensitive fiber supplied by Newport Corporation,
USA (Core RI: 1.450, Cladding RI: 1.446).

As the core material of SMF-28e fiber is not sensitive enough to UV light to
modulate the refractive index of the fiber core to the extent required for LPG

inscription, prior photosensitization techniques are required. To enhance the
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photosensitivity, the fibers were hydrogen loaded at 100°C and 1500 psi of
pressure for 24 hours before the LPG fabrication. The fiber coating was removed

just before exposure to the UV laser light.

Figure 3.1 shows the transmission spectra of two LPGs, i.e.LPG-1 and LPG-2,
with grating periods of 550 pm and 415 pm, respectively with air as the surrounding
medium. These LPGs were written into the cores of SMF-28 fiber. Attenuation bands
in the range of 1200— 1700 nm related to the cladding modes of both the LPGs have
been investigated. For LPG-1, power coupling to cladding modes LPy,, LPy; and
LPy, are seen to occur at 1451,1497,1588 nm respectively. LPG-2 exhibited five
resonance bands at 1254(LP,), 1284(LP3), 1333(LPy4), 1423(LPys), 1610(LPos) nm
respectively. When the grating period became shorter, the resonant loss peaks of the
low order cladding modes appeared spectrally closer to each other and also
collectively moved to the blue wavelength side. The simulations made (using

Optigrating software by Optiwave) for these two LPGs are also shown in Fig. 3.2.

LPG-1
-5
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Figure 3.1: Transmission spectra of LPG-1 with a grating period of 550 um and
LPG-2 with a grating period of 415 um (SMF-28 fiber).
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Figure 3.2: Simulated transmission spectra of LPG-1 with a grating period of
550 um and LPG-2 with a grating period of 415 pm (SMF-28 fiber).

3.3 The role of grating length on transmission spectra of long

period gratings

During LPG fabrication, the transmission spectrum was recorded with an
optical spectrum analyzer ([Yokogawa] AQ 6319). Figure 3.3 shows the
transmission spectra of the LPG with grating period of 415 um and various grating
period numbers of 21, 36, 46 and 56. The appearance of attenuation dips in the
transmission spectrum was first observed after the 21* period of the grating was
created. Five loss peaks were detected in the wavelength range of 1240-1625 nm.
They exhibited a slow initial growth rate followed by a progressively increasing
growth rate. It can also be seen that, with an increase in the number of the grating
period, the attenuation dip increases, and the 3 dB bandwidth of the transmission
spectrum decreases. The increase in attenuation dip with increasing grating length
is attributed to the increase in the power coupling to different cladding modes

[Eq.2.31] [6,7]. After the writing of the 56™ period, the power coupling to different
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cladding modes LPg,, LPg;, LPy, LPys and LPy; were seen to occur at 1247.60,
1278.32, 1331.19, 1425.41, 1613.84 nm respectively. The maximum attenuation dip,
corresponding to the LPs cladding mode observed is about 31.21 dB.

0 -
LP
-5
= Lpus
L.
=10 <
g Lp
= -154 "
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g -20 4
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v . : . . . v . r !
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Figure 3.3: Evolution of normalized transmission spectra of LPG with a grating
period of 415 um in a standard single mode fiber (SMF 28e).

3.4 The effect of annealing on the transmission spectrum of LPG

In the case of LPGs fabricated using hydrogen loaded fibers, the amount of
hydrogen present in an optical fiber will be far in surplus of that required to
achieve a given refractive index change [8,9]. The unused hydrogen remaining in
the fiber can significantly influence spectral properties of the grating. The residual
hydrogen slowly diffuses out of the fiber and changes the effective index of
propagation of guided optical modes, resulting in a shift of the grating resonance
wavelength and also causes a change in strength of the LPG attenuation bands [10].
So annealing of the fabricated LPGs was performed in an oven to stabilize the

grating spectrum [11]. It serves well to remove the residual molecular hydrogen and
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certain UV induced defects. Appropriate annealing conditions will depend on the
fiber type, the expected operating temperature as well as on the required stability of

the grating device.

During annealing, the LPGs were positioned in a temperature controlled
oven (ASP, 500C Fiber Oven) as shown in Fig. 3.4. A white-light source
([Yokogawa] AQ 4305) was used as the signal source and the transmission spectra
of the LPGs were interrogated with an optical spectrum analyzer (OSA)
([Yokogawa] AQ 6319). To avoid the effect of strain and bending, the LPGs were
stretched and then fixed in the fiber oven. All readings were taken with air as the

surrounding medium.

Whit Light Source

Figure 3.4: Experimental setup.

Figure 3.5 shows the changes of the transmission characteristics of an LPG
with a grating period of 550 pm during two cycles of annealing. Before annealing,
the power coupled to cladding modes LPy,, LP¢; and LPy, were seen to occur at
1453.60, 1500.44, 1591.33 nm respectively (Fig. 3.5.a). It can also be seen that the
amount of power coupled to the LPy; mode is more than that to LPos mode. This

over coupling is mainly due to the presence of unused hydrogen in the fiber after LPG
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fabrication. After first annealing (Temperature: 175°C, Time: 6 hrs), the resonance
wavelengths shifted towards shorter wavelengths by 0.20, 0.71 and 0.79 nm. The
peak loss of the LPy; cladding mode decreased from 14.15 to 13.16 dB, and that of
the LPys cladding mode increased from 11.39 to 11.77 dB (Fig.3.5.b). During
annealing, the hydrogen in the cladding diffuses out first, and then that in the core
follows. This temporal difference induces changes in the initial wavelengths of the
fabricated LPGs. The overall shift during the annealing process is a function of the
annealing temperature, residual concentrations of molecular hydrogen and on the

annealing time.
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Figure 3.5: Transmission characteristics of LPG with a grating period of 550 um
(a) before annealing (b) after annealing at 175°C for 6hrs. (c) after
annealing at 200°C for 2hrs.

When the fiber is further annealed (Temperature: 200°C, Time: 2 hrs),
almost all hydrogen molecules in both the cladding and the core diffuse out of the
fiber. This out-diffusion again decreases the refractive indices of both the cladding
and the core. As a result the resonance wavelengths shifted towards shorter
wavelengths by 2.75, 2.68 and 3.73 nm from the initial position, and the final
resonance wavelengths were 1450.85, 1497.76 and 1587.60 nm, respectively, for
attenuation peaks LPy,, LPy; and LPy. It can also be observed from Fig. 3.5.c that
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at the end of second annealing, LPy, was associated with more power than LP;. The
peak loss of the LP; cladding mode decreased from 13.16 to 12.0 dB, and that of the
LPy cladding mode increased from 11.77 to 14.39 dB. We reduced the duration of

second annealing because; hydrogen diffuses faster with increase in temperature.

3.5 The effect of temperature variations on the transmission
spectrum of LPG

To study the response of the LPG with temperature variations, we used the
same experimental set-up as shown in Fig. 3.4. The grating period of LPG selected
for this study was 415 um and we properly annealed the LPG (SMF-28 fiber)
before starting the experiments. The initial spectrum was recorded at the room
temperature (25°C) using the optical spectrum analyzer. The LPG was then heated
from 50°C to 100°C in steps of 10°C using the temperature controller of fiber oven.
During this process, the transmission spectra were recorded using the optical
spectrum analyzer. After each step increase of the temperature, sufficient time was
given so that the oven shows a stable reading at the desired temperature. All
readings were taken with air as the surrounding medium. Figures 3.6 and 3.7 show
the wavelength shifts experienced by the different cladding modes of LPG with
temperature changes. We observed a spectral shift to longer wavelengths (red
shift) with increasing temperature and the wavelength shift of the peaks were linear
as shown in Fig. 3.8. The LPg, LPgp, LPy, LPgs and LPy cladding modes
experienced red shifts of 3.58, 2.39, 3.58, 2.78, 4.37 nm respectively when the
temperature was enhanced up to 100°C. It can be seen that different resonant peaks
have different temperature sensitivities and the highest order cladding mode LP
was most sensitive to external temperature changes with a sensitivity of about
0.06 nm/ °C. The lower order cladding mode LPy, displayed a sensitivity of about
0.05 nm/ °C. These results show that the lower order bands can also be as sensitive

to temperature changes as higher order bands.
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Figure 3.6: Evolution of the peak wavelengths of LPy, LPy; and LPy, cladding
modes of LPG (SMF-28 fiber) as a function of temperature.
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Figure 3.8: Temperature induced positive wavelength shifts of LPy;, LPy;, LPy,,
LPys and LPys attenuation bands of LPG written in SMF-28 fiber.

3.6 Thermal response of LPGs written in H, loaded SMF-28
and B-Ge co doped photosensitive fiber

The sensitivity of LPGs to temperature is influenced by the grating period
[12], the order of the cladding mode to which coupling takes place [12,13] and by
the composition of the optical fiber [14,15]. Shu et al. [14] derived an equation for

the temperature sensitivity of the resonance wavelengths of LPGs and is explained

in chapter 2 (Eq. 2.34).

An LPG with grating period of 435 um was written in a photosensitive B-Ge
co-doped fiber (F-SBG-15, Newport). This LPG was also heated from 50°C to
100°C in steps of 10°C using the temperature controller of fiber oven. The spectral
shift of the LPG with increase in temperature is shown in Fig. 3.9 and 3.10. In this
case the LPy, LP¢s and LP(s cladding modes experienced blue shifts of 3.30, 3.30,
5.44 nm respectively and LPy mode showed a sensitivity of about 0.07 nm/ °C. The
difference in temperature sensitivity between the SMF-28 and B-Ge fibers can

be explained on the basis of the thermo-optic coefficients of the core and the
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cladding materials [2,14,16,17]. The presence of boron alters the temperature
dependence of the refractive index. The difference in thermo-optic coefficients for

the B/Ge fiber is higher than that of SiO,, so that the sensitivity is also higher.
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Figure 3.9: Evolution of the peak wavelengths of LPy,, LPys and LPyscladding modes
of B-Ge co-doped fiber LPG as a function of temperature.
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Figure 3.10: Temperature induced negetive wavelength shifts of LPy, LPys and LPys
attenuation bands of LPG written in B-Ge doped photosensitive fiber.
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The direction of attenuation band shift with temperature depends on the
relative magnitudes of the core and cladding thermo-optic coefficients [14,18]. The
thermo optic coefficient of the core depends on the concentration of the dopants in
silica. GeO, has a larger thermo optic coefficient than that of SiO,, whereas B,O;
has a negative thermo optic coefficient. In the case of standard fiber, the core

contains Si0, and GeO, and the cladding contains only SiO,. So the thermo optic

coefficient of the core will be higher than that of the cladding (& n>& ,n% ).

co""co cl,m
As a result when the temperature increases, these fibers will show a wavelength
shift towards longer wavelengths [14,19]. On the other hand, the boron co-doped

fibers will show a wavelength shift towards shorter wavelengths due to the

. . . Sﬁ n ff/’ £ n? r
negative thermo optic coefficient of the boron dopant (=« "« <>¢"dn and 1 <0)
[14,18,20]. Thus, it is to be expected that the thermal responses of LPFGs produced
in different fiber types will exhibit different trends.

3.7 Sensitivity of the LPG to Ambient Refractive Index Changes

LPG with grating length of 21 mm and grating period of 420 pm was
selected for the experimental testing. The LPG was written in a B-Ge co-doped
photosensitive fiber fabricated in CGCRI using a 248 nm KrF excimer laser source
and employing point-by-point writing method. There was no protective coating in
the grating section, so that the external RI could easily affect the effective refractive
index of the cladding modes. The experimental set up to study the sample refractive
index performance is shown in Fig. 3.11. A white-light source ([ Yokogawa] AQ 4305)
was used as the light source and the transmission spectrum of the LPG was
interrogated with an optical spectrum analyzer ([Yokogawa] AQ 6319). The LPG
sensor head was fixed in a specially designed glass cell with provision for filling the
sample and draining it out when desired. The fiber containing the LPG element was

connected to the light source on one side and to the OSA on the other side.
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Drastic changes in performance of the LPG were noted when there were
changes in external characteristics like strain, temperature and bending. To avoid
the effect of strain and bending, a glass cell holder was designed and the
fiber was placed stretched and bonded with epoxy at both the end points of the cell
so that the grating section was kept at the centre of the cell. For precise
measurement, the experimental setup and sample solution temperature were
maintained at 25.0 £ 0.5 °C. The resonance wavelength shift and amplitude changes
of the LPG attenuation dip were measured with the fiber section containing the LPG

immersed in samples of different refractive indices.

[ - “White Light Sbu_rc'e ';'ceu' With LéG, ’

Figure 3.11: Experimental setup.

Sensor responded to RI changes as soon as samples were introduced to the
glass cell. But, to get a stabilized output, all readings were taken one minute after
the LPG was immersed in the solution. An Abbe refractometer was employed to
measure the sample refractive indices, just after the sample was drained out from
the glass cell. The initial spectrum of the LPG in air (Fig.3.12) was used as
reference spectrum for all the sample analysis. The use of this reference spectrum
serves two purposes: 1) to remove any trace of each sample between two different
measurements 2) to assure that the LPG attenuation dip returns to the original
wavelength after each sample measurement. At the end of each sample
measurement, the grating was cleaned with isopropyl alcohol repeatedly, followed
by drying properly, so that the original transmission spectrum of LPG was

obtained. The drying of the LPG was done using a hair dryer.
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Figure 3.12: Transmission spectrum of LPG with a periodicity of 420 um in air.

The changes of the LPG transmission spectrum with the changes in the RI of
the external medium are shown in Fig. 3.13. Attenuation bands in the range of
1250— 1700 nm related to the cladding modes LP,, LPg;, LPys, LPgs and LPs have
been investigated. When we changed the SRI from 1 to 1.4540, the principal effect
was a blue shift of these attenuation bands, as discussed in the theory section of
chapter 2. Each mode exhibited maximum wavelength shift when the SRI came
close to the RI of cladding. The higher order cladding modes, LPys and LPy
exhibited longer displacements compared to lower order modes. The LPy mode
was most sensitive to the surrounding refractive index changes and exhibited a blue
shift of approximately 128nm. This shift is comparatively higher compared to
reported values [21-23].

When the value of the ambient refractive index matches with that of the
cladding (1.4560), the cladding layer acts as an infinitely extended medium and
thus supports no discrete cladding modes. In this case, a broadband radiation mode
coupling occurs with no distinct attenuation bands [24]. To be precise, at an
external RI equal to that of the cladding, rejection bands disappear, and the

transmission spectrum gets flattened, as shown in Fig.3.14. With an ambient index
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higher than that of the cladding, the resonance peaks reappeared at a wavelength

slightly longer than that measured in air and the strength of the attenuation peaks

increased with increasing SRI.
change in the spectral characteristics was observed from SRI 1.4560 to 1.4580.

Figure 3.16 shows the wavelength shift of the LPys resonance band with external

medium refractive index changes in the range 1 to 1.6. These measurements were

carried out using liquids of known refractive indices.
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Figure 3.13: Progression of transmission spectra of the LPG for increasing external
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Figure 3.15: Plot of the wavelength shift versus the SRI near the cladding RI for

the LPys mode of LPG.
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Figure 3.16: Wavelength shift of LPys mode for SRI ranging from 1.000 to 1.600.

3.8 The Effect of Grating Period on Refractive Index Sensitivity
of Long Period Gratings

In this section, the influence of grating period of LPG on refractive index
sensitivity is experimentally investigated. Figures 3.17 and 3.18 show the transmission
spectra of three LPGs, i.e.LPG-1,LPG-2 and LPG-3, with grating periods of 550 um,
415 pm and 400 pm, respectively with air as the surrounding medium. These LPGs
were written in standard single-mode fiber (SMF-28e, Corning). Attenuation bands
in the range of 1200— 1700 nm related to the cladding modes of these three LPGs
have been investigated. For LPG-1, power coupling to cladding modes LP,, LPy;
and LPy, are seen to occur at 1451,1497,1588 nm respectively. LPG-2 exhibited
five resonance bands at 1254(LPy,), 1284(LP;), 1333(LPys), 1423(LPys), 1610(LPy)
nm respectively. LPG-3 also exhibited five resonance bands at 1222(LPy,),
1249(LPg3), 1294(LPy4), 1375(LPys), 1534(LPys) nm respectively. When the grating
period became shorter, the resonant loss peaks of the low order cladding modes
appeared spectrally closer to each other and also collectively moved to the blue

wavelength side [21].
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Figure 3.17: Transmission spectra of LPG-1 with a grating period of 550 pm and
LPG-2 with a grating period of 415 pm.

LPG-3

LP,

05

-20 -4

Transmission (dB)

-25 .
LP,

0o
-30 v T . . . T : T
1200 1300 1400 1500 1600
Wavelength (nm)

Figure 3.18: Transmission spectra of LPG-3 with a grating period of 400 pm.

3.8.1 Sensitivity of the LPG to Ambient Refractive Index Changes
Lower than the Cladding Refractive Index.

The changes of the LPG transmission spectra with the changes in the RI of
the external medium are shown in Figures 3.19, 3.20 and 3.21. When we changed
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the SRI from 1 to 1.454, a shift of the resonance bands towards the shorter
wavelength (blue shift) side can be seen, as discussed in the theory [12,14,21,22].
We found that highest order attenuation bands exhibited high sensitivity and
longer displacements compared to lower order cladding modes. This wavelength

shift occurs because of increasing SRI which in turn increases n,,, particularly

for the higher order cladding modes which extend further into the external
medium [23,25]. As the grating period decreases, the number of higher order
modes increases leading to better sensitivity. For LPG-1 the highest order
cladding mode is LPy,and for LPG-2 and LPG-3 the highest order cladding mode
is LPo. The highest RI sensitivity of LPGs is observed when the external
medium index is close to that of the cladding. Figures 3.22, 3.23 and 3.24 show
the wavelength shifts experienced by resonances of the highest observed cladding
modes for each LPG, when the external refractive index changes. For LPG-1,
LPy4 exhibited a total blue shift of approximately 21.20 nm when the SRI was
gradually changed from 1 to 1.45. For LPG-2 and LPG-3 the highest order
cladding mode, LP(s exhibited a total blue shift of approximately 102.30 nm and

127 nm respectively in the same RI range.

Transmission (dB)

I
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T T T
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Figure 3.19: Transmission spectrum of LPG-1 with a periodicity of 550 pm for
different ambient refractive indices, lower than that of fiber cladding.
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Figure 3.20: Transmission spectrum of LPG-2 with a periodicity of 415 pm for
different ambient refractive indices, lower than that of fiber

cladding.
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Figure 3.21: Transmission spectrum of LPG-3 with a periodicity of 400 um for

different ambient refractive indices, lower than that of fiber
cladding.
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Figure 3.22: Transmission spectra of highest order cladding mode (LPy,) of
LPG-1 for different ambient refractive indices, lower than that of fiber

cladding.
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Figure 3.23: Transmission spectra of highest order cladding mode (LPjs) of
LPG-2 for different ambient refractive indices, lower than that of
fiber cladding.
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Figure 3.24: Transmission spectra of highest order cladding modes (LPys and
LPys) of LPG-3 for different ambient refractive indices, lower than
that of fiber cladding.
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Table 3.1 shows the wavelength shift of the highest order modes of the LPGs

with reference to air as the surrounding medium.

Table 3.1: Wavelength shift (blue shift) of the different modes of the LPGs with

respect to air (RI=1) as the surrounding medium.

LP06 of LP06 of LP04 of
Sample RI LPG-3(nm) LPG-2(nm) LPG-1(nm)
13000 6.66 478 119
13950 13.11 10.75 238
1.4380 27.40 21.87 5.97
1.4540 127.00 102.30 21.07
LP05 of LP05 of LP03 of
Sample RI LPG-3(nm) LPG-2(nm) LPG-1(nm)
13000 333 12 0.80
1.3950 5.68 28 0.95
1.4380 9.78 5.56 1.2
1.4540 5221 22.65 477
LP04 of LP04 of LP(]Z of
Sample RI LPG-3(nm) LPG-2(nm) LPG-1(nm)
13000 2.54 039 0.01
13950 32 1.59 0.03
1.4380 4.69 1.98 0.04
1.4540 13.5 7.15 12
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The measured wavelength shifts varied by approximately six times
depending on grating period, with the highest order band in the LPG-3 shifting
127 nm while that in LPG-1 by only 21.07 nm. The results obtained show that the
shorter period LPG-3 was found to be more sensitive than the longer period LPG-1,
when the RI of the surrounding medium was lower than the RI of the cladding of
the fiber. It is also verified that the sensitivity of the highest order mode is very
high compared to lower order modes. The wavelength shift experienced by the

highest order attenuation bands of the LPGs are shown in Fig. 3.25.
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Figure 3.25: Peak shift of the major attenuation bands in the transmission
spectrum of LPG-1 (550 um), LPG-2 (415 um) and LPG-3 (400 um)
as a function of the refractive index of the external medium.

3.8.2 Sensitivity of the LPG to ambient refractive indices higher
than the cladding refractive index.

When the ambient index is higher than that of the cladding (1.456), the
resonance peaks of all the LPGs reappeared at a wavelength slightly longer than

that measured in air and the strength of the attenuation peaks increased with

increasing SRI (Figures 3.26 ,3.27 and 3.28).
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Figure 3.26: Transmission spectrum of the LPG-1 with a periodicity of 550 pym for
different ambient refractive indices, higher than that of fiber cladding.
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Figure 3.27: Transmission spectrum of the LPG-2 with a periodicity of 415 ym for
different ambient refractive indices, higher than that of fiber cladding.
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Figure 3.28: Transmission spectrum of the LPG-3 with a periodicity of 400 um for

different ambient refractive indices, higher than that of fiber cladding.

Progression of transmission spectra of the highest order cladding modes of
LPGs, corresponding to the external refractive index changes are shown in figures
3.29, 3.30 and 3.31. Measurement of the transmitted signal intensity in a chosen
spectral interval was used for our analysis since all the used samples were with
refractive indices higher than the refractive index of the fiber cladding. The
LPGs exhibited negligible wavelength shift in this case [26-28]. So no analysis
was conducted for the wavelength shift. However there is a change in the
transmission intensity with external RI changes which has been utilized for
sensitivity measurements. The transmission dip changes experienced by the
highest order cladding modes of LPGs, corresponding to the external refractive
index changes are shown in Fig. 3.32. The depth of the attenuation peak steadily
increased with increase in refractive index of the surrounding medium, owing to
larger Fresnel reflection coefficients that yield improved reflection at the
cladding boundary [24, 28]. An intensity change of 17.81 dB was obtained for the
LPo; mode of LPG-1, in the refractive index range 1.4580 to 1.6380, which
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corresponds to an average resolution of 1.01 x 10” dB™. In the case of LPG-2, an
intensity change of 7.81 dB was obtained for the LPys mode in the same refractive
index range, which corresponds to an average resolution of 2.30 x 10” dB™'. In the
case of LPG-3, for the same refractive index range, an intensity change of 1.32 dB
was obtained for LPys mode which corresponds to an average resolution of 13.63 x
107 dB™. The results obtained show that the longer period LPG-1 (550 um) was
found to be more sensitive than the shorter period LPG-2 (415 pm ) and LPG-3
(400 pm), when the RI of the surrounding medium was higher than the RI of the
cladding of the fiber.
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Figure 3.29: Progression of transmission spectra of LPy mode of LPG-1 for
increasing external refractive indices higher than that of cladding index.
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Figure 3.30: Progression of transmission spectra of LPy mode of LPG-2 for
increasing external refractive indices higher than that of cladding index.
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Figure 3.31: Progression of transmission spectra of LPy mode of LPG-3 for

increasing external refractive indices higher than that of cladding
index.
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3.9 Demonstration of LPG as a chemical sensor

Here a glucose concentration sensor is demonstrated by exploiting the
sensitivity of LPGs to the concentration of the solution under test. Glucose, which
is a basic necessity of many organisms, is a complicated molecule having the
ability to adapt several different structures. All forms of glucose are colorless and is
soluble in water. The glucose concentration measurement is of great interest in a
variety of applications, including pharmaceutical, biomedical research, food

processing and industrial chemistry.

A RI variation occurs with change in glucose concentration levels. Such
changes cause corresponding shifts in the resonance wavelength and change in
depth (amplitude) of the loss bands in the LPG transmission spectrum [29-32].

Glucose levels can be detected by analyzing these spectral changes.
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3.9.1 Experimental Setup

LPG with grating length of 21 mm and grating period of 420 pm was
selected for the experimental investigation and we used the same experimental set
up as shown in Fig. 3.11. Experiments were carried out using glucose samples with
concentrations of 5, 10, 15, 20, 25 and 30 g per 100 ml of distilled water. The
weighing of the glucose was done using an electronic balance (BEL M120 A) with
a precision of £ 0.1 mg. Sensor responded to RI changes as soon as samples were
introduced in the glass cell. But, to get a stabilized output, all readings were taken
one minute after the LPG was immersed in the solution. An Abbe refractometer
was employed to measure the sample refractive indices, just after the sample was
drained out from the glass cell. The refractive indices of the samples varied from
1.3376 to 1.3661. The initial spectrum of the LPG in air was used as reference
spectrum for all the sample analysis. At the end of each sample measurement, the
sensor element was cleaned with isopropyl alcohol repeatedly, followed by drying

properly, so that the original transmission spectrum of LPG was obtained.

3.9.2 Results and discussion

The dependence of the sensor sensitivity on glucose concentration levels in
terms of the LPG resonance wavelength shift has been analyzed while the samples,
obtained by mixing glucose with distilled water in different proportions, were in
contact with the grating. For the grating used in our studies the strongest
attenuation peak (LP) in air, is located at 1602 nm. Figure 3.33 shows the changes
in the wavelength and amplitude corresponding to this major attenuation dip, with
increasing concentration of glucose. The refractive indices of the mixture of
different samples used in this experiment were less than the refractive index of the
cladding.  For RI values lower than that of the cladding, LPG sensitivity to
increasing external index of refraction is evident as a blue shift in the central

wavelength of the attenuation band in the grating’s transmission spectrum.
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The LPG exhibited a total blue shift of approximately 5.7 nm when the
surrounding medium was gradually changed from pure distilled water to 100 ml of
distilled water containing 30 gram of glucose. This spectral shift of 5.7 nm was
obtained in the refractive index range 1.3376 to 1.3661, which corresponds to an
average resolution of 5 x 10° nm”. Apart from the wavelength shift with the
changes in refractive index of the external medium, there was a reduction in the
peak intensity of the resonance band with increasing glucose concentration. The
sensitivity of the LPG, when used as a sensor for various weight percentage of
glucose in distilled water is shown in Fig.3.34. The LPG sensor sensitivity was
around 0.19 nm/wt.% of glucose in the measurement range. In this case, the LPG
showed low sensitivity because the value of SRI was very much lower than the

cladding index of the fiber (1.456).
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Figure 3.33: Transmission spectra of the LPG with a grating period of 420 pum for
various concentrations of glucose in distilled water.
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Figure 3.34: Peak positions of the LPys resonance band in the LPG transmission
spectra as a function of increasing glucose concentration in distilled
water.

3.10 Conclusions

A series of experiments have been performed to characterize the response of
the LPGs transmission spectrum for monitoring the variations in temperature and
RI. Such characterization experiments are important in order to forecast the
behaviour of the LPG's transmission spectrum to the measurands when the LPG is

utilised for sensing applications.

We first studied the effect of grating length and annealing on the
transmission spectrum of LPG written in hydrogen loaded standard single mode
fiber. The analyses were made in terms of wavelength shift and transmission band
intensity variations. We observed that the annealing of the LPG after their
fabrication is a very essential process for stabilizing the grating spectrum and for
obtaining good quality LPG for sensing applications. We also investigated the
temperature sensitivity of the LPG fabricated in SMF-28 fiber and B-Ge co doped
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photosensitive fiber. The difference in temperature sensitivity between the SMF-28
and B-Ge fiber is explained on the basis of the thermo-optic coefficients of the core
and the cladding materials. The results obtained show that different resonant peaks
have different temperature sensitivities and lower order attenuation bands of the
LPG can also exhibit good temperature sensitivity as higher-order bands. Since we
used standard telecommunication fiber for LPG fabrication, the sensing system can
be easily implemented with the existing fiber networks for remote sensing

applications.

The changes in wavelength and attenuation of an LPG resonance band with
external refractive index were also investigated. For external index higher than that
of the cladding index, the wavelength sensitivity was low as compared to the case
when the external RI is lower than that of the cladding. The effect of grating period
on the behavior of an LPG, relative to the variation of the refractive index of the
external medium was also studied. The results obtained show that the shorter period
LPG was found to be more sensitive than the longer period LPG, when the RI of the
surrounding medium was lower than the RI of the cladding of the fiber. But the
longer period LPG showed more sensitivity, when the RI of the surrounding medium
was higher than that of the cladding of the fiber. The measurement system may be
used to detect chemical or biological changes in the surrounding media. The
simplicity and high sensitivity of the sensor make it worthy for food industry

applications, pharmaceutical, chemical and biomedical sensing applications.

In the final part of this chapter we presented an LPG based chemical sensing
system for the concentration measurement of glucose in distilled water. The
performance of the sensor has been tested by monitoring the wave length shift and
amplitude changes of the attenuation bands of the LPG in response to variation of

glucose concentration levels.
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Chapter 4‘

Fiber Optic Sensor for the Measurement of
Adulteration in Edible Oils

Abstract

A fiber optic sensing system for the adulteration detection of coconut oil and olive
oil by less expensive paraffin oil is presented. The fundamental principle of
detection is the sensitive dependence of the resonance peaks of a Long Period
Grating (LPG) on the changes in the refractive index of the environmental medium,

surrounding the cladding surface of the grating.

The performance of the sensor has been tested by monitoring the wavelength and
amplitude changes of the attenuation bands of the LPG in response to variation of
adulteration levels. The developed sensor is user-friendly, reusable and allows
instantaneous measurement of the amount of adulteration without involving any

reagents.

[1]. T. M. Libish et al., Laser Physics, 23 (4), pp. 045112 (2013).
[2]. T.M. Libish et al., Sensors & Transducers Journal, 114(3), pp. 102-111 (2010).



Chapter 4

4.1 Introduction and motivation

A food article is branded adulterated if any inferior or cheaper substance has
substituted wholly or its part in a genuine food article, downgrading the quality of
the product. Adulteration of edible oil - blending cheaper oil with premium oil -
has always been a profitable business for unscrupulous players. Analysis of the
quality of edible oils is of paramount importance in most of the countries. Ensuring
the authenticity of the food that we consume has intensified exponentially over the
years in every country. Authenticity is a very important quality criterion, especially
for edible oils as they are much frequently subjected to rampant adulteration. Higher
the price of premium oil, greater is the propensity to adulterate it with low priced
oil. The unethical and filthy practice of edible oil adulteration results in the
formation of harmful substances in the human organism. The most common
adulteration is addition of paraffin oil to expensive edible oils like coconut oil and

adulterate virgin olive oil with sunflower oil.

Adulteration of coconut oil with paraffin oil is a common malpractice in South
East Asian countries. The much acclaimed properties of coconut oil include its
fragrance, taste and presence of medium chain fatty acids, antioxidants, vitamins etc.
It is also acknowledged for its good digestibility. Besides cooking purposes, coconut
oil is also used widely for medical and industrial purposes in Asian countries. The
common adulterants used in coconut oil are liquid Paraffin, Palm oil, palm kernel oil
etc. Addition of liquid paraffin is extremely hazardous to human health as it can
ultimately lead to several health problems such as liver disorders or even cancer. Up
to 20 percent of paraffin oil can be easily mixed with coconut oil and there will not

be any notable difference in the smell or colour of coconut oil.

Olive oil is popular edible oil mainly produced and consumed in Mediterranean

countries. Although more expensive than other oils, virgin olive oil has many health
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benefits. It is important oil that is high in nutritional value due to its high content of
antioxidants and monounsaturated fatty acids. Studies have also found that
consumption of olive oil can lower the risk of coronary heart disease by reducing bad
cholesterol- Low-density lipoprotein (LDL) while raising the good cholesterol- High-
density lipoprotein (HDL). It is a common practice today to adulterate virgin olive oil
with sunflower oil for financial gain. Sunflower oil is used as the usual adulterant due
to its close resemblance to virgin olive oil composition. Adulteration of virgin olive oil

with other edible oils also may cause serious health problems.

Different analytical techniques are employed in legitimacy testing of edible
oils. Among them are chromatographic methods [1,2], differential scanning
calorimetry [3], fourier transform infrared spectroscopy [4], photopyroelectric
detection [5] etc. These techniques have the disadvantage that they are expensive,
time consuming, require considerable analytical skill and produce hazardous
chemical waste. Due to increased public concern and legal requirements, the need
for more reliable, rapid and less expensive monitoring and quality checking of
edible oil is growing continuously. Fiber-optic sensors offer very attractive solutions in
this respect due to their intrinsic merits such as high sensitivity, small size, immunity to
electromagnetic interference, high performance, fast response etc. [6]. In 2005,
M. Sheeba et al. had reported a fiber optic intensity based evanescent wave sensor
for the detection of adulterant traces in coconut oil using an unclad plastic fiber [7].
The main limitation of this evanescent wave sensor is that the cladding and small
portion of the core has to be removed manually. This will reduce the mechanical
stability of the fiber. In order to avoid this limitation, we are proposing a new LPG
based sensor for the detection of adulteration in coconut oil which provides

improved sensitivity and robustness.

Unlike FBG, LPG couples light from the fundamental core mode to other

forward-propagating cladding modes, produces a discrete set of attenuation bands
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in the transmission spectrum of the optical fiber [8-10]. The resonance wavelength
of LPGs is a strong function of external perturbations like strain, temperature and
surrounding refractive index (SRI) [11-14]. Presence of these external perturbations
affects the coupling strength between the core and cladding modes, which could
lead to both amplitude and wavelength shift of the attenuation bands in the LPG
transmission spectrum. Measurement of these spectral parameters in response to
environment, surrounding the grating region, is the basis of sensing with LPGs
[15,16]. LPG can be used as an ambient index sensor or a chemical concentration
indicator with high stability and reliability [17-20]. With respect to chemical
sensing, the resonant wavelength shift and amplitude change of the LPG
attenuation bands with the SRI is certainly the most interesting. The RI sensing is
very important for biological, chemical and biochemical applications as a number

of substances can be detected through the measurements of refractive index.

At present, the refractive index sensing based on the LPG is an extraordinarily
important subject in the biochemical sensing area which attracts significant research
interest. Here an edible oil adulteration measurement sensor is being demonstrated by
exploitation of the sensitivity of LPGs to the concentration of the solution under test.
When the edible oils are subjected to adulteration, a change in its original refractive
index occurs. Such changes cause corresponding shifts in the resonance
wavelength and change in depth (amplitude) of the loss bands in the LPG.
Adulteration levels can be measured by analyzing these spectral changes. A
complete experimental analysis, on the use of an LPG for adulteration detection in
coconut oil and virgin olive oil is being presented. The device performance is
analyzed in terms of its sensitivity and resolution. This LPG based sensor
possesses the advantages of requirement of small volumes of sample for analysis

and provides the response in real time.
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4.2 Theory of operation

The LPG operates by coupling the fundamental core mode (i.e. the
LPy; mode) to co-propagating cladding modes (LPy,, mode with m =2, 3, 4. ..) in the
fiber. This coupling yields rejection bands around specific wavelengths (resonant
wavelengths) in the transmission spectrum of the LPG [21,22]. The wavelength at
which the guided mode couples to the cladding modes can be obtained through the
phase-matching equation [23,24]:

Am = [NSF = NS JA oo 4.1

where A, is the resonance wavelength corresponding to coupling to the m™

C

cladding mode, A is the grating period, ngy is the effective index of the

fundamental core mode (LPy), nglff_m is the effective index of the m™ order

cladding mode (LPy,,).
The strength of transmission of the attenuation bands [10] can be written as
Ty = 1 —=SiN% (KL) e 4.2)

where L is the length of LPG and ki, is the coupling coefficient for m" cladding
mode. Therefore, the coupled power % depends on L and k. The parameter ki,
however depends on the specific cladding mode and also on the amplitude of
refractive index modulation (An,) induced in the fiber core. Changes that occur in
the refractive index of the surrounding medium will affect the cladding effective
refractive indices and, as a direct consequence, attenuation dips experience both
changes in its amplitude (T,,) and shifts in the resonance wavelengths (A,;,). These
spectral changes can be used to measure the external medium refractive index and
allows the LPG to be used as a sensor device to determine the concentration of a

specific substance in a binary mixture.
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The shift of the centre wavelength of the attenuation peaks can occur
towards longer or shorter wavelengths based on the SRI. The refractive index
sensitivity of the LPG arises from the dependence of the effective index of the
cladding mode (nglff_m) on the refractive index of the surrounding material. The

effect of refractive index of the surrounding medium on the resonant wavelength is

expressed by [8,22]:

1
dAm — dAm [dngff,m] (4 3)
dnsur dnglff’m dnsur ----------------------------------------------------- .

where ng,, is the refractive index of the surrounding material. For each cladding

dnl C g - .
mode, the term [ﬁﬁm] is distinct and hence an LPG is expected to have a strong
sur

dependence on the order of the coupled cladding mode. Higher order cladding
modes tend to show greater sensitivity to changes in external refractive index

because these modes extend further out into the area exterior to the fiber [10,24].

The spectral change of LPG sensors can be characterized in terms of external
RI as follows. If the SRI is lower than the refractive index of the cladding
(ng,< ng), mode guidance can be explained using total internal reflection. In this
case, typically strong resonance peaks are observed and the attenuation dips shift
towards shorter wavelengths (blue shift) when the external medium refractive
index increases up to the fiber cladding refractive index[13,14]. The closer the
refractive index of the external medium to that of the cladding, the higher the
grating sensitivity and leads to larger wavelength shift. When the value of the
ambient refractive index matches with that of the cladding, the cladding layer acts
as an infinitely extended medium and thus supports no discrete cladding modes. In
this case, a broadband radiation mode coupling occurs with no distinct attenuation
bands [25]. In short, when the external RI becomes equal to the RI of the cladding,

rejection bands disappear, and the transmission spectrum gets flattened. Once the
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SRI is higher than the refractive index of the cladding (ng, > ng.q), the cladding
modes no longer experience total internal reflection and Fresnel reflection can be
used to explain the mode structure[26]. Whatever may be the value of the external
refractive index, a part of the energy is reflected at the interface of the cladding
and the external medium. The ratio of the energy reflected will be determined by
the Fresnel coefficients. In this case the resonance peaks reappear at slightly
longer wavelengths (red shift) compared to those measured with air as the
surrounding medium [27]. The depth of each attenuation peak steadily increases
with increase in refractive index of the surrounding medium, owing to larger
Fresnel reflection coefficients that yield improved reflection at the cladding
boundary [28]. So, chemical concentration changes can also be measured by

studying the amplitude changes in the LPG attenuation dips.

4.3 Experimental setup

In our experiments, a broadband white light source ([Yokogawa] AQ 4305)
was used as the light source and the transmission spectrum of the LPG was
monitored with an optical spectrum analyzer (OSA) ([Yokogawa] AQ 6319). The
LPG sensor head was fixed in a specially designed glass cell with provision for
filling the sample and draining it out when desired. We used an LPG with grating
length of 21 mm and grating period of 420 pum. The LPG was fabricated at CGCRI
using a 248 nm KrF excimer laser source employing point-by-point writing
method [10]. The hydrogen loaded photosensitive fiber used has a cladding diameter
of 125 micron and a numerical aperture of 0.14. The core and the cladding refractive
indices were 1.463 and 1.4563, respectively. There was no protective coating in the
grating section, so that the external RI could easily affect the effective refractive
index of the cladding modes. The fiber containing the LPG element was connected to
the light source on one side and to the OSA on the other side (Fig.4.1). The spectra
were recorded on the OSA in the wavelength range 1250—-1700 nm.
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White Lig?t Source Cell with LPG. Optical Spectrum Analizer

nnnnnnnn

oooooon

Figure 4.1: Experimental setup.

Drastic changes in performance of the LPG had been noted when there were
variations in external characteristics like temperature, bending and strain. To avoid
the effect of strain and bending, a special glass cell holder was designed and the
fiber was placed stretched and bonded with epoxy at both the end points of the cell
such that the grating section was kept at the centre of the cell. For precise
measurement, the experimental setup and sample solution temperature were
maintained at 25.0 = 0.5 °C. The resonance wavelength of the LPG dip was
measured with the fiber section containing the LPG immersed in samples obtained

by mixing paraffin oil and pure coconut oil in different proportions.

Sensor responded to RI changes as soon as samples were introduced to the
glass cell. But, to get a stabilized output, all readings were taken one minute after
the LPG was immersed in the solution. An Abbe refractometer was employed to
measure the sample refractive indices, just after the sample was drained out from
the glass cell. The initial spectrum of the LPG in air (Fig.4.2) is used as reference
spectrum for all the sample analysis. The use of this reference spectrum serves two
purposes: 1) to remove any trace of each adulterated sample between two different
measurements and 2) to assure that the LPG attenuation dip returns to the original
wavelength after each sample measurement. At the end of each sample measurement,

the grating was cleaned with isopropyl alcohol repeatedly, followed by drying
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properly, so that the original transmission spectrum of LPG was obtained. The
changes in the refractive index of the surrounding medium were obtained by increasing
the paraffin oil concentration in pure edible oil samples. The refractive indices of pure

coconut 0il and paraffin oil were found to be 1.450 and 1.454 respectively.

O —f
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=10 =

-15 =}
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Ty T ey L
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Figure 4.2: Transmission spectrum of LPG with ng,, = 1.

4.4 Results & discussion

4.4.1 Coconut oil adulteration measurement

The dependence of the sensor sensitivity on adulteration in terms of the LPG
resonance wavelength shift has been analyzed, while the samples obtained by
mixing of paraffin oil and pure coconut oil in different proportions were in contact
with the grating. For the grating used in these studies the strongest attenuation peak
in air, is located at 1602 nm. Figure 4.3 shows the changes in the wavelength and
amplitude corresponding to main attenuation dips (LPys and LPys) with increasing
concentration of paraffin oil in the mixture with pure coconut oil. The highest
order attenuation band (LPys) was most sensitive to the surrounding refractive

index changes and is shown in Fig. 4.4.
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Pure Coconut oil
3% Paraffin oil
10% Paraffin oil
20% Paraffin oil
25% Paraffin ail
35% Paraffin oil
45% Paraffin oil
50% Paraffin oil
Paraffin oil

Transmission (dB)

1420 1440 1460 1480 1500
Wavelength (nm)
Figure 4.3: Transmission spectra of the LPG surrounded by a mixture of paraffin
oil and pure coconut oil in different proportions.
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a Pure Coconut oil
b 3% Paraffin oil
¢ 10% Paraffin oil
d 20% Paraffin oil
e 25% Paraffin oil
f 35% Paraffin oil
g 45% Paraffin oil
h 50% Paraffin oil
—i Paraffin oil

Transmission (dB)
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Figure 4.4: Wavelength shift of the LPys mode of the LPG surrounded by a
mixture of paraffin oil and pure coconut oil in different proportions.

The refractive indices produced by different oil samples used in the

experiments were less than the cladding refractive index of the LPG. If the refractive
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index of the surrounding medium is lower than that of the cladding, the fiber
supports bounded cladding modes that are maintained by total internal reflection at
the surrounding cladding interface. In this case, the surrounding refractive index
sensitivity arises from the evanescent wave interaction between the cladding modes
and the external medium. This interaction will lead to a strong modification of the
central wavelength of the attenuation bands of LPG. For RI values lower than that
of the cladding, LPG sensitivity to increasing external index of refraction is evident
as a blue shift in the central wavelength of the attenuation band in the grating’s
transmission spectrum. The LPG exhibited a total blue shift of approximately 15 nm
when the surrounding medium was gradually changed from pure coconut oil to
pure paraffin oil sample. For all the adulterated oil sample analyses, the wavelength
shifts were measured relative to that of the LPG immersed in the pure coconut oil
sample used as a reference fluid. Apart from the wavelength shift with the changes
in refractive index of the external medium, LPG also produced a reduction in the

peak intensity of the resonance band as reported earlier [18,20].

Figure 4.5 shows the sensitivity of the LPG when used as a sensor for
various volume percentage of paraffin oil in coconut oil. It can be seen from the
results that the sensor is useful to determine paraffin oil concentration even upto
3% by volume with a good linear sensitivity between 3 % and 50 %. This region
is very useful because most of the adulteration and malpractices using paraffin oil
are within this range. Repeatability was found to be poor below 3 % adulteration.
A spectral shift of 15 nm was obtained in the refractive index range 1.450 to

1.454, which corresponds to an average resolution of 2.66 x 10 nm™.
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Figure 4.5: Peak positions of the highest order resonance band in the LPG
transmission spectra as a function of Paraffin oil proportion.

4.4.2 Virgin olive oil adulteration measurement

Measurement of the transmitted signal intensity in a chosen spectral interval
was used for olive oil adulteration analysis since all the used samples were with
refractive indices higher than the refractive index of the fiber cladding. When the
LPG was immersed in pure olive oil sample, the transmission spectrum indicated
that the attenuation bands were red shifted compared with those in air. The
refractive indices of the binary mixture samples used in the experiments were
increased, when we increased the sunflower oil concentration from 0 to 30%. The
refractive indices of pure olive oil and adulterated oil samples used in the
experiments were varied from 1.4635 to 1.4670. Under these conditions, the
sensor exhibited a low sensitivity for measurements in the wavelength domain. So
no analysis was conducted for the wavelength shift. The most pronounced effect
was the change in the LPG transmission intensity. For intensity measurements the
LPy mode exhibited noticeable amplitude changes and minimal wavelength shifts.

So we selected the attenuation dip near 1600 nm for adulteration analysis. As can
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be seen from Fig. 4.6, when the adulteration level was increased, there was a very
small shift in wavelength and a detectable increase in the intensity of the
transmission dip. In short, the depth of each attenuation peak steadily increased

when we increased the adulteration level up to 30% sunflower oil in pure olive oil

sample.
Pure Olive Oil
-2 - 4% Sunflower Oil
10% Sunflower Oil
15% Sunflower Oil
P 20% Sunflower Oil
—~ e N 25% Sunflower Oil
S ] Ty 30% Sunflower Oil
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Figure 4.6: Transmission spectra of the LPG surrounded by a mixture of
sunflower oil and pure olive oil in different proportions.

Figure 4.7 shows the sensitivity of the LPG when used as a sensor for
various volume percentage of sunflower oil in olive oil. It can be seen from the
results that the sensor is useful to determine sunflower oil concentration even upto
4% by volume with a good linear sensitivity between 4 % and 30 %. This region is
very useful because most of the adulteration and malpractices using sunflower oil
are within this range. Repeatability was found to be poor below 4 % adulteration.
An intensity change of 2.18 dB was obtained in the refractive index range 1.4635

to 1.4670, which corresponds to an average resolution of 1.61 x 10° dB”. The
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LPG sensor sensitivity was around 0.07 dB/vol% of sunflower oil in the measurement

range.
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Figure 4.7: Transmission spectral intensity changes in the LP,s resonance band of
the LPG as a function of sunflower oil proportion in olive oil.

4.5 Conclusions

Resonance wave length shift and amplitude changes of the attenuation bands
of the LPG have been monitored to demonstrate an edible oil adulteration
measurement sensor. Detection limit of adulteration was found to be 3% for
coconut oil- paraftin oil binary mixture and 4 % for olive oil- sunflower oil binary
mixture. The LPG sensor sensitivity was around 0.15 nm/vol% of paraffin oil in
the measurement range. The advantages of this type of grating sensor are their
simple fabrication, very easy implementation for measurement, easy interrogation
and the fact that it does not involve the use of solvents or toxic chemicals. The
developed sensor is user-friendly, reusable and allows instantaneous determination

of the percentage concentration of adulterant in an olive oil sample without
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involving any chemical analysis. The newly developed sensor also showed good
reversibility and repeatability. The measurement system may be used to detect
chemical or biological changes in the surrounding media. The simplicity and high
sensitivity of the sensor make it worthy for food industry applications, pharmaceutical,

chemical and biomedical sensing applications.

This method enables quantitative measurement of adulterant to a level of 3%
adulteration with a wide dynamic range. The selectivity of this LPG based sensor
can be improved by the identification and application of suitable coating materials

which selectively react to a specific type of adulterant.
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Chapter 5

Fabrication of Etched FBGs and
Refractive Index Sensing

Abstract

The fabrication method and characterization of FBGs used in the present studies
are outlined in this chapter. It also summarizes the details of RI sensing based on
etched FBGs. FBGs have been extensively used as temperature and strain sensors.
However, FBGs are intrinsically insensitive to surrounding refractive index of the
medium since the light coupling takes place only between well-bound core modes,
which are shielded from the influence of the surrounding refractive index by the
fiber cladding. To make the FBG sensitive to changes in the surrounding refractive
index, the cladding thickness around the grating region must be reduced. The
resultant FBG is often termed as an etched, thinned or reduced cladding FBG. A
reliable and stable method of etching of FBGs using a special mount and the
spectral response of FBGs during etching process is discussed. The experimental
verification of the RI sensitivity of the FBGs is given in the final part of the
chapter.




Chapter 5

5.1 Introduction

Fiber Bragg grating (FBG) sensors are one of the most exciting developments
in the field of optical fiber sensors in recent years. FBGs make promising
candidates as sensors because of their significant sensing advantages, the most
important of which is that the information on a measurand is encoded in the
reflected or transmitted wavelength from the grating. Thus problems associated
with source power fluctuations, bending losses and reflection losses are eliminated.
It has been shown that a fiber Bragg grating (FBG) can also be used as a refractive
index sensor by partially removing the cladding region around the grating to make
the FBG sensitive to changes in the surrounding refractive index [1-3]. Subsequently,
this research was utilized to study fiber sensors based on etched FBGs for a variety
of chemicals [4-6]. Refractive index (RI) is a basic optical property of materials
and its accurate measurement is of great importance in many applications. Today, it
is of large importance to monitor biological, physical and chemical parameters in
industrial processes, medical treatment, oil and gas, food, pharmaceutical, and
biotechnology, where a large number of physical, biological or chemical features

have to be measured.

In the initial part of this chapter, the theory of etched FBG and the set up
used for fabricating different types of gratings used in this thesis is explained.
Although the propagation of light is different in LPG and FBG, the physical
structure of both is almost the same. The only difference is in the period of the
gratings. Therefore most of the fabrication methods used for the fabrication of LPGs
and FBGs are the same. But due to some geometrical and optical limitations, there
are some specific methods which are most commonly adopted for fabricating LPG or
FBG. We used phase mask method for fabricating FBGs and point by point method
for fabricating LPGs.
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5.2 Refractive index sensing using FBGs

A standard fiber Bragg grating consists of a refractive index modulation in
the core of an optical fiber that acts to couple the fundamental forward propagating
mode to the contra-propagating core mode. The principle of operation of an FBG
sensor is based on the shift of the Bragg wavelength when it is under the influence
of a measurand. Compared with conventional fibre-optic sensors, FBG sensors
have a number of distinguishing advantages such as high sensitivity, high spatial
resolution, immunity to electromagnetic interference (EMI), fast response,
compatibility with fiber optical networks, multiplexing and distributed sensing
capabilities. Over the last two decades, FBGs have been utilized as optical sensors
to measure a wide range of physical parameters including temperature, strain,
pressure, loading etc [7-9]. Since the light coupling takes place between well-
bound core modes that are screened from the influence of the surrounding-medium
refractive index (SRI) by a thick cladding layer, normal FBGs are intrinsically
insensitive to SRI.  So normal FBGs cannot be used as chemical sensor. For this
reason, long-period fiber gratings (LPFGs) are generally used for chemical sensing
applications, where the light coupling between the core and the cladding modes
exist, accompanying an optical interaction between the cladding and an external
medium [10-13]. However, the broad transmission spectrum and the multiple
resonance peaks are the major disadvantages of the LPG based measurement
system. To resolve these problems, several types of modified FBG chemical
sensors have been proposed, which enable the optical core mode to interfere with
the SRI variation. To use the FBG as an effective refractometric sensor element,
the cladding radius around the grating region must be reduced, allowing the
effective refractive index of the fiber core to be significantly affected by the
refractive index of external medium [14, 15]. As a consequence, shifts are expected

in the Bragg wavelength combined with a modulation of the reflected amplitude. A
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very simple method to reduce the cladding can be the uniform chemical etching of

the Bragg grating section of the fiber using hydrofluoric acid (HF).

At present, refractive index sensing based on the etched FBG is an
extraordinarily important subject in the bio-chemical sensing area which attracts
significant research interest. The sensitivity of the sensor depends upon the change
in the effective index for the core mode, which is related to the change in the
refractive index of the biological or chemical solution under test. To date, a number
of SRI sensors have been realized using etched FBG structures to measure

concentrations of some chemicals or bio samples [16-25].

5.3 Etched or thinned or reduced cladding FBGs

To make the FBG sensitive to changes in the surrounding refractive index,
the cladding radius around the grating region must be reduced. The resultant FBG
is often termed as an etched or thinned or reduced cladding FBG. The structure is
schematically shown in Fig. 5.1. Uniform etched FBGs were first demonstrated by

Asseh et al. [1] in 1998.

For bio sensing and chemical sensing applications, the sensitivity and
selectivity of FBGs can be improved by applying suitable material coatings with
high refractive indices along the thinned region. The basis of these FBG sensors
relies on the use of a suitable measurand-specific material to induce a secondary
effect, to which the etched FBG is susceptible. i.e. The interaction of the specific
target molecule with the coating changes the film refractive index and thus causes a
Bragg wavelength shift and a variation in the grating reflectivity. Therefore
concentration measurement of bio-chemical samples can be done by analyzing the

spectral changes in FBG transmission or reflection spectrum.
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spoctum FBG

Figure 5.1: Schematic diagram of FBG (a) Standard FBG (b) Thinned FBG.

If the fiber cladding layer is partially or fully removed symmetrically along
the grating region using chemical etching, the effective refractive index ney is
significantly affected by the external RI [26]. As a consequence a shift in the Bragg
wavelength combined with a modulation of the reflected amplitude is expected as the
surrounding refractive index changes[5]. Unlike the common use of FBG sensors
for temperature and strain measurements, in this case, only the refractive index is
affected by measurand changes while the grating pitch remain practically
unaffected. The strong dependence of the effective refractive index on the
surrounding refractive index of the medium, recommends the use of a thinned FBG
as highly sensitive fiber refractive index sensor [2, 5, 27-30]. If the refractive index
of the external media is higher than that of silica, the modes are leaky, because
there is no total internal reflection at the silica—external boundary. However, for
field modes to exist, it is sufficient to provide an external refractive index smaller
than the silica refractive index. An etched FBG will show maximum Bragg

wavelength shift when the surrounding index is close to the core refractive index.

139



Chapter 5

In a variety of chemical and biological applications, refractive index sensing is
very important since a number of substances can be detected through measurement
of the refractive index. The refractive index changes with the concentration of
bio-chemical solution variation, and this refractive index changing energizes the
core effective index changing, which could make the Bragg wavelength shift [3,19-24].
The Bragg wavelength changes could be detected with an optical spectrum
analyzer. The variation in bio-chemical solution concentration is calculated by
analyzing the relation between shifts of Bragg wavelength with change in

concentration of chemical or biological sample.

5.3.1 Etched and coated FBG for sensing applications

The etched FBGs can be made to detect extremely low concentration of
biochemical target molecules with high sensitivity by applying suitable material
coatings of high refractive index on their surface. These coatings selectively react
with specific target molecules and result in a refractive index change and which
will thereby affect the effective refractive index of the FBG to a great extent. We
have discussed this in detail in chapter 6 of this thesis. The basic configuration of
the sensor is shown in Fig.5.2. The presence of a specific target molecule is
detected by analyzing the Bragg wavelength shift of the FBG reflection spectra.
Therefore, FBGs are ideal candidates for biomolecular and chemical sensing
applications, if properly complemented with suitable chemo-sensitive materials or

biorecognition elements.
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Cladding Biopolymer Coated FBG Core

Etched Cladding

Figure 5.2: Structure of the biopolymer coated etched FBG sensor.

The first fiber grating-based hydrogen sensor was reported by Sutapun et al.
in 1999 [31]. Its sensing head was an etched 2-3 cm long fiber Bragg grating,
coated with a 560 nm thick Pd film. In 2008, L. Ai, et al. presented a volatile-
solvent gas fiber sensor based on polyaniline film coated on superstructure fiber
Bragg gratings [32]. A first demonstration of biosensor concept based on etched
FBG was reported by Chryssis et al. in 2005 [33]. The number of biosensing
applications exploiting different designs of FBGs is rapidly growing and they are
expected to become a key technology in the next few years [34-36].

5.4 Grating writing system used for FBG fabrication

FBGs used for the sensor experiments were written on the middle of stripped
section of optical fibers using phase-mask writing method at Central Glass and
Ceramic Research Institute (CGCRI), a unit lab of Council of Scientific and
Industrial Research (CSIR), Kolkota, India. The grating writing system at CGCRI
was designed and delivered by TeraXion, a technology leader in the development of
advanced optical components for high speed communication networks. BraggStar
500, a pulsed KrF Excimer laser (Wavelength: 248nm, Pulse duration: 20ns, Energy

per pulse: 18mJ, Maximum pulse repetition rate: 500Hz) is used as source.
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The experimental setup for inscribing gratings is shown in Fig. 5.3. A shutter
is used to cutoff the laser when not in use. The UV radiation is brought to the phase
mask by multiple reflections and finally focusing using a cylindrical lens. The
cylindrical lens and last mirror is kept in a precision motorized translational stage, by
the movement of which the laser can be moved across the fiber. The fiber is mounted
in another small translational stage so that the distance between fiber and phase mask
can be controlled. The fiber aligned perfectly horizontal. The movement of the fiber

and phase mask is monitored using a camera through the software.

Optical fiber of about 100cm length is used for writing each grating. To
enhance the photosensitivity, the fibers were hydrogen loaded at 100°C and 1500 psi
of pressure for 24 hours before the grating fabrication. The residual molecular
hydrogen which was not used in the photochemical reaction at the time of grating
writing has been removed by annealing process. The jacket of the fiber is removed
from the middle section, around 6-7cm, using a thermo mechanical stripper
supplied by TeraXion. The stripped zone must be thoroughly cleaned using
isopropyl alcohol (IPA). The ends of fiber are connected to source and Optical
Spectrum Analyzer (OSA). A circulator switch is used in case of FBG to switch
between transmission and reflection spectra. The fiber is mounted on the setup
using magnetic fiber clamps. Horizontal and vertical alignments of the fiber are
done to ensure the beam to fall vertically on the fiber. The online monitoring of the
spectrum is done using a white light source (Yokogawa, AQ4305) and OSA (Ando,
AQ6317B). The spectrum is also fed to the computer for monitoring thorough the
controlling software. The whole system is kept inside a UV protective enclosure.
UV protection goggles must be worn during the operation of laser. The grating

fabrication setup used in CGCRI is shown in Fig. 5.4.

Different types of optical fibers are used to fabricate the gratings. The major

fiber types are
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1) CGCRI made photo sensitive fiber (RI-cladding: 1.4563, Rl-core: 1.463,

Diameter of core: 7.6 micron, Diameter of cladding: 125 micron).

2) Newport make Photo sensitive fiber, F-SBG-15 (RI-cladding: 1.446,
RlI-core: 1.45, Diameter of core: 8.3 micron, Diameter of cladding: 125

micron).

3) Standard telecommunication fiber, Corning SMF-28e after proper
hydrogen loading (RI-cladding: 1.456, RI-core: 1.46145, Diameter of

core: 8.28 micron, Diameter of cladding: 125 micron)
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Figure 5.3: Simplified schematic diagram of the grating writing system at CSIR-
CGCRI, Kolkota.
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Figure 5.4: The grating fabrication setup used in CSIR- CGCRI, Kolkota.

5.5 Strain measurement using FBG strain sensor system

Even though the following section on strain and temperature measurement
does not relate to etched FBGs, they are included here to get a better understanding
of the FBG performance. The basic operation of FBG strain sensor is based on the
measurement of the peak wavelength shift induced by the applied strain [7]. The
strain sensitivity of the Bragg wavelength arises from the change in period of the
fiber, coupled with a change in the refractive index arising from the strain-optic
effects. Strain measurements based on FBG is a rapidly developing technology
which is driven by its performance accuracy and versatility and is being used for

structural monitoring and smart structure applications [8].

5.5.1 Experimental setup

The experimental setup for the strain sensitivity of bare fiber Bragg grating
system is shown in Fig. 5.5. It consists of a white light source ([Yokogawa] AQ

4305), an optical spectrum analyzer ([Yokogawa] AQ 6319), a coupler and a
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cantilever load cell structure. The measurement using this system is made for FBG
for a Bragg wavelength of 1564.23 nm. The FBG was fabricated in a CGCRI

made photo sensitive fiber using phase mask.

White Light Source

/AQ 4306 White Light Source

2 X2 Coupler FIG Standard Weight
Optical 8890000
Spectrum So5 0800 Load Cell
Analizer rﬁ Structure

/

Figure 5.5: Experimental setup for the measurement of strain.

The white light source is connected to one input of the coupler. The other input
of the coupler is connected to the OSA for detecting the reflected Bragg signal. The
FBG is then connected to one of the outputs of the coupler. The cantilever structure is
made of spring steel of 4mm thick and 5cm width with a length of 20cm. The
cantilever is bolted to a strong pillar with good base. The base is again bolted to a
vibration free optical table. The fiber with the FBG is then bonded to the cantilever
load cell structure using a fast setting epoxy. Provisions are made on the cantilever
structure so that the standard weights are added at the same location to provide
repeatability. Sufficient time is provided for settling the strain, to avoid loading

transients.

5.5.2 The Effect of strain variations on the transmission spectrum of
FBG

During the experiment, standard weights of 200gm were added to the

cantilever load cell structure in successive steps and the corresponding reflected
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spectra were recorded. Sensor responded to strain changes as soon as new weights
were introduced to the cantilever load cell structure. But, to get a stabilized output,
all readings were taken one minute after loading the set up. To avoid the effect of
temperature and for precise measurement, the experimental setup was maintained

at24.0+ 0.5 °C.

The initial spectrum of the FBG with no load is used as a reference
spectrum. The reflection spectrum during loading of cantilever is shown in
Fig. 5.6. The transmission spectra were also studied for verifying the obtained
results and are shown in Fig. 5.7. In order to check the hysteresis of measurement,
spectrums were analyzed during the loading and unloading of cantilever structure
(Fig. 5.8).
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Figure 5.6: The reflection spectrum of normal FBG for different values of applied
strain (During loading of cantilever structure).
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Figure 5.7: The transmission spectrum of FBG for different values of applied strain
(During loading of cantilever structure).
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Figure 5.8: The transmission spectrum of FBG for different values of applied strain
(During unloading of cantilever structure).
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The wavelength shift of the FBG with the changes in loading of the structure
is shown in Fig. 5.9. The shift at the central wavelength was ranging from 1564.23
to 1564.70 nm for the loading from 0 to 1200g. The structure is loaded many times
and checked the reflected spectrum to ensure the repeatability. Shift in wavelength
was found linear and repeatable. Transmitted spectrum of the FBG was also
measured. The observations were same during the loading and unloading of the
structure. The traces were found coinciding, which shows that the hysteresis is
negligible. The dependence of the red-shift of the resonance wavelength of the
FBG on the applied strain was measured to be 0.39 Pico meter/ pstrain. The good
linear relationship between the applied strain and Bragg wavelength has shown the

potential of FBG for strain sensing applications.
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Figure 5.9: Wavelength Shift of FBG with the applied strain.

5.6 FBG based temperature measurement

The temperature sensitivity of the Bragg wavelength arises from the
change in period associated with the thermal expansion of the fiber, coupled with

a change in the refractive index arising from the thermo-optic effect [7,9].
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5.6.1 Experimental setup

The experimental set up for studying temperature sensitivity of unetched
fiber Bragg grating system is shown in Fig.5.10. A white-light source
([Yokogawa] AQ 4305) was used as the signal source and the transmission
spectra of the FBGs were interrogated with an optical spectrum analyzer (OSA)
([Yokogawa] AQ 6319). FBG central wavelength is 1564.23 nm with a grating
length of 10mm. To avoid the effect of strain and bending, the FBG was stretched
and then positioned inside a temperature controlled fiber oven. All readings were

taken with air as the surrounding medium.

White Light Source
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Fibre Grating—»"

Figure 5.10: Experimental setup to study the temperature response of FBG.

5.6.2 The Effect of temperature variations on the reflection spectrum
of FBG

The FBG was heated from 30°C to 100°C in steps of 10°C using the
temperature controller of fiber oven. The oven temperature rises up linearly with an
accuracy of 0.1°C. During this process, the reflection spectra were recorded using
the optical spectrum analyzer. The Bragg resonance wavelength shifts experienced

by the FBG as a function of increasing temperature is shown in Fig. 5.11.

149



Chapter 5

We observed a spectral shift to longer wavelengths (red shift) with
increasing temperature and the wavelength shift of the peak was also linear as

shown in Fig. 5.12.
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Figure 5.11: Reflection Spectra of the FBG as a function of increasing temperature.
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Figure 5.12: Plot of the Bragg Wavelength of the FBG, as a function of temperature.
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As evident from figures 5.11 and 5.12, the grating exhibited a linear variation in
the shift of Bragg wavelength with temperature over a wide range. The dependence
of the red-shift of the resonance wavelength of the FBG on the increasing
temperature was measured to be 0.0095 nm/ °C. The good linear relationship
between temperature and Bragg wavelength has shown the potential of using FBG

for different temperature sensing applications.

5.7 Fabrication of etched FBGs

To make the FBGs sensitive to changes in the surrounding refractive index,
the cladding radius around the grating region was reduced by wet chemical etching
in a buffered hydrofluoric acid (HF 48%) solution. The experimental set-up used
for monitoring the grating spectra during etching process is shown in Fig. 5.13. It
comprises of a white light source, a directional 3dB coupler to collect the reflected
spectrum from the sensor head and an optical spectrum analyzer for spectral
measurements. For the etching purpose HF solution was taken in a special Teflon
mount, which is non reactive to HF. The Teflon mount has an inlet and an outlet
provision and the dimensions were suitably selected to facilitate the process of

etching and sensor operation.
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Figure 5.13: Experimental setup for FBG etching.
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5.7.1 The effect of etching on Bragg spectral response

The FBGs were individually chemically etched in HF solution and during
the chemical etching process the Bragg wavelength shift relative to the initial
Bragg wavelength was monitored in real time. During the process of etching, the
room temperature was maintained at 25°C. Two 7 mm-length FBGs with very
approximate Bragg wavelengths 1564.25 nm (FBG-1); 1534.81 nm (FBG-2)
were selected for the experimental purpose. The FBG-1 was written in a CGCRI
made photo sensitive fiber and FBG-2 in a Newport made Photo sensitive fiber,

F-SBG-15.

The procedure of measuring the Bragg peak shift was as follows: The zero
time was defined when the FBG was dipped into HF solution. At this zero time, the
Bragg peak was recorded to serve as the reference. The shift in the Bragg

wavelength was recorded with respect to etching time.

5.7.1.1 Spectral shift of FBG-1 during etching process

The FBG-1 was chemically etched for a period of 35.42 minutes in 48% HF
solution. Figure 5.14 shows the shift in the Bragg wavelength with respect to
etching time of FBG-1. Monitoring the reflection spectra during etching revealed
two distinct trends. For the first 32.24 minutes, the spectrum slowly moves towards
longer wavelengths (Fig 5.15). The increase in Bragg wavelength Az from A to B is
due to generation of heat caused by chemical reaction of HF with silica glass. This
increase in temperature reflects as the red shift in grating spectra. The change in
strain during the thinning process also contributes to this initial red shift slightly
[2,5,14]. The FBG-1 etching spectra showed a red shift of 0.51 nm in the region A

to B. ie. From time t=0 to t=32.24 minutes.
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After 32.25 minutes of etching, the Bragg wavelength shows an abrupt blue
shift. i.e. from B towards C. In this region the optical mode begins to penetrate the
cladding liquid interface and produces corresponding spectral changes. The blue
shift in Ag can be attributed to the predominance of effective refractive index
change caused by cladding diameter reduction over the effect due to temperature
variation [2,14-16]. Figure 5.16 shows the relative peak reflectivity observed
during the final stages of etching process. It can also be seen that the reflectivity of
FBG decreases with etching in the final period (Fig 5.17). This effect can be
explained by considering the change in numerical aperture between the
unperturbed fiber and the etched region depending on the refractive indices of core,
cladding and surrounding medium [5,17]. This feature is an indication that the fiber
diameter approaches the fiber core diameter and, if the chemical etching is not

interrupted, the FBG and the fiber can be destroyed.

To stop the etching process at the desired fiber diameter, the HF solution
was removed and to restrict the etching activity the Teflon tube was filled with
deionized water. A final shift of 0.17 nm in the Bragg wavelength has been
measured between unperturbed and etched grating with air as external medium.
Experimentally we also found that the sharpness of the reflection spectrum of FBG
degrades after chemical etching. The spectrum of FBG-1 before etching and after
partial etching of the cladding is depicted in Fig. 5.18, where a shift in the Bragg
spectrum to lower wavelengths is observed due to lowering of the effective

refractive index in the thinned region.
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Figure 5.14: Bragg peak wavelength with time during HF etching process of FBG-1.
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Figure 5.15: Bragg reflectivity versus wavelength shift (red shift) during the etching
process of FBG-1.
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Figure 5.16: Bragg reflectivity versus wavelength (blue shift) for final stages of the
etching process.
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Figure 5.17: Bragg reflectivity versus wavelength (blue shift) for last minute of the
etching process.
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Figure 5.18: Spectrum of the FBG-1 before and after the HF etching.
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After an etching time of 35.46 minutes the refractive index sensitivity of
FBG-1 was assessed by immersing it into different samples of varying refractive

indices.

5.7.1.2 Spectral Shift of FBG-2 During Etching Process

The FBG-2 was chemically etched for a period of 31.58 minutes in 48% HF
solution. Figure 5.19 shows the spectral shift of FBG-2 written in Newport fiber.
For the first 30.46 minutes, the spectrum slowly moves towards longer wavelengths.
The red shift during etching process was only 0.14 nm, which is very low
compared to FBG -1. After 30.46 minutes of etching, the Bragg wavelength shows
an abrupt blue shift. Figure 5.20 shows the relative peak reflectivity observed
during the final stages of etching process. To stop the etching process at the desired
fiber diameter, the HF solution was removed and to restrict the etching activity the

Teflon tube was filled with deionized water after 31.58 minutes.
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Figure 5.19: Bragg reflectivity versus wavelength shift (red shift) during the
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Figure 5.20: Bragg reflectivity versus wavelength (blue shift) for final period of the
etching process of FBG-2.

A final shift of 0.35 nm in the Bragg wavelength between unperturbed and
etched grating with air as external medium has been measured. The spectrum of FBG-2

before etching and after partial etching of the cladding is depicted in Fig. 5.21.
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Figure 5.21: Spectrum of the FBG-2 before and after the HF etching.

5.8 Spectral Shift of Etched FBGs with Change in External
Refractive Index

A. Surrounding Refractive Index Sensitivity of FBG-1 (RI-cladding:
1.4563, RI-core: 1.463)

Experimental characterization of the sensor response to external refractive
indices varying in the range 1.000—1.4680 has been carried out by using a white
light source and an optical spectrum analyzer. Figure 5.22 plots the behavior of
etched FBG-1 versus outer medium refractive indices. An etched fiber has a core
and some portion of the original cladding. Before each measurement, the sensor
was submerged into isopropyl alcohol to clean any residue left out from the
previous measurement. Since the principle of operation relies on the interaction
between the evanescent wave of the fundamental guided mode and the surrounding
medium, it is obvious to expect the effective refractive index variations, and then, the
corresponding Bragg wavelength shift. For an external RI around 1.33, the guided

mode is well confined in the core region, leading to a weak evanescent wave and thus
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low surrounding refractive index sensitivity. As the surrounding medium RI increases,
higher sensitivity is observed, since the fundamental mode is less confined in the core
region leading to a higher evanescent field and thus to a more efficient interaction with

the external medium [2,14,19].
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Figure 5.22: Bragg wavelength of the etched FBG-1 with changes in  surrounding
medium refractive index.

From the results it can be seen that the Bragg wavelength increases, as the
surrounding index increases and approaches the core refractive index. The rate of
change in wavelength with surrounding index also increases as the surrounding
index approaches the fiber cladding index (1.4563). The FBG-1 exhibited a total
red shift of approximately 0.35 nm when the value of surrounding medium was
gradually changed from 1.0 to 1.4520. It can also be seen that the reflected power
decreases as the spectrum shows red shift with increase in RI. This effect can be
explained by considering the difference in the numerical aperture between the un-
etched and thinned optical fibers [2]. When the outer RI becomes equal or greater
than the cladding RI, the guided wave becomes leaky and no reflection will be
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obtained. As Fig. 5.22 illustrates, there was no reflection when the outer RI

becomes equal or greater than the effective RI of core as expected.

The large value of the sensitivity obtained in the sensor can be used to
measure small changes in refractive index of the surrounding medium. This can
also be used to measure the presence and amount of chemical or biological agents
with an excellent degree of accuracy [20-25].

B. Surrounding Refractive Index Sensitivity of FBG-2 ( RI-cladding:
1.446, RI-core: 1.45)

The changes of the FBG-2 reflection spectra with the changes in the RI of
the external medium are shown in Fig. 5.23. When we changed the SRI from 1 to
1.4410, a shift of the resonance bands towards the longer wavelength (red shift)
side can be seen. This wavelength shift occurs due to the increase in the SRI which
in turn increases ngsr of the FBG. The highest RI sensitivity of FBG is observed

when the external medium index is close to that of the cladding index (1.446).
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Figure 5.23: Bragg wavelength of the etched FBG-2 with changes in surrounding
medium refractive index.
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There is no reflection when the ambient index is higher than that of the cladding.
Unlike FBG-1, the reflection spectra of FBG-2 disappeared for external refractive
index values greater than 1.4480. The FBG-1 was fabricated in a CGCRI made photo
sensitive fiber for which cladding index is 1.4563 and FBG-2 in a Newport made
photo sensitive fiber for which cladding index is only 1.446. So the FBGs will give

different external refractive index responses based on the RI of cladding.

5.9 Conclusions

In conclusion, highly sensitive etched fiber Bragg grating sensors have
been demonstrated which detect the change of index of the surrounding medium
by measuring the change of the Bragg wavelength. Bragg wavelength showed a
red shift as the surrounding index increased and the rate of change in wavelength
with RI also increased as the surrounding index approached the fiber cladding
index. The reduction in reflected optical power with increase in surrounding RI
is explained on the basis of mismatch of the numerical aperture between the un-
etched and etched FBG. Although there are many RI sensors based on etched FBG
in the literature, they are very difficult to fabricate and careful handling is also
required as a very thin FBG portion is used for sensing. Although it gives very high

sensitivity, it can break very easily and is prone to micro-bending.

This chapter also investigated the strain and temperature responses of FBGs.
The dependence of the red-shift of the Bragg wavelength of the FBG on the applied
strain was measured to be 0.39 pm/ustrain. During temperature measurement the
wavelength shift was found linear and repeatable within the range of 30-150°C. The
dependence of the red-shift of the Bragg wavelength of the FBG on increasing
temperature was measured to be 0.0095 nm/ °C. The developed RI sensor can be used
to detect chemical or biological changes in the surrounding media. These sensors can

be used for medical, pharmaceutical, and food industry applications.
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Chapter 6

Etched and DNA Coated Fiber Bragg
Grating Sensing System for Protein
Concentration Measurement

Abstract

In this chapter, we propose a novel method for measuring the concentration of
protein (Bovine Serum Albumin) present in bio-chemical samples. The bio sensor
exploits the inherent characteristics of the Fiber Bragg Grating (FBG) coated with
a biopolymer, deoxyribonucleic acid (DNA). For increased sensitivity, the fiber
with FBG was etched with hydrofluoric acid (HF) prior to coating with the DNA.
The etched FBGs are senmsitive to an external analyte by evanescent field
interaction. The sensing mechanism is based on the interaction of the protein with
the biopolymer film, which changes the film refractive index resulting in a shift in
the Bragg wavelength. By analyzing the Bragg wavelength shifi, we can calculate
the amount of protein present in the sample solution. A complete experimental
analysis, based on the use of an etched and coated FBG for protein concentration

measurement, is being presented.

T. M. Libish et al., Optoelectronics and Advanced Materials-Rapid Communications,
9 (11), pp. 1401-1405 (2015).
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6.1 Motivation

Proteins form a major class of biomolecules and there is much interest to detect
proteins because they are widely employed to diagnose the presence of diseases.
Today, the protein concentration measurement is very important and has significant
applications in medical diagnostics, drug discovery, food and biotechnology. Currently
analytical techniques like Gas Chromatography- Mass Spectroscopy (GC-MS) and
High Performance Liquid Chromatography-Mass Spectroscopy (HPLC-MS) are
commonly used. But most of these techniques have the disadvantage that they are
expensive, time consuming and require skilled and well-trained technicians to perform
the analysis. So, a fiber optic based biosensor will be a promising alternative to the
classical analytical methods due to its simplicity, relatively low cost, inherent
specificity, ability to perform sensing using a small amount of sample and rapid
response. FBG sensors are one of the most exciting developments in the field of optical
fiber sensors in recent years[1-5]. FBGs make promising candidates as sensors because
of their significant sensing advantages, the most important of which is that the
information on a measurand is encoded in the reflected or transmitted wavelength from
the grating. Thus problems associated with source power fluctuations, bending losses

and reflection losses are eliminated.

To use the FBG as an effective refractometric sensor element, the cladding
radius around the grating region must be reduced, allowing the effective refractive
index of the fiber core to be significantly affected by the refractive index of the
external medium [7-9]. As a consequence, shifts are expected in the Bragg
wavelength combined with a modulation of the reflected amplitude. A very simple
method to reduce the cladding can be the uniform chemical etching of the Bragg
grating section of the fiber using hydrofluoric acid [10,11]. The sensitivity of the
sensor depends on the change in the effective index of the core mode, which is

related to the change in the refractive index of the biological or chemical sample
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under test [12-20]. The etched FBGs can be made to detect extremely low
concentrations of biochemical target molecules by applying suitable material
coatings on their surface. These coatings selectively react with specific target
molecules and result in the refractive index change. The presence of a specific
target molecule is detected by analyzing the Bragg wavelength shift of the FBG
reflection spectra. Therefore, FBGs are ideal candidates for biomolecular and
chemical sensing applications [21-26], if properly complemented with suitable

chemically sensitive materials or biorecognition elements.

The bio sensing device demonstrated in this chapter consists of an etched
FBG coated with a biopolymer material, DNA. The selective interaction of the
protein with DNA leads to a change in refractive index of the material coating.
This interaction may also exert some small strain on the underlying fiber.
Contribution to the wavelength shift by the strain is reported to be negligibly small
[27]. As a result, both shift in the Bragg wavelength and reflectivity can be
attributed to the concentration of protein in bio samples. Protein concentration
measurement can be done by analyzing the relation between Bragg wavelength
shift and amount of protein present in test solutions. The basic configuration of the

sensor is shown in Fig. 6.1.

Cladding Biopolymer Coated FBG Core

N | \
/ Fiched Cladding \\/

Figure 6.1: Structure of the biopolymer coated etched FBG sensor.
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6.2 Experiments
6.2.1 Materials and methods

The DNA used for our experiment was commercially made available from
Sigma Aldrich, USA. The available DNA was a double stranded and was rich in
sodium salt. The extracted DNA was in white fibrous form and was used without
any further purification. It was found that this DNA, from salmon fish was soluble
only in water. This property is not amenable for DNA to be dip coated into FBGs,
as the resulting coating will be vulnerable to water absorption and will affect the
mechanical strength of coated FBGs. Therefore, it is necessary to perform certain
processing steps [28], so that the DNA will become suitable for fiber coating. DNA
is naturally negatively charged due to the phosphate groups in the backbone of the
double helical structure. They form electrostatic charged pairs with the sodium
cations in aqueous solution. The processing techniques involve the removal of sodium
salt by precipitating with a cationic surfactant, hexadecyltrimethylammonium bromide
(CTAB). This surfactant replaces the cationic sodium salt with its long alkyl chain
containing positively charged nitrogen by an ion exchange reaction, forming DNA-
CTMA (hexadecyltrimethylammonium). The displaced sodium cation then
ionically bonds with the bromide anion of CTAB forming NaBr as the byproduct.
The CTAB was chosen for our studies because of its long alkyl chain (>16). A
shorter chain might induce poor mechanical property and a longer one would
damage the double helical structure of DNA by breaking the hydrogen bonds of the

base pairs.

The coating material preparation was done as follows. First, the DNA was
dissolved in demineralized water at a concentration of 4g/L by allowing it to
dissolve for a day. Magnetic stirring was also done to speed up the process. The
DNA solution should be stored at a temperature in the range 20°C to 25°C. CTAB

was also prepared by dissolving it in water at a slightly higher concentration
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(> 4g/L). This ensured that all sodium cations were replaced by the alkyl chain of
CTAB. The surfactant solution was added drop by drop to the DNA solution, while
stirring was done continuously. The DNA-CTMA lipid complex then begins to
precipitate in the solution. The solution was stirred for few hours and the
precipitate was seperated by filtration in vacuum using a nylon filter with a pore
size of 0.45um. During filtration, additional 3-4 liters of distilled water was made
to run to ensure that any CTAB, that did not bind to DNA was washed away. The
precipitate was then dried in vacuum at 40°C overnight. The resulting DNA-
CTMA lipid complex was not soluble in water; however it is soluble in organic
solvents such as methanol, ethanol and butanol. So we dissolved the lipid complex
in butanol and again filtered using a nylon syringe filter of pore size 0.45pm.
During this filtration process the temperature was maintained at 60°C [29]. The
final solution was quite viscous and suitable as the coating material around FBGs.
The measured refractive index of the coating solution was found to be 1.398. The
protein powder, Albumin Bovine Fraction V (BSA) was supplied by Sisco research
Laborataries (SRS). The test samples were prepared by dissolving BSA in distilled
water in different proportions (50 pg/mL to 300 pg/mL.). CTAB was supplied by
Ranbaxy fine chemicals Ltd.

6.2.2 Fabrication of the sensor and Experimental set up

The processes for producing a fiber grating based bio sensor include fiber
hydrogen loading, FBG fabrication, fiber cladding etching and film coating. The
fabrication of the sensor has been carried out using an FBG with Bragg reflectivity
at 1564.28 nm before etching. FBG was written on the middle of the stripped
section of a B-Ge co-doped photosensitive single-mode fiber by the phase mask
technique, using a KrF laser operating at 248 nm. The single-mode fiber used had a
cladding diameter of 125 micron and a numerical aperture of 0.14. The core and

the cladding refractive indices were 1.463 and 1.4563, respectively. To enhance the
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photosensitivity, the fiber was hydrogen loaded at 100°C and 1500 psi of pressure
for 24 hours before the FBG fabrication.

To make the FBGs sensitive to changes in the surrounding refractive index,
the cladding diameter around the grating region was reduced by wet chemical
etching in a buffered hydrofluoric acid (HF 48%) solution. For this purpose HF
solution was taken in a special Teflon mount, which is non reactive to HF. The
behavior of the FBG during the etching process is explained in chapter 5,
section 5.7. The experimental set-up for monitoring and for recording the Bragg
wavelength shift with variation in protein concentration, is shown in Fig. 6.2. It
comprises of a white light source ([Yokogawa] AQ 4305), a 3dB coupler to collect
the reflected spectrum from the sensor head, a Teflon mount and an optical
spectrum analyzer ([ Yokogawa] AQ 6319) for spectral measurements. The Teflon
mount has an inlet and outlet provision and the dimensions were suitably selected
to facilitate the process of etching and sensor operation. To stop the etching process
at the desired fiber diameter, the HF solution was removed and to restrict the
etching activity the Teflon mount was filled with deionized water. After an etching
time of 33 minutes, a final blue shift of 0.28 nm in the Bragg wavelength was
observed between unperturbed and etched grating with air as external medium and
is shown in Fig. 6.3. The etched fiber was cleaned by repeatedly washing with
isopropyl alcohol and methnol. The FBG was then dipped in DNA coating solution
for two minutes using a dip coating machine and withdrawn at a speed slow
enough to produce a uniform coating without bead formation. Residual stress and
refractive index change after the film deposition was observed which produced a red
shift of 0.26 nm and is shown in Fig. 6.3. For precise measurement, the experimental

setup and sample solution temperature were maintained at 25.0 +0.5 °C.
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Figure 6.3: Bragg wavelength and reflectivity before and after the etching.

6.3 Results and Discussion

In our experiment, the Bragg wavelength of the bio polymer coated FBG
was monitored, while samples with different protein concentrations were in contact

with the sensing region. Since the principle of operation relies on the interaction
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between the evanescent wave of the fundamental guided mode and the surrounding
medium, it is obvious to expect the effective refractive index variations with
change in BSA concentration, and the corresponding Bragg wavelength shift. The
concentration of BSA used ranged from 50 pg/mL to 300 pug/mL. Before each
measurement, the sensing element was immersed in deionized water to clean any
residue left out from the previous measurement. After this cleaning and proper
drying, when we exposed the DNA-coated FBG to air, the Bragg wavelength
returned to its original wavelength without any deformation in the transmission
spectral shape. This demonstrates the reversibility and reusability of the bio sensor.
This is verified by performing the experiments repeatedly. Sensor responded to
concentration changes as soon as new samples were introduced to the Teflon cell.
But, to get a stabilized output, all readings were taken one minute after the FBG

was immersed in the solution.

Reflection spectra of the sensor as a function of protein concentration are
shown in Fig. 6.4. From the figure, it can be seen that the Bragg wavelength of
the sensor showed a red shift when it was exposed to a higher protein
concentration. The FBG exhibited a total red shift of approximately 0.141 nm when
the BSA concentration was gradually changed from 50 pg/mL to 300 png/mL. Apart
from the red shift, there was a reduction in the reflected power with increasing
protein concentration. When we expose the bio sensor to protein test samples it
selectively reacts with DNA coating. This causes a modulation of refractive index
at the surface and leads to a change in FBG reflection spectrum. As a result, both
red shift in the Bragg wavelength and reduction in reflectivity are observed based
on the concentration of protein present in bio samples. Hence the amount of the
Bragg wavelength shift can be directly related to the protein concentration. The

reduction in reflectivity can be explained by considering the difference in the
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numerical aperture of the sensing region of the fiber between successive sample

measurements [11].

— 50 pg/mL

-80 = :
AvY) — 100 pg/mL
‘\\,_,“\ ——— 150 pg/mL
\\L = 200 pg/mL
250 pg/mL
\"'\ 300 pg/mL

Reflectivity(dB)
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1564.0 1564 .4 1564.8
Wavelength(nm)

Figure 6.4: The spectral response of FBG for different concentrations of protein
solutions.

The sensitivity of the coated FBG, when used as a sensor for various weight
percentage of protein in distilled water is shown in Fig. 6.5. It can be seen from the
graph that the sensitivity of the sensor increases with increase in protein
concentration. The FBG sensor sensitivity was around 0.180 pm/pgmL™ of protein in
the lower concentration measurement range and 0.820 pm/ugmL" of protein in the

higher measurement range (150-300 pg/mL.).
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Figure 6.5: Bragg wavelengths of the FBG sensors as a function of protein
concentrations.

6.4 Conclusions

In conclusion, we have designed, fabricated and then experimentally
evaluated a protein concentration sensor based on biopolymer coated FBG
refractometer. Fabrication of the sensor was made by etching the grating region
with HF solution (48%). The bio sensor can measure the amount of protein by
monitoring the Bragg wavelength shift which is induced by the selective
interaction of protein with DNA biopolymer coating. The advantages of this type
of grating sensor are easy interrogation, it does not involve the use of toxic
chemicals, requires a small volume of sample for analysis and provides the
response in real time. This sensor has also shown very good repeatability. The
measurement system may be used to detect biological or chemical changes in the
surrounding media. The simplicity and high sensitivity of the sensor make it
worthy for medical diagnostics, pharmaceutical and biomedical sensing

applications
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Chapter 7

Summary and scope for future study

Abstract

This chapter concludes the thesis by summarizing the results and presenting
suggestions on further work based on this research. This research work focused on

the study of fiber gratings based sensors for chemical and bio-sensing applications.




Chapter 7

7.1 Summary

Design and development of fiber grating based chemical and bio-sensors
form the focal theme of this thesis. Before the discussion on the design and
development of optical fiber sensors, an outline of the different types of fiber optic
sensors with special emphasis on the principle and operation of grating based
sensors have been given in initial two chapters. Recently fiber grating based
optical sensors have received a great interest because of their unique wavelength
encoded characteristics. The basic principle of FBGs, types of FBGs and sensing
characteristics of FBGs were detailed in chapter 2. Further, we introduced the
sensing capabilities of Long-Period Gratings. The LPG theory and the basic
principle of operation of LPG based sensors were discussed and the mechanism

behind the spectral shifts in the resonance band was explored.

In the third chapter, an experimental analysis of LPG transmission spectra
with variation in temperature and surrounding medium refractive index was
discussed. We first studied the effect of grating length and annealing on the
transmission spectrum of LPG written in hydrogen loaded standard single mode
fiber. We observed that the annealing of the LPG after their fabrication is a very
essential process for stabilizing the grating spectrum and for obtaining good quality
LPG for sensing applications. We have studied the temperature sensitivities of
different mode orders using LPGs inscribed in B-Ge co-doped fiber and standard
single mode fiber and verified the theoretical descriptions with good accuracy. The
difference in temperature sensitivity between the SMF-28 and B-Ge co-doped fiber
is explained on the basis of the thermo-optic coefficients of the respective core and
the cladding materials of the two fibers. We have also presented a detailed
investigation of the LPG spectra when the external index of refraction is lower or
higher than that of the cladding glass. We have demonstrated that the changes in

wavelength and attenuation dip of an LPG attenuation band with external index of
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refraction are highly dependent on the grating period. The shorter period LPG
showed more sensitivity; when the RI of the surrounding medium was lower than
that of the cladding of the fiber. But the longer period LPG showed more
sensitivity, when the RI of the surrounding medium was higher than that of the

cladding of the fiber.

The refractive index sensitivity of long period gratings has been exploited to
demonstrate an edible oil adulteration detection sensor in chapter 4. The obtained
results have exhibited the LPG’s potential for measurement of adulterant in pure
coconut oil and olive oil. Detection limit of adulteration was found to be 3% for
coconut oil- paraftin oil binary mixture and 4 % for olive oil- sunflower oil binary
mixture. The LPG sensor sensitivity was around 0.15 nm/vol% of paraffin oil in
the measurement range. The developed sensor is user-friendly, reusable and allows
instantaneous determination of the percentage concentration of adulterant in an
edible oil sample without involving any chemical analysis. The newly developed
sensor also showed good reversibility and repeatability. This work could be
considered as an important step towards foodstuff quality control and industrial

applications.

Chapter 5 provided the details of the fabrication process of FBGs used in this
thesis. A RI sensor based on etched FBG was discussed and tested experimentally.
Simple and low cost fabrication technique involving wet chemical etching in a
buffered HF solution has been carried out for sensor fabrication. The Bragg
wavelength shifted to longer wavelength as the ambient refractive index increased
in the range of 1 to fiber cladding index and the rate of change in wavelength with
RI also increased as the surrounding index approached the fiber cladding index.
The reduction in reflected optical power with increase in surrounding RI is
explained on the basis of mismatch of the numerical aperture between the un-etched

and etched FBGs. We believe that the etched core fiber Bragg grating sensor can
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be a powerful and versatile sensor to detect chemical and biological reagents, and

can be used for the in situ monitoring of bioprocesses.

In chapter 6, a fiber optic based protein concentration sensor is demonstrated
by coating an etched FBG with a DNA bio polymer material. The RI change
induced in the biopolymer film during its interaction with protein depends on the
concentration of protein present in test samples. Using a real time monitoring
set-up, we recorded the Bragg wavelength changes with changes in protein
concentration. By analyzing the Bragg wavelength shift, we calculated the
concentration of protein present in a liquid sample. The FBG sensor sensitivity was
around 0.180 pm/ugmL™" of protein in the lower concentration measurement range
and 0.820 pm/ugmL™" of protein in the higher measurement range (150-300 ug/mL).
The simplicity and high sensitivity of the sensor make it worthy for medical

diagnostics, pharmaceutical and biomedical sensing applications.

7.2 Scope for future study

The main aim of this research work was to develop fiber grating based
refractive index sensors and evaluate them for two major sensing areas, viz.
chemical and bio-sensing. A number of areas of future research have arisen from

the experimental work and the most significant of them are outlined below.

*  Further studies can be extended to the development of coated LPGs for
bio-sensing and gas sensing applications and identification of suitable
coating materials for enhancing the selectivity and sensitivity of such
sensors. If a suitable film of the appropriate thickness is laid onto the
surface of the cladding, then a small RI change could induce a large
wavelength shift, which offers the possibility for developing a highly

sensitive sensor [1-7].
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»  The sensitivity of LPG based refractive index sensor can be increased
appreciably by etching the cladding of the fiber[8-10]. We believe a
better sensitivity of our designed sensor can be achieved by the
optimization of key parameters such as grating length, grating period

and thickness of cladding etched.

= Although there are many RI sensors based on etched FBG in the
literature, the author believes that they are very difficult to fabricate and
careful handling is also required as a very thin FBG portion is used for
sensing. Although it gives very high sensitivity, it can break very easily
and is prone to micro-bending. Hence developing a packaging system

for etched FBGs also assumes great importance.
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"Each time the discovery of new facts, the reversal or extension of

accepted theories, reminded us that science is never finished."

Charles Fabry (1867-1945)
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