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ABSTRACT

The role of optical technologies for non-contact type of measurements in the field of
instrumentation and sensing is revolutionary. The exceptional sensitivity of fiber
towards external perturbation has made research world extremely benefited. This
property is explored to construct a large variety of instruments and sensors. This
thesis also deals with the performance analysis and design of fiber gratings for
sensing applications. Long Period Gratings (LPGs) are proposed as simple yet
versatile optical fiber sensors. In case of LPG, periodic modulation of refractive index
within core region is written in such a way that light propagating in the core can
interact with cladding and outside thereby yielding an output spectrum that
includes changes due to all external parameters to which the fiber may be subjected
to. The phase matching condition causes light from the fundamental mode to couple
with discrete forward-propagating cladding modes. These cladding modes attenuate
rapidly on propagation and result in loss bands at discrete wavelengths in the
grating transmission spectrum. One of the aims of this work has been to develop an
analytical model to predict the location of resonance bands as function of grating
periods as well as core and cladding refractive indices. The transmission
characteristics of uniform LPGs are simulated theoretically by using coupled-mode

theory.

Studies undertaken in the thesis include review of number of LPG fabrication
methods and understanding the mechanism of photosensitivity in germanosilicate
fibers using different reported models. The fabrication of these gratings has been

done using TeraXian grating writing station. In this work, uniform LPGs are



fabricated by using a line-narrowed KrF excimer laser adopting point by point
method. The fibers used in experiments are photosensitive optical fibers (Boron co-

doped) and gratings can be written directly into these fibers without hydrogenation.

In the thesis it is experimentally demonstrated that the high refractive index overlay
increases the refractive index sensitivity of LPG refractive index sensor. The
utilization of Indium Tin Oxide (ITO) as coating material enhances refractive index

sensitivity of LPG due to the phenomena of rearrangement of cladding modes.

This thesis gives an insight about the scope of LPG for relative humidity (RH)
measurement applications. For realization of LPG based humidity sensors, unique
feature of LPG i.e. its susceptibility to perturbations in the surrounding medium is
investigated. It has been previously reported that coating the cladding of LPGs with
thin layer of specific coating materials brings about sensing capability for certain
target application. Taking account of this finding, LPG has been coated with a
hygroscopic mixture of Cobalt chloride doped Gelatine by dip coating technique.
Refractive index measurements and thin film characterisation have been performed
by Refractometry, FE-SEM and NSOM imaging respectively. The coated LPG has
been experimentally tested for its response to relative humidity levels varying from
35% to 90%. The designed sensor gives an output response of 0.18 nm/%RH. The ITO
and CoClz/gelatine coated LPG as humidity sensor is also demonstrated very first
time. The sensor measured RH variation efficiently in the range of 40 % to 95 %RH

with sensitivity of 0.12 nm/%RH.

The thesis also highlights the investigative study of Fiber Bragg Grating (FBG)

written in multi-mode fibers (MMF). The fabrication is done by phase mask

ii



technique using the static mode of grating writing station. The gratings are
characterized by taking different concentration of glycerol solutions. The effect of
temperature and strain is studied theoretically using software Optigrating 4.2.2.
Also, FBG as a current sensor is demonstrated successfully by using two
configurations: with housing and without housing. The minimum and maximum
values of measured current are 0.05 Amp and 1 Amp for without housing and it is 1
Amp and 4 Amp with housing setup. The designed sensor has accuracy 0.05 Amp
and repeatability 95%. This sensor is different from available current sensors in
terms of its new and simple design, low cost and ability to withstand harsh

environment.

Thus research work presented in this thesis combines refractive index sensitivity
enhancement of LPG by using simple dip coated Indium tin Oxide overlay on it.
Further sensor/coating attachment method to develop an RH sensor for informative
evaluation of the humidity effect using gelatin and cobalt chloride combination on
LPG surface.All the issues addressed in the work contribute to implement a simple
and economical index of refraction and moisture measurement system. These
sensors offer numerous advantages in corrosion monitoring, chemical & food
processing and biochemical sensing. The investigative study of FBG in MMF is very
useful for developing low cost sensing systems. Most of the research findings of the
thesis have been published in various international referred journals as per list at

pages (207-208).
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CHAPTER 1. INTRODUCTION

1.1 Introduction and Overview

Optical fibers are the true representative of remarkable advancements, speed of
adoption and commercialization of technology in recent decades. An optical fiber
consists of a core (usually doped silica), cladding, and a buffer (a protective outer
coating), in which cladding guides light along the core by using the Total Internal
Reflection (TIR) phenomena. Incidentally silica, being the primary constituent of
sand, is found abundantly on earth. Optical fiber that acts as transmission channel
carrying  light beam  loaded with any kind of information.
Undoubtedly fiber is the most important component of light wave communication
system. The key element in fiber optics revolution has been the dramatic
improvement in transmission characteristics of optical fibers. In the year 1970,
Corning Glass works, US developed low loss fiber with 20 dB loss per kilometer at
633 nm wavelength. If we talk about the commercial availability, fibers with loss of
0.2 dB/km at 1550 nm, capable of transmission at 2-10 Gb/s are also present in the
market [1]. Fibers used in variety of applications due to much lower attenuation and
interference. Optical fiber offers larger advantages over existing copper wire in long-
distance and high-demand applications [2]. However, in early stage the
infrastructure development within cities was relatively difficult and time-
consuming. The fiber-optic systems were relatively complex and expensive to install
and operate. Due to these difficulties, primarily fiber-optic communication systems
have been installed in long-distance applications, where they can be used to their full
transmission capacity, offsetting the increased cost. Since 1990, when optical-
amplification systems became commercially available, the telecommunications
industry laid a vast network of intercity and transoceanic fiber communication lines.
The prices for fiber-optic communications have dropped considerably. But

nowadays rolling out fiber to each home has certainly become more cost-effective
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than that of rolling out a copper based network. Over past 30 years two major
product revolutions have taken place due to growth of fiber optic communications
industries and optoelectronics. The optoelectronics industry has brought about such
successful products as laser pointers, bar code scanners, laser printers and compact
disc players. The fiber optic communications industry has revolutionized
telecommunications industry with decreased bandwidth cost, but higher
performance and more reliable telecommunication links. This revolution is bringing
about the benefits of high-volume production to component users and a true
information glass superhighway. In parallel with these developments, a major user
technology zone is also associated with the optoelectronic and fiber optic
communications industries i.e. fiber optic sensor technology. Many of the
components associated with these industries were often developed for fiber optic
sensor applications [3]. Fiber optic sensor technology, in turn, has often been driven
by the development and subsequent mass production of components to support

these industries.

1.2 Optical Fiber Sensing Technology

The scope of optical technique in the area of instrumentation and sensing has made a
quantum jump with the readily availability of low loss optical fiber and associated
photonics and optoelectronic components as described earlier. As quality
improvements have been made and component prices have fallen, the ability of fiber
optic sensors to replace traditional sensors for acceleration, rotation, electric and
magnetic field measurement, pressure, linear and angular position, acoustics,
temperature, vibration, humidity, viscosity, strain, chemical and biochemical
measurements, and a host of other sensing applications has been enhanced. In early
days, sensor technology associated with optical fibers was squarely targeted at
markets most, where existing sensor technology was either marginal or nonexistent.
The inherent advantages of fiber optic sensors, which include lightweight, small size,

passive, low power, and resistant to electromagnetic interference, high sensitivity,
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bandwidth and environmental ruggedness, were heavily used to offset their major

disadvantages of high cost and end-user unfamiliarity.

A generic optic sensing system consists of a light source, a detector, optical fiber, a

transducer or sensing element. A simple fiber sensor module is shown in the Figure

1.1. An applied perturbation modulates the properties of transmitted light and

produces a change at the detection end. The desired characteristics of an ideal sensor

include high resolving power, low insertion loss, wide dynamic range, ease of

fabrication, simple signal processing, multiplexing features and multi measured

capabilities [4, 5].

Optical Source

Modulator

Measurand

Photo-detector

Figure 1.1 A simple fiber sensor module

The Fiber Optic Sensors (FOS) can be either Intrinsic or Extrinsic depending on

whether modulation takes place directly in the fiber or is performed by some

external transducer.

Table 1.1 Comparison of the two types of optical sensors

Application Temperature, Pressure, | Rotation, Acceleration,
Liquid level and Flow Strain, Acoustic pressure
and Vibration
Sensitivity less More
Multiplexed Easily Tougher to multiplex




Connection problems

Ingress/ egress

reduces

Cost

Less expensive

More expensive

Flexibility

Easier to use

More elaborate signal

demodulation

They may broadly be classified as phase-based or intensity-based depending on
parameter of propagating light that is modulated by the external perturbation. One
or more characteristics of a propagating light is altered and correlated to an
externally-induced physical or chemical parameter. Phase based or interferometric
sensors [6] are highly sensitive and have been demonstrated as excellent short gage-
length, strain and temperature transducers. Intensity based sensors have simple
signal processing techniques and provide absolute, real-time information about the
measurand [4]. The types of fiber optic sensor are classified here according to altered

characteristics as follows:

1.2.1 Intensity based sensors

The basic concept of intensity based sensors is very simple, either reflected or
transmitted intensity of light is modulated by the measurand. Any intensity

fluctuations in the output not associated with measurand produce erroneous result

[7].

1.2.2 Spectrally based fiber optic sensors

Spectrally based fiber optic sensors depend on a light beam modulated in
wavelength by an environmental effect. Examples of these types of fiber sensors
include those based on absorption, etalons, fluorescence, blackbody radiation and
dispersive gratings [8-10]. Grating based sensors falls in the category of spectrally
based sensors. Grating can be divided into two types: Fiber Bragg Grating (FBG) and
Long-Period Fiber Grating (LPFG or LPG). The FBG relies on detection of the shift in
a reflected wavelength and relating it to the applied measured. The technique is
limited because the forward- and reverse-propagating light remains confined to the

fiber core and so the cladding has to be modified to gain local access to this light.
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Further, it is difficult to isolate strain effects from temperature effects. LPG first
proposed by Vengsarkar et al [11, 12] are fast gaining popularity as simple yet
versatile component for a multitude of applications in optical engineering. LPG is
formed by inducing a spatial refractive index modulation in the core of
germanosilicate or photosensitive fibers with periodicity typically ranging in
hundreds of micrometres [11]. The phase matching condition between the guided
and cladding mode causes the propagation light to couple out of the core at discrete
wavelengths. Light launched in a guided core mode interacts within the grating and
is converted into a number of cladding modes. These modes transmit over short
distances in the cladding before being attenuated by the lossy jacket and bends in the
tiber.

One important property of these modes is that their propagation characteristics are
strong functions of the refractive index of the medium surrounding the cladding.
Hence, LPG can be used to sense a variety of measurement without resorting to
chemical etching. The environmental sensitivities of LPG can be controlled by
varying the refractive index profile of the optical fiber, significantly reducing the
cross-sensitivity problems inherent in fiber Bragg grating sensors. LPG holds much
promise for the future of fiber optic sensing. As the demand for multiplexed
measurements increases, long-period gratings will be the sensor platform of choice
for a wide range of industrial applications. Since present, various ideas have been
proposed and various techniques have been developed for various measurands and
applications. The continuous rapid progress in grating based work has hastened the
quest of researchers and scientists to develop devices that serve to overcome the
existing limitations and perform the task of precursors for the future advancements
in the sensing technology. A lot of work needs to be done to promote and develop
these sensors in advanced applications. Novel optical fiber sensors that offer
excellent performance characteristics would ease the transition of laboratory

research to commercial products that offer a viable alternative to electronic and



mechanical transducers. The most prominent reason for the successful incorporation
of LPGs in communication systems is the fact that they provide a mechanism for
producing wavelength-dependent attenuation in the transmission. However they are
very sensitive to external effects (especially temperature, axial strain, fiber bends and

ambient refractive index), which could adversely affect the transmission spectrum.

1.2.3 Interferometric fiber optic sensors

One of the areas of greatest interest has been the development of high-performance
interferometric fiber optic sensors. Substantial efforts have been undertaken on
Sagnac interferometers [13], ring resonators [14], Mach—Zehnder [15] and Michelson
interferometers [16], as well as dual-mode, polarimetric, grating, and etalon-based
interferometers. All-fiber interferometers, such as Mach-Zehnder and Michelson
interferometers in particular, possess one of the greatest advantages of extremely
flexible geometries and a high sensitivity that allow the possibility of a wide variety
of high-performance elements and arrays. One of the basic issues with the Mach-
Zehnder interferometer is that the sensitivity varies as a function of the relative
phase of the light beams in the two arms of the interferometer. One way to solve the
signal fading problem is to introduce a piezoelectric fiber stretcher into one of the
legs and adjust the relative path length of the two legs for optimum sensitivity. The
Michelson interferometer is in many respects similar to the Mach-Zehnder. The
major difference is the placement of mirrors on the ends of the interferometer legs.
This results in very high levels of back reflection into the light source, degrading
massively the performance of early systems. In combination with the recent
introduction of phase conjugate mirrors to eliminate polarization fading, the
Michelson is becoming a good alternative for systems that can tolerate the relatively
high present cost of these components. In order to successfully implement an
effective Mach-Zehnder or Michelson-based fiber sensor, construction of an
appropriate transducer is necessary. This can involve a fiber coating which could be

further optimized for acoustic, electric, or magnetic field response. In many cases the



mechanical details of the transducer design are critical for good performance.
Generally, the Mach—-Zehnder and Michelson interferometers can be configured with
sensitivities that are better than 10 radians per square root hertz. For the optical
receivers, the noise level decreases as a function of frequency. This results in

specifications in radians per square root hertz [17].

The Fabry-Perot Interferometer (FPI) sometimes called the Fabry Perot etalon
belongs to the general class of interferometric sensors. It consists of two mirrors of
reflectance Ri1and R: separated by a cavity of length L. Interference occurs due to the
multiple superpositions of both reflected and transmitted beams at two parallel
surfaces. FPI sensors can be largely classified into two categories: one is extrinsic and
the other is intrinsic [18, 19] as shown in the Figure 1.2 (a) and (b). The Extrinsic FPI
(EFPI) sensor uses the reflections from an external cavity formed out of the
interesting fiber. The reflection or transmission spectrum of an FPI can be described
as the wavelength dependent intensity modulation of the input light spectrum,
which is mainly originated by the optical phase difference between two reflected or
transmitted beams. Fiber FPI are extremely sensitive to the perturbations that affect
the optical path length between the two reflecting mirrors. The sensing region can be
very compact—equivalent to a point transducer in some applications. Unlike other
fiber interferometers (Mach-Zehnder, Michelson, Sagnac) used for sensing
application, the Fabry—Perot includes no fiber couplers —components that can makes
matter worse for the sensors deployment and the interpretation of data. The fiber FPI
comes out to be an ideal transducer for many smart structure sensing applications.
Since the light in the EFPI cavity is not confined, optical loss in the interferometer
due to diffraction effectively limits the practical length of the optical cavity to a few

hundred microns for most applications.
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Figure 1.2 (a) Extrinsic FPI sensor made by forming an external air cavity and (b)

intrinsic FPI sensor formed by two reflecting components, R1 and R2, along a fiber

[17]

1.2.4 Polarimetric optical fiber sensors

In a typical fiber polarimetric sensor, linearly polarized light is launched at an angle
of 45° to the principal axes of a birefringent fiber such that both Eigen modes are
equally excited [20]. The polarization state at the output is converted to intensity

using a polarizer analyzer oriented at 90° to the input polarization state.

Since the determination of the polarization rotation is essentially reduced to a
measurement of intensity of the optical transmission, the arrangement thus
described is vulnerable to errors associated with variations in the source output or

within the fiber sensor input leads.

This problem can be overcome by using a Wollaston prism and two detectors. Using
the Wollaston prism, the signals at the detectors are equivalent to those produced by
polarizing analyzers oriented at +45° and —45° to the fiber’s birefringent axes.
Processing results in a signal independent of the optical power. This advantage
comes, however, with the additional difficulty of correctly aligning the Wollaston

prism and the two detectors with respect to the fiber birefringent axes.

As we know, Refractive Index (RI) is a fundamental physical property of any
substance and its measurement has promising potential in the field of chemistry,

biochemistry, process control, pharmaceuticals and biology. The potential of FBG



and LPG as refractive index sensor have been explored by various research groups
worldwide [21-25]. The RI sensitivity enhancement is always a major concern for
researcher without importing any physical changes in its structure. Similarly,
Relative Humidity (RH) monitoring has a significant impact in various application
fields, such as industrial process control, pharmaceutical, farming, goods
preservation, storage, medical facilities. Nowadays, compact, sensitive, hand held RI
and RH sensors are highly in demand [26, 27]. In the next section, the concepts along
with various conventional and optical techniques for humidity sensing are

discussed.

1.3 Humidity Sensing

Humidity is the amount of water vapour per unit volume of the total moist air. A
common way to relate the amount of water vapour present in the environment is to
take the ratio of the actual water vapour pressure (Pw) and the saturation water
vapour pressure (Pws) at a specific temperature. The resultant term, known as the
relative humidity (RH), simply represents the ratio of the amount of water vapour
present in the atmosphere to the maximum amount the atmosphere can hold and is
often expressed as a percentage using Equation 1.1 [28].

RH =2+« 100% (1.1)

ws

The significant role of humidity in a diverse range of applications makes its
measurement all the more expedient. Figure 1.3 is a pictorial retranslation of some of
the areas where humidity level monitoring plays a critical role in proper functioning
of control processes.

Much research has been gone into development and performance based humidity
sensing devices and making them bring to the shelf. It all started with analog

mechanical based hygrometers to sophisticated electronic ones.
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Figure 1.3 Applications of humidity sensing

There has been much attention paid to the development of fiber optic based
humidity sensors in the last decade. A brief review of all the prototypes developed

have been presented in the sections that follow [29].

1.3.1 Conventional Techniques for Humidity Sensing

1.3.1.1 Mechanical hygrometer

A typical mechanical hygrometer is based on one of the oldest practice that relies on
the use of materials which expand and contract in proportion to the humidity
change [30]. Common materials used include synthetic fibres and human hair. The
hair hygrometer uses the characteristic of the hair that its length expands or shrinks
in response to the relative humidity. The dimensions of various organic materials
vary with their moisture content. The length of human hair from which liquid are
removed increases by 2 to 2.5% when relative humidity changes by 0 to 100%.
Different types of human hair show different changes in length. However, there is
still a relationship between the length of hair and relative humidity. In addition,
calibration is essential to relate the displacement with different relative humidity
levels. Although this type of method is inexpensive and easy to implement but it is

slow and has inherent non-linearity and hysteresis issues which need to be
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compensated during implementation. Thus, for rapidly changing environment it is

certainly unsuitable choice.

1.3.1.2 Chilled mirror hygrometer

The chilled mirror hygrometer, also known as the optical condensation hygrometer,
is a device based on an optical technique for the determination of the dew point
temperature. It is known to be the technique which provides the most accurate and
reliable measurements, and is often used for measurements setting a calibration
standard. In operation, a conventional chilled mirror hygrometer contains a
temperature-controlled reflective condensation mirror and an optoelectronic module
which monitors the optical signal reflected from the surface of the mirror. In the
‘dry’ condition, where the mirror temperature is higher than the dew point, the
maximum signal is reflected into the detector of the optoelectronic module. When
the temperature drops below the dew point, the signal intensity is reduced due to
the scattering of light as a result of water droplets forming on the mirror surface [31].
This method is expensive and requires regular maintenance due to its susceptibility

to surface contamination.

1.3.1.3 Wet and dry bulb psychrometer

A simple and relativity low cost method which has been popular for humidity
measurements is the wet and dry bulb psychrometer. It consists of two
thermometers (e.g., electric or glass), one of which is covered with a damp wick to
determine the wet bulb temperature and the other to measure the temperature of the
sampled gas (dry bulb temperature). The dry bulb temperature is simply the
temperature of the air, whereas the wet bulb temperature is the temperature

achieved as a result of water evaporation and latent heat transfer [28].

This measurement device is relatively inexpensive, yet can also be used to provide a
calibration standard. However, it is not suitable for operation in small enclosed areas

(where the moisture from the wet bulb significantly changes the water vapour
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content in the environment) and precautions are necessary to minimize
measurement errors caused by contamination on the wick covering the
thermometer, inconsistency in the wetting of the wick and the inaccuracy of the

thermometers used.

1.3.1.4 Infrared (IR) optical absorption hygrometer

One of the less common methods, however, because of its inherent advantages bears
turther consideration. This is the absorption spectra method. Fundamentally this is
an optical method based on the absorption affected by water vapor in certain
spectral regions. Basically the absorption spectra instrument comprises a beam of
energy and some scheme for measuring the attenuation of this beam due to the
presence of water vapor. The absorption spectra instrument has several advantages
not found in other hygrometers. First, as to the matter of sampling, it is possible to
sample instantaneously any desired path length of atmosphere from a few inches to
thousands of feet, and in doing so arrive at an integrated value of the absolute
humidity in the path in question. Surprisingly enough, the absorption function
results in an increase of sensitivity of the measuring equipment as the humidity
concentration decreases. In contrast, the psychrometer, hair hygrometer, electrical
hygrometer, and even the dew point apparatus all become less sensitive or more
difficult to operate as the temperature falls and the humidity becomes less. Third, the
speed of response is limited only by the speed of the indicator or recorder. This
makes the method ideal for use in measuring humidity from an airplane or under
any circumstance where rapid changes of humidity can occur. Finally, the method in
no way alters the sample concentration by either adding or subtracting water or
changing the state of any part of the sample as occurs in the psychrometric or dew

point methods [32].

1.3.1.5 Electronic sensors
Electronic hygrometers detect the change in the electrostatic capacity or electric

resistance of a sensor when it absorbs moisture [33, 34]. The electrical capacitive
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hygrometer uses a dielectric material made of high polymer membrane, as a sensor.
Development of miniaturized electronic humidity sensors have been driven by the
demand for low cost, reliable and compact sensors. For meteorological purposes, the
sensor is put in a ventilation shelter to protect the sensor from precipitation and
sunlight with the aspiration speed of 2 to 4 m/s around the sensor. The time constant
with the shelter from the saturation to the room humidity is about 20 minutes, which
is longer than that without the shelter, because of the shelter’s large thermal
capacity. The electronic capacitive hygrometer can be used in any environment
where human can live. However, do not use the hygrometer in the atmosphere
containing oil mist, flammable gas, dust, organic solvents, acid, alkaline or ammonia.
Using the hygrometer in the atmosphere may cause its sensor electrodes to corrode,
thus the sensor life is shortened. Generally, both sensor types, which are classified as
secondary measurement devices, are inexpensive and have low power consumption,
covering a wide humidity range with good repeatability but suffer from temperature

dependency and cross-sensitivities to some chemical species.

1.3.2 Fiber-Optic Techniques for Humidity Detection

With the advent of optical fibre technology, a considerable level of research has been
focused on fibre-optic-based techniques for humidity sensing. In a similar way to
their electronic or mechanical counterparts, fibre-optic humidity sensors are
secondary devices but show additional features like small size, immunity to
electromagnetic interference, multiplexing and remote sensing capabilities, of which
the counterpart electronic sensors lack. However, the limitations of the operating
and accuracy of the fibre-optic-based humidity sensors are some of the drawbacks
which researchers are striving to continue to address. Nevertheless, these sensors
have found useful applications in various areas where electronic sensors were found
to be inappropriate, thereby showing the real potential of fibre-optic-based sensors.

Generally, fiber-optic based humidity sensing techniques include direct

13



spectroscopic, evanescent wave, in-fibre grating and interferometric methods, as

discussed in sections below.

1.3.2.1 Direct spectroscopic-based sensors
This method examines the optical signal obtained and relates absorption or

fluorescence based measurements to the concentration of the target analyte.
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Figure 1.4 Various configurations for spectroscopic fibre-optic sensors[35]

Generally, as shown in Figure 1.4, the design of the sensors can simply comprise
optical fibres with a sample cell for direct spectroscopic measurements or be
configured as fibre optrodes, where a chemical selective layer, comprising chemical
reagents in suitable immobilizing matrices, is deposited onto the optical fibre [36,

37].
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Most spectroscopic-based configurations for humidity sensing are based on the
optrode design where moisture sensitive reagents are attached to the tip of the
sensing fibre, usually with the aid of a polymeric material to form the supporting

matrix.

1.3.2.2 Evanescent wave sensors

Since 1985 onwards several evanescent wave (EW) based humidity sensors have
been reported. This sensing method allows the optical fiber to be used as an intrinsic
sensor where the EW field generated at the fiber interface interacts with the
humidity sensing material surrounding the fiber which in turn allows for the
detection of the attenuation/insertion loss or the resonant wavelength shift of the
tiber structure due to the change in refractive index, optical absorption, or scattering
of the sensing material with respect to the ambient RH [38, 39] . In fiber at each point
of TIR, the interference between the incident and reflected signals at the
core/cladding interface generates a standing wave which extends beyond the core of
the optical fibre and penetrates into the cladding region. This creates an evanescent

tield, as shown in Figure 1.5.
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Figure 1.5 Evanescent field generated at the interface of two optically transparent
media [5]
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The amplitude of such wave decays exponentially with distance away from the

core/cladding interface and follows the form [38] :

E(z) = Eye (%) (1.2)

where the penetration depth (dp) is defined as the depth at which the amplitude of
the evanescent field, E, has decayed to 1/e of the initial value Eo at the core/cladding
interface. The evanescent wave sensing method allows the optical fibre to be used as
an intrinsic sensor where the field generated at the interface interacts with the target
analyte surrounding the fibre, thus giving information as a result of optical

absorption, refractive index change or scattering.

One of the earliest evanescent wave absorption-based humidity sensor was
demonstrated by Russell and Fletcher [40] in 1985 using a 600 nm optical fibre with
12 cm of CoClz/gelatine sensing film. In such sensors, the general operating range
was limited and they could only respond to a humidity level higher than 50%RH.
Using the same chemical reagent and organic film combination (CoClz/gelatine),
Kharaz and Jones [41] later demonstrated a quasi-distributed FO humidity sensing
network consisting of 4 sensors using a 200 m hard clad silica fibre with each sensing

point positioned about 20 m apart.

From the studies performed using films of a similar reagent/immobilizing material
ratio, gelatine film was found to be insensitive below 40% RH, whereas HEC was
able to respond to the 30-96% RH range, hence clearly showing the influence of the
film constituent on the operating range of the sensor. This observation was
substantiated by the work discussed by Jindal et al [42]. In their research, a U-bent
humidity sensor, shown in Figure 1.6 using CoCl:/polyvinyl alcohol (PVA) film was

reported to be sensitive to a humidity range from 3 to 90% RH.
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Figure 1.6 U-bent evanescent wave sensor configuration using cladding as the active
sensing region [43]

Further detailed work to optimize the performance of the CoClo/PVA sensor was

then undertaken by Khijwania et al. [44], in which the effects of film thickness, bend

radius and fibre core diameter were investigated.

1.3.2.3 In-fiber grating sensors

The in-fiber gratings are created by inducing periodic refractive index modulation of
the fiber core. Depending on the grating period they can be classified as fiber Bragg
grating (FBG) or long period grating (LPG) sensors. An FBG based RH sensor
commonly uses a sensing material that will expand and induce strain on the FBG
with respect to RH. LPG based RH sensors are realized by coating the fiber with

hygroscopic materials whose refractive index change with respect to RH.

The concept of in-fibre grating devices for humidity sensing is still fairly new. To
date, there have only been a few literature reports on the subject, the earliest of
which dates back to the year 2001. Humidity sensing using a FBG was first reported
by researchers from EPFL, Switzerland [45, 46] where studies were carried out to
investigate the influence of humidity on commercial polyimide-recoated FBGs. The
findings from the investigations concluded that an FBG with polyimide coating was
able to respond linearly over a wide humidity range. The sensor was reported to

respond well to a humidity range of 10-90% RH and display good repeatability. Due
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to its inherent sensitivity to temperature, a compensation scheme was required to
extract humidity measurements from the sensor readings. The same sensing scheme
proposed for humidity sensing was further explored by various groups and has been
demonstrated in several interesting applications which include soil moisture

monitoring [47, 48] and moisture detection in concrete [49].

The use of LPGs for humidity sensing was first reported by Luo et al [50] from Luna
Innovations, USA. In the sensor design discussed and shown in Figure 1.7, carboxy
methylcellulose (CMC) hydrogel was covalently attached to cladding of a LPG to

form the humidity sensor.
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Figure 1.7 Schematic and sensing characteristics of a CMC-coated LPG humidity
sensor [50]

The sensor demonstrated was found to operate well over a humidity range from 0 to
95%, with a non-linear response dependency with humidity change. A similar LPG-
based humidity sensing scheme was demonstrated by Tan et al. [51] using a gelatine-
coated LPG and Konstantaki et al [52] proposed a LPG humidity sensor utilizing
polyethylene oxide (PEO)/CoCl: hybrid overlay as the moisture sensitive coating.
Recent studies by Venugopalan et al [53] have shown the use of polyvinyl alcohol

(PVA) film as a sensing material for LPG-based humidity detection.

1.3.2.4 Interferometric sensors
Optical sensing mechanism of an interferometric type fiber optic RH sensor relies on

the perturbation of the phase properties of the light signal travelling in an optical

18



tfiber introduced by the humidity change. The detection of the phase change is
realised by mixing the signal of interest with a reference signal, consequently
converting the phase difference between the two signals into an optical intensity
change or wavelength shift [54, 55]. The different type of fiber interferometers used
for RH sensing are Fabry-Perot interferometer, Michelson interferometer, modal
interferometer, micro-ring interferometer, and Sagnac interferometer configurations.
Interferometry is a powerful and versatile tool that has been applied in optical fibre

sensing to yield high performance fiber optic sensors.

One of the earliest FO interferometric humidity sensors was demonstrated by
Mitschke [56]. The proposed sensor design consists of a thin film Fabry—Perot
interferometer formed at the tip of the fiber. As shown in Figure 1.8, the Fabry—Perot
cavity in the proposed design was created by a layer of TiO: sandwiched in between
two partially reflecting mirrors, with the thickness of the cavity optimized to match
the operation at the wavelength of the input diode laser source. As the refractive
index of the cavity material has a dependence on humidity, the resonance was
therefore shifted in response to humidity change and can be conveniently detected

by performing intensity measurement at a fixed wavelength.

Sio,

<4

Moisture

From laser -
— To detector

|

€——— Fiber >€
Figure 1.8 Fiber Optic Fabry—Perot interferometric humidity sensor [56]

Similar Fabry-Perot interferometric humidity sensors with a submicron cavity

length were reported by Arregui et al [7] and Yu et al [8]. A typical multilayer thin-
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film interferometric cavity was formed by stacking bilayers of alternating cationic
and anionic polymers at the fibre tip. This was achieved by using the ionic self-
assembled multilayer (ISAM) technique which gives good control over the cavity
length as well as the material composition of each coating layer. Sensors with a
cavity length (or the number of bilayers) optimized at a specific operating

wavelength were shown to be able to operate over a wide humidity range.

As reported in literature, LPG based humidity sensors have been designed by
synthesizing coatings of hygrosensitive materials on the cladding surface. Previously
reported configurations have confirmed the feasibility of LPG based humidity
sensors using gelatine, PVA, and other polymers as outcladding overlays. As far as
performance aspect of sensor is concerned, trade-offs between sensor accuracy and
bandwidth (the range of RH levels that the sensor can correctly read) have been
witnessed [51-53]. Efforts are on-going for increasing the accuracy and range of LPG-
based RH sensor by experimental investigation of certain materials or combinations

of such materials that may render the sensor more sensitive and reliable.

1.4 Advantages of grating based sensing

As stated earlier, the fiber sensors should ideally possess a number of desired
characteristics. This section will give the advantages and reasons for focusing on
grating based sensing. Most intensity-based and interferometric sensors satisfy a
majority of these features but are ultimately limited by one or more drawbacks. For
example, interferometric sensors offer a very high degree of sensitivity but suffer
from the requirement of expensive demodulation schemes, such as fringe counters.
Additionally, the basic forms of such sensors suffers from directional ambiguity at

certain points of the transfer function curve [6].

Phase-based sensors that operate over the linear region of the sinusoidal output
curve are highly susceptible to drifts in source central wavelengths and minute

ambient temperature fluctuations. Intensity based sensors offer unambiguous,
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absolute output but require calibration that might be a function of the optical source
characteristics and physical deformation along the fiber length. Moreover, such

sensors provide limited sensitivities and might be difficult to multiplex.

Even the elegant Bragg grating based sensors have a few limitations that prevented
their utilization in certain specific applications. Bragg grating sensors suffer from a
number of frailties that include the requirement of a highly stable fabrication system
[57]. Moreover, in order to implement sensors with higher sensitivities,
uneconomical interferometric demodulation techniques have to be employed [58]
and optical isolators might be required to prevent back-reflection induced source

oscillations.

Additionally, existing fiber optic sensors of refraction are either too complex for
feasible implementation or have limited sensitivities. For example Bragg grating
based refractive index sensors require cladding etching within few microns of the
core to gain access to the evanescent field of guided mode [5]. The etching process
reduces the strength and integrity of the sensor and degrades the sensors
performance in harsh environmental conditions. Surface Plasmon sensors have also
been proposed as attractive refractive index sensors, but these types of sensors
require polishing the cladding of the fiber for interaction of the induced Plasmon
with evanescent field of propagating mode [59]. Though such sensors are highly
sensitive to the small changes in the ambient index of refraction, they suffer from

polarization sensitivity and are difficult to fabricate [60].

The cross sensitivity to the thermal changes can result in erroneous measurement in
a sensor that has been calibrated to measure a perturbation other than temperature
[61, 62]. Although temperature compensation and stabilization methods can be
employed to overcome the thermal cross sensitivity, such schemes either complicate
the signal processing or result in increased system cost. Any approach that preserves

the mechanical strength of the LPG and results in sensitive index of refraction sensor
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is always an open area of research. A LPG RH sensor with reasonably good

sensitivity and wide RH range is again an area need to be explored.

The most influential development in LPGs is perhaps the demonstration of efficient
coupling between the guided mode and the cladding modes of a single-mode fiber
by using an LPG. Because cladding-mode LPGs do not need any special means to
separate the coupling modes, their deployment for various applications is quite
simple. The availability of a large number of cladding modes also offers flexibility in
sensing applications. It should be mentioned that LPGs have also found many
applications in optical sensing. The transmission characteristics of an LPG, whether
formed in a single-mode fiber or waveguide, can be analyzed by the coupled-mode
theory [11, 63, 64]. There exists a specific wavelength (resonance wavelength), at
which the coupling between the guided mode and a specific cladding mode is
strongest. The transmission spectrum of an LPG usually consists of a number of
rejection bands centered at resonance wavelengths that correspond to different
cladding modes. The center wavelength of a rejection band is in general sensitive to
a number of physical parameters (temperature, strain, external refractive index
index, fiber/waveguide dimensions, grating pitch, etc.).This property of the LPG has
been explored for the realization of tunable devices and sensors. LPG has been
considered as a distinct field of study (like fiber Bragg grating) only for the past ten
years, i.e., since the cladding-mode LPG was proposed, regardless of the fact that
many LPGs in different forms had been studied much earlier. In terms of
application, the cladding-mode LPG has two distinct advantages, compared with
other types of LPGs (e.g. polarization converters, acousto-optic filters, few-mode
tiber gratings). First, it does not require any other component like polarizer or mode
converter to separate the coupling modes. It can just be used as it is and thus
simplifies its deployment, especially in systems where many gratings are needed.
Second, the light that is coupled to the cladding of the fiber is no longer shielded

from the fiber and becomes sensitive to any changes in the surrounding medium.
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This property opens up many new possibilities for various applications (e.g., fiber-
to-fiber coupling, add/drop multiplexing). The potential for the development of new
devices through the manipulation of the cladding modes is large. It is envisaged that
the activities in the development of LPG-based sensing devices to provide new
functions will continue to grow. The following points highlight the various

advantages of LPG.

High sensitivity for multiple quantities (temperature, strain, Refractive index)
e Possibility of measuring at multiple points with one optical fiber

e Insensitive to corrosion

e Ideally suited to be embedded in composite structures

e Does not affect the mechanical properties of the material in which they are
embedded

e Withstand high temperatures
e Very small and light

e Can have a sensor function and be signal carrier (optical transmission) at the
same time

e Insensitive to electromagnetic interference

e Multi parameter sensing

1.5 Mode Theory of Fiber Grating

The section includes the discussion on Coupled Mode Theory (CMT), the formulae
derivation for the resonant wavelengths of FBG and LPG and the differences
between the two types of gratings. Wave propagation in optical fibers is analyzed by
solving Maxwell's equations with appropriate boundary conditions. The problem of
tinding solutions to the wave-propagation equations is simplified by assuming weak
guidance, which allows the decomposition of the modes into an orthogonal set of
transversely polarized modes. The solutions provide the basic field distributions of

the bound and radiation modes of the waveguide. These modes propagate without
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coupling in the absence of any perturbation (e.g., bend). In literature, widely used
methods mentioned are coupled mode theory, matrix method for complex
structures, Bloch theory approach to find exact Eigen mode solutions of periodic
structures and effective medium approach for short period gratings [65-69]. We have

used coupled mode theory to analyze the grating structures.

Coupling of specific propagating modes can occur if the waveguide has a phase
and/or amplitude perturbation that is periodic with a perturbation
"phase/amplitude-constant" close to the sum or difference between the propagation
constants of the modes. The technique normally applied for solving this type of a
problem is coupled-mode theory. The basic principle is that energy can be
transferred from one propagating mode to another as long as certain boundary
conditions are satisfied. An index grating is one type of passive waveguide structure
that is commonly used to achieve mode coupling. Index gratings, which consist of
periodic variations in the refractive index of a waveguide, induce wavelength
dependent mode coupling. The method assumes that the mode fields of the

unperturbed waveguide remain unchanged in the presence of weak perturbation.

15.1 Coupled mode theory

Here, wave-propagation in optical fiber is introduced, followed by the theory of
mode coupling. The coupling will occur in co-propagating or counter propagating
modes. Let us consider an optical fiber with a refractive index profile n?(x,y) in
which there is a periodic z-dependent perturbation given by An?(xy,z) this
perturbation could correspond to periodic index variation as in FBG. The general

forms of the coupled mode equations [70, 71] for two modes, A and B, are

dA i

o = KazBel” (1.3)
dB

o = “KzAe (1.4)
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where k is the coupling coefficient, A and B are the amplitudes of the propagating

waves and I' is the detuning parameter [72, 73].

For each additional mode considered, another differential equation can be added,
but here, the discussion will be limited to two modes for simplicity and clarity.
Coupling takes place primarily between modes whose phases are matched. The
detuning parameter I or d is used to determine the phase matching condition and is

defined as:
[=08-K=(B~pB)~5 (1)

where f1 and 2 are the propagation constants K=2m/A is the wave number defined
by the grating period A. The propagation constant of each mode can be further
defined by:

B =Ko *negr, whereko == (1.6)

0

where Ao is the free space wavelength, and ng is the effective refractive index carry

by mode as it propagates through the fiber and k is the wave vector.

When the two modes are perfectly phased matched (i.e.(f; — ;) — ZTH), the detuning

parameter goes to zero, and the exponential term in the coupled mode equations is
maximized. In theory, the detuning parameter can go to zero, but in practice, it is
usually a very small finite value when the phases of the two modes are closely
matched. When the detuning parameter is not equal to zero, coupling still occurs,
but the exponential term is not maximized. In many cases, the core mode will couple
energy to several different modes, each of which have its own propagation constant
and require an additional differential equation. The coupling coefficient k, the phase
relation of the two modes and the length of interaction will determine how much

energy will be transferred from one mode to the other.
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As there are two main types of index gratings in fiber optics — FBG and LPG.
Structurally, both types of gratings are identical except that the periods of Bragg
gratings are two orders of magnitude smaller than those of LPGs (~10 meters)
versus ~10* meters, respectively. FBGs induce contra directional coupling. Light
energy from forward propagating modes is transferred to modes traveling in the
opposite direction. FBGs are often referred to as reflection gratings because of this
effect. LPGs, on the other hand, couple energy co-directionally. Energy from the
forward propagating incident modes is transferred to either forward propagating

cladding or radiation modes depending on the structure of the waveguide.

15.2 Fiber Bragg Grating

If 3+ is the propagation constant for the core mode traveling in the +z direction and —
B- is the propagation constant for the core or cladding mode traveling in the —z

direction as shown in the Figure 1.9.

Then the phase matching condition in case of FBG is re written as [1, 74-77]:

(Bs) = (=B) =7 = (B + (B) = T (eppe = Negs) =5 =0 (1.7)

Input signal Grating (b) 4 /I—7\i£|>n1
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\
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Figure 1.9 Contra directional coupling in a single mode fiber for a) core mode/core
mode coupling b) core mode/cladding mode coupling [78]
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The resonant wavelength is found from the phase matching condition solving for A,

i.e.

A= (neff+ + neff—) * A (18)

Since a single mode fiber only has one propagating core mode in each direction, the
propagation constants of these two core modes are equal in value but have opposite
signs (i.e. p+ =-(-f-)). As a result, contra directional core mode/core mode coupling
in a single mode fiber is a special case, and the resonant wavelength called Bragg

wavelength can be written as:
Ap =2 % Ngpp *x A (1.9)

where the Bragg grating wavelength, Ag is the free-space center wavelength of the
input light that will be back reflected from the Bragg grating, n.ris the effective
refractive index of the fiber core at the free-space-center wavelength and
Ais the grating period. In general form, the Bragg wavelength is reflected at the
output as shown in the Figure 1.9 (a). The Figure 1.9 (b) is typical case of fiber Bragg
grating, here the coupling between the core mode and contra-propagating cladding
modes takes place, when some tilt angle or tapering in the grating structure is

introduced. These cladding modes attenuate rapidly along the propagation axis.

15.3 Long period grating

Unlike FBGs, LPGs induce co directional coupling. Energy transfer occurs between
core and cladding modes traveling in the +z direction. However, in single mode
fibers, energy cannot be transferred to another mode within the core. Therefore,

energy can only be coupled to cladding modes illustrated in the Figure 1.10.

As before, only two forward propagating modes will be considered and each will
have their own unique propagation constant. 5, is the propagation constant for the
incident core mode and p, is the propagation constant for the interacting cladding

mode.
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Figure 1.10 Co-directional coupling in a single mode fiber (core mode/cladding
mode) [78]

The phase matching condition is written as:
(Beo) — Be) —=—= = (Beo) — (Be) = j_: (neff_co - neff_cl) - 2771 =0 (1.10)

Therefore resonant wavelength of LPG in single mode fiber is given by:

A= (neff_co - neff_cl) * A (1.11)

As with the FBGs, LPGs are often fabricated to filter wavelengths around 1550 nm.
If (neps ., — Ney f_cl) is on the order of 102 to 107%, the required grating period would
be on the order of 103 to 10* meters, which is three orders of magnitude greater than
the grating period required to filter 1550 nm with a FBG. Thus, LPGs are so named
because their grating periods are two to three orders of magnitude greater than the

wavelengths of light that they couple out of the incident signal.

1.6 Applications

FBGs have proven attractive in a wide variety of optical fiber applications, such as
multiplexers, narrowband and broadband tunable filters, Gain equalization,
Wavelength selective filters, Optical fiber mode converters and add/drop Mach-
Zehnders, long-distance dispersion compensation in telecommunication networks,
and improved pump efficiency in erbium-doped fiber amplifiers (EDFA), Optical
strain gauges in bridges, Spectrum analyzers, Specialized narrowband lasers,
elevators, building structures, structural heath monitoring, bone decalcification
sensors in medical field applications, current sensors, soil moisture detecting
sensors, smart structures, reactors, composites and mines [79-86]. Similarly
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interesting diversity in LPG applications has been achieved as shown in the Table

1.2.

From Table 1.1, a picture of local access in optical network can be depicted as figure,

in which the long-period gratings are liberally applied to very possible field ranging

from central office to the subscriber’s premises.

Table 1.2 Applications of LPG in various fields

Applications

References

Band rejection filters

[11, 87-91]

Band pass Filters [71, 77, 92-94]
DWDM isolation filters [93]

DWDM add/drop multiplexers [95-102]
EDFA gain flattening and equalizers (1530-1560 nm) [88, 103]
Laser fine tuning, modulation and wavelength stabilization [98, 99]
Optical bend sensors [100, 101]

Optical coupling schemes

[92, 104, 105]

Optical signal processing

[95, 96]

Optical fiber mode, spatial and polarization converters

[71, 77]

Refractive index sensors

[97, 106, 107]

Strain sensors [22, 89]
Temperature sensors [108, 109]
Wavelength selective devices [90, 91]

1.7 Summary

The chapter outlines the overview of optical fiber sensing technology. Different

types of Fiber Optic sensors like intensity based, spectrally based, Interferometric

based, polarization based, Fabry-perot interferometer and grating based sensors are
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discussed. Fundamental concepts of Mode theory for both LPG and FBG are
covered. It is observed that LPG and FBG plays very successful role as sensor in

various application fields.
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CHAPTER 2. LITERATURE SURVEY

2.1 Introduction

At first, the observation of photo-induced refractivity in fibers was only a scientific
curiosity, but over time it has become the basis for a technology that now has a
broad and important role in optical communications and sensor systems. Research
into the underlying mechanisms of fiber photosensitivity and its uses is on-going in
many universities and industrial laboratories in North and South America, Asia,
Europe and Australia. Several hundred photosensitivity and fiber grating related
articles have appeared in the scientific literature and in the proceedings of topical
conferences, workshops, and symposia. The formation of permanent gratings in an
optical fiber was first demonstrated by Hill et al. [110] in the year 1978 at the
Canadian Communications Research Centre (CRC), Ottawa, Ont.,, Canada. They
launched intense Argon-ion laser radiation into a Germania-doped fiber and
observed that after several minutes an increase in the reflected light intensity
occurred which grew until almost all the light was reflected from the fiber. Spectral
measurements, done indirectly by strain and temperature tuning of the fiber grating,
confirmed that a very narrowband Bragg grating filter had been formed over the
entire 1-m length of fiber. This achievement, subsequently called Hill gratings, was
an outgrowth of research on the nonlinear properties of Germania-doped silica fiber.
This established an unknown photosensitivity of Germania fiber, which prompted
other associated inquires. Several years later, into the cause of the fiber photo-
induced refractivity and its dependence on the wavelength of the light, which was
used to the form the gratings. Similarly a number of novel and interesting techniques
have been reported for the fabrication of LPG since the first was realized by
Vengsarkar et al. [11] using the amplitude-mask writing method. Through this
technique, hydrogen loaded germanosilicate fibers were exposed to a KrF laser

(A=248nm) through an amplitude mask made of chrome-plated silica. The optical
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threshold level for mask damage was = 100 mJ/cm? per pulse. Each grating imprint
on the mask was one inch long, the duty cycle of the modulation structure was 50%
and the grating periodicities ranged from 60 pum to 1 mm. Typical exposure
condition of energy 25 m]/pulse, pulse repetition frequency 20 Hz and beam area
2.6x1.1 cm? were used. The transmission spectrum of the grating was actively
monitored as the grating being written. The fabrication times were in the 5-10 min
ranges for fibers with 2-3% H/D:. The amplitude-mask writing method is the most
widely used due to its fundamental reliability and an amplitude-mask permit the
repeated use to produce multiple LPG with little requirements for precision during
the writing. The weakness of this technique is that change of grating periodicities
could be realized only by using different periodicities of amplitude-mask which

makes it expensive.

As discussed in the Chapter 1, FBG and LPG have very vast field of sensing
applications. But when we talk about chemical or bio sensing, it is little difficult to
obtain the sensors that can detect the presence of chemicals and radiation by using
fiber Bragg gratings, because the light passing through the core of the optical fiber is
isolated from the chemicals by the cladding of the optical fiber, and the core of the
optical fiber is typically unaffected by radiation. In applications such as
environmental monitoring, food quality and safety, refractometric sensors based on

LPGs have shown very promising results.

On the same node, humidity sensing has become equally important in the industry
through a wide spectrum of applications such as Structural Health Monitoring
(SHM), food processing and storage, medicine, ecology, agriculture, mineral
processing, fuel quality control, aerospace and other applications supporting human
comfort. There is a lot of scope to explore new methods, design or configurations to
enhance refractive index sensitivity and increase RH sensing range and demonstrate

more accurate and reliable sensor.
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2.2 LPG Theoretical Analysis

This section will cover the work reported on the theoretical aspects of LPG
modeling, experimental verifications, higher refractive index coating concepts and
different approaches to achieve highest enhancement factor in refractive index

sensitivity.

Erdogan [77] reported experimentally and theoretically the transmission of a mode
guided by the core of an optical fiber through an ultraviolet-induced fiber grating
when substantial coupling to cladding modes occurs. A straightforward theory was
presented that is based on the calculation of the modes of three-layer step-index fiber
geometry and on multimode coupled-mode theory that accurately models the
measured transmission in gratings that support both counter propagating (short-

period) and co-propagating (long-period) interactions.

Vikram Bhatia et al [22, 111] presented photo induced LPG as versatile sensors for
temperature, axial strain and index of refraction measurements. The principle of
operation of such devices was discussed and the application to simultaneous
temperature and strain was demonstrated. A grating fabricated in a conventional
optical fiber was demonstrated for concurrent measurements of strain over a range
of 2100 u€ and temperature over a range of 125°C, with maximum errors of 58 pe

and 1°C, respectively.

Yahei Koyamada et al [112] described first time the analysis of core-mode to
radiation-mode coupling in LPGs that was surrounded with dielectric material
whose refractive index is higher than that of the cladding. They calculated core-
mode transmission spectra through LPGs by integrating numerically the coupled-
mode equations between the core mode and a continuum of radiation modes. Also
shown that the calculated core-mode transmission spectra that exhibit such loss
band continuums as have already been observed experimentally but not yet

theoretically estimated.
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R. Hou et al [113] highlighted a new mathematical model, that can be used to explore
the response of a long-period fiber grating to changes in ambient refractive indices of
values both greater and less than that of the cladding. A numerical method was also
presented to calculate the HE core and cladding modes. The result obtained
suggested that LPGs coated with a material of higher refractive index than the

cladding may be used as index sensors.

Xuewen Shu et al [114] explained the possibilities for ultrasensitive sensors by
performing detailed investigation into the sensitivity of long-period fiber gratings
(LPFGs) as a function of surrounding refractive index, strain, and temperature with
specific attention given to the higher order cladding modes. The analysis revealed
the existence of turning points in the mode dispersion characteristics at which
ultrasensitive operation may be obtained. By performing wide range of coordinated
experiments, they verified the theoretical predictions with close agreement and

provided demonstrations of the device behavior close to those turning points.

] Besley et al [115] demonstrated a simple method of characterizing the sensitivities
of the cladding modes of an optical fiber to environmental conditions through the
analysis of a single device. The group designed and fabricated LPGs to couple with
selected cladding modes and measure the sensitivities of these devices directly and

good agreement was found between the directly measured and inferred sensitivities.

Kun-Wook Chung et al [116] presented tunable long-period grating in single-mode
tiber analyzed by use of an ultrathin cladding layer and higher-order cladding mode
coupling. The numerical simulation showed that a 225-nm tuning range in the newly
designed ultrathin long-period grating (cladding thickness, 35 um) with third-order
cladding mode coupling can be obtained. The analyzed tuning range was seven

times wider than those of the other known long-period gratings.

Xavier Daxhelet et al [117] reported very interesting study on LPG losses showed

there is an optimal loss value that provides side lobe-free, 100% power transfer from
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the core to the cladding mode for a uniform LPG. New approaches to LPG design in
a fiber as well as in waveguide platforms for fiber-optic communication and sensor
applications were proposed. A simple equation was revealed that relates this

optimum lose value to the LPG length and the cross-coupling coefficient.

Rashmi Singh et al [118] reported a complete three-layer analysis of LPG giving
design calculations corresponding to actual applications of long-period gratings as

sensors and gain equalization filters for EDFA.

Imran M. Ishaqa et al [119] described that cladding was modified by a thin film of
thickness of order 100 nm on it. This made LPG sensitive to surrounding refractive
indices greater than that of silica and exhibited an enhanced sensitivity to external

refractive indices lower than that of silica.

Ignacio Del Villar et al [72] demonstrated that the sensitivity to ambient refractive
index changes in a great manner when deposited by an overlay of higher refractive
index than the cladding in a Long Period Fiber Grating. The concepts of
rearrangement of cladding modes and reasons related to fast shifts of the resonance
wavelength of the attenuations bands in the transmission spectrum were explained.

The experimental results were verified with numerical model.

Zhiyong Wang et al [120] presented theoretically and experimentally that only a nm-
thick thin-film with a refractive index higher than that of the glass cladding can shift
resonant wavelength of LPG in a great manner. The resonant wavelength shift was
related with the variation of the thickness of the film and/or the variation of its

refractive index.

Ignacio Del Villar et al [121] reported the detail analysis of cladding modes variations
in effective index, mode profile, cross-coupling coefficient with the core mode, and
self-coupling coefficient. The key parameters: thickness and the refractive index of

the overlay, and the ambient refractive index were studied in detail. The work also
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presented additional phenomenon of vanishing of the attenuation bands in the

transmission spectrum if refractive index of the overlay was complex.

C. Qin et al [122] presented tuning characteristics of electrically tunable long-period
gratings. A precise four-layer model was presented to quantitatively analyze the
tuning potential of the gratings, and experimental data was provided to support the
analysis. The reorganization effect was reported due to presence of inner electrode
layer, made of high refractive index ITO, that landed to a significant increase (ten

plus fold) in the tuning range of LPG tunable filters.

Jian Yang et al [123] described the dependency of the cladding-mode effective index
on the parameters of the structure-modified LPG, such as the overlay refractive
index (RI), the overlay thickness, the cladding-layer radius, and the ambient RI, as

well as the order of cladding mode in detail.

Hannes Hochreiner et al [124] demonstrated the transmittance spectra of a long-
period fiber grating element immersed in different mixtures of water and di-methyl
sulfoxide. The obtained data was compared with a theoretical model based upon

coupled mode theory and shown excellent agreement over a wide wavelength range.

Edward Davies et al [125] reported the method to increase the LPG sensitivity by sol
gel coating. It was revealed that the RI sensitivity of an LPG was affected by both the
thickness and the index value of the sol-gel derived titanium and silicon oxide

higher index coatings.

Jianwei Mu et al [126] presented a simple analytical expressions for guided power
transmission through a periodic long-period grating with consideration of the
significant radiation loss derived from the complex coupled- mode theory. Further
the effect of the radiation field on the guided mode was presented and explained by

a decay factor for the envelope of the power profile along the waveguide.
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2.3 LPG RH Sensor

In Phase 2, the reported work on the measurement of humidity is covered. The work
includes RH sensors based upon evanescent wave, absorption and fiber gratings.
The main focus reflects the material used, RH sensitivity reported and the range

covered in the published work.

D.C. Bownass et al [127] reported the RH sensing based on humidity-induced
refractive index change in an organic film coated onto the cladding of a bent fiber.
The sensor was exposed to respond at relative humidity > 62% and > 80% using

gelatin and polyethylene oxide films respectively.

Candido Bariain et al [128] presented an optical fiber humidity sensor fabricated
using a hydrophilic gel agarose deposited on the thinner zone of a biconically
tapered single-mode optical fiber. The sensor showed transmitted optical power

variation of up to 6.5 dB with relative humidity RH changes between 30% and 80%.

Pascal Kronenberg et al [46] demonstrated a novel intrinsic relative humidity sensor
that used polyimide-recoated fiber Bragg gratings. Strain induced Bragg wavelength
measurement was the sensing method. The sensor showed linear, reversible, and
accurate response behavior at 10-90% RH and at temperature varied from 13-60°C.
The RH and temperature sensitivities were measured as a function of coating

thickness.

Khay Ming Tan et al [51] reported gelatin coated long-period grating relative
humidity sensor. The sensor showed a sensitivity of 0.833 %RH/dB with an accuracy
of £0.25 %RH, and a resolution of +0.00833 %RH. The LPG RH sensor also reported
repeatability, hysteresis and stability errors of less than +0.877, +0.203 and +0.04

%RH respectively.

Maria Konstantaki et al [52] demonstrated a Poly(ethylene oxide)/cobalt chloride

(PEO/CoC(lLz) coated LPFG humidity sensor. The sensor was analyzed for RH range
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from 50% to 95% with a resolution better than 0.2% and the response time constant

of the sensor in order of a few hundred milliseconds.

T. Venugopalan et al [129] reported Polyvinyl Alcohol (PVA) coated LPG humidity
sensor. The humidity range covered was 33- 97 %RH, sensitivity 5.68 nm/%RH (For

75-97 %RH) and response time < 1 min.

F. Ding [130] presented experimental studies on humidity measurements by using a
FBG with multi-layer polyimide coating. The RH range covered was 30-80 %RH

with sensitivity 2 pm/%RH.

R. Aneesh et al [131] reported an optical fiber humidity sensor based on TiO:-
nanoparticle doped nano structured thin film as the fiber sensing cladding and
evanescent wave absorption was reported. The work showed a sensitivity of
27.1mV/%RH with a throughout-linear sensor response over a dynamic range 24%
to 95 %RH with an average response time of 0.01 s for humidification and 0.06 s for

desiccation.

D. Viegas et al [132] reported a novel configuration able to measure relative
humidity and temperature simultaneously. The sensing head was based on LPG
coated with silica nanospheres in-line with a FBG. The sensor showed the sensitivity
of 63.33 pm/%RH for humidity range of 20 to 50 %RH and 451.78 pm/%RH for 50 to

80 %RH respectively with response time of less than 1 sec.

Ming-Yue-Fu et al [133] presented a novel high-sensitivity fiber-optic humidity
sensor based on a calcium chloride thin film to be coated on an air-gap LPG by
combining the fiber side-polishing and fiber etching method. The humidity range
covered was 55-95 %RH with reported sensitivity of 1.36 nm/%RH.

W. Zhang et al [134] investigated the response time of humidity sensors based on
polymer optical fiber Bragg gratings. The humidity range covered was 30-90 %RH

with sensitivity 3.6 pm/%RH and response time 7 mins.
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Shijie Zheng et al [135] developed a Photonic Crystal Fiber (PCF) LPG humidity
sensor high sensitivity and selectivity for nondestructive detection of moisture
ingression into structures. The experimental results revealed that when compared to
conventional fiber LPG, both, the exterior nano film-coated PCF-LPG and the
interior nanofilm-coated PCF-LPG humidity sensors have the most sensitive
resonance intensity change of 0.00022%/10° dBm for relative humidity (RH) of 38%
to 39% and average wavelength shift of 0.0007%/pm for a relative humidity variation

from 22% to 29%.

Lourdes Alwis et al [136] very recently demonstrated LPG-based relative humidity
sensor by using a tailored layered polyimide coating on the grating region at the
distal end of the fiber probe. The range covered was from 20% to 80% RH. The
sensitivity of the sensor was estimated to be 0.10 nm/%RH with negligible hysteresis

(<1% RH).

Table 2.1 Work reported on RH sensing using Evanescent wave and Absorption
Measurement

RH Sensing using Evanescent Wave and Absorption Measurement [29]

%RH Range Sensing Method Sensing Material Reference
50-80 Absorption measurement | CoClz doped gelatin film [137]
using straight and U-bent
fiber
25-95 Attenuation measurement | Porous SiO: optical fiber | [138]
using Optical Time-domain | Cladding
Reflectometer (OTDR)
technique
20-50 Direct in-line absorption Etched borosilicate optical | [139]
fiber segment doped
withCoClz
20-80 Absorption measurement | CoClz doped gelatin film [140]
using OTDR technique
0-95 Absorption measurement | Rhodamine B doped | [35]
Hydroxy propyl cellulose
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using U-bent fiber

(HPC)Film

30-96 for HEC | Absorption measurement | CoCla doped Hydroxyethyl | [43]
40-90for using U-bent fiber cellulose (HEC) and gelatin
gelatine films
30-80 Attenuation =~ measurement | Agarose gel [128]
using tapered fiber
20-80 Absorption measurement | Phenol red doped Poly- | [141]
using U-bent fiber Methyl-Methacrylate
(PMMA) Film
>78 Absorption measurement | CoCl> doped PVA film [142]
U bend 3-90 using straight and U-bent
fiber
20-80 Attenuation measurement | HEC/PVDF film [143]
using PMMA plastic optical
fiber
50-90 Attenuation measurement | PVA film [144]
using side-polished fiber
0-80 Wavelength resonance shift | TiO: overlay [145]
using side-polished fiber
3-90 Attenuation measurement Porous sol-gel cladding [26]
75-100 Attenuation measurement | Nanostructured sensing | [146]
using tapered fiber overlay using ISAM
technique
9-94 Output power measurement | Gelatin [147]
of a diameter tapered MMF
20-34,35- Measurement of  optical | Co/Polyiniline [148]
80,80-92 power loss of a U-bend
cladding stripped (Plastic
optical fiber) POF
5-50,50-90 Power loss measurement of a | ZnO [149]
SMF connected to a coated U-
bend glass rod
5-95 Absorption measurement of | Ag-Polyaniline [150]

U-bend cladding
POF (MMF)

removed
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50-89 Wavelength measurement in | PVA [151]
a SMF-MMEF-SMF  sensor
structure

10-95 Transmission loss | ZnO Nano rods grown on | [152]
measurement in  straight | fiber
hydrothermally thinned silica
tiber

40-90 Transmission power loss | Hydrogel [153]
measurement of a hetero-core
SMF

2-10 Direct in-line absorption Porous sol-gel fiber segment | [154]

doped with CoCl2

20-80 Wavelength measurement | ITO [155]
using SPR

10-70 Measurement of reflected | Xerogel [156]
optical power

20-80 Absorbance spectra | Polymeric film with | [157]
measurement using SPR Agnano-particles

0-90 Absorption power | No coating [158]
measurement of a hollow
core photonic bandgap Filter

In particular, Table 2.2 gives us an overview of some recent work reported by many
research groups in between year 2008-2013[159]. The work tabulated here is RH
sensing based on LPG and FBG, which is already described in the previous section.

Table 2.2 RH Sensing reported using LPG and FBG in the year (2008 to 2013)

Sensing method Sensing Range (%RH)
pdteua Sensitivity & response time
Strain induced Bragg | Polyimide(PI) 22-97 4.5 pm/%RH
wavelength measurement 25 min
LPG resonance band | PVA 33-97 ~5.68 nm/%RH (for 75-97
wavelength shift measurement %RH)
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<1 min
Intensity variation | PVA 20-74 2.52 dB m/%RH
measurement follov.vmg 7498 14.9 dB m/%RH
external RI change of a tilted
FBG <2s
LPG resonance band | Poly(ethylene 50-77 | 0.23 nm/%RH
wavelength shift measurement | oxide)/CoCl2 77_95 0.33 nm/%RH
<10s

Strain induced Bragg | PI 30-80 ~2 pm/%RH
wavelength measurement
Strain induced Bragg | PI 0-75 2.1 pm/%RH
wavelength measurement
Resonance-band  wavelength | CaCl2 55-95 1.36 nm/%RH
measurement of an Air-Gap
LPG
Wavelength measurement of a | SiO2 nano- | 20-50 63.33 pm/%RH
LP(.} and a FBG configured in | sphere film 50-80 451.78 pm/%RH
series
(FBG for temperature
calibration)
Strain induced Bragg | Silica/di-ureasil | 5-95 22.2 pm/%RH
wavelength measurement
Strain induced Bragg | No coating | 30-90 33.6 pm/%RH
wavelength measurement of | (PMMA 7 min
etched POF polymer

cladding)
Intensity and  wavelength | ALOs* 22-29 | 0.0007%/pm
measurement of a LPG written +/PSS- 38-39 0.00022%/10°dBm
in a PCF

nano-film

2.4 Investigation of FBG in MMF

FBGs have been recognized as important fiber-optic devices used for spectral

tiltering, dispersion compensation, wavelength tuning, and sensing in optical
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communication and optoelectronics. We also want to explore the application of FBG
in multimode fibers. As single mode fiber (SMF) has a small core diameter, the
insertion loss is undeniably high when it couples light with non-single-mode-based
optical devices. As Multi-mode fiber (MMF) has a large core diameter of typically 50
or 62.5 um, it is easy to couple with other lasers or optical sources. The reported

work on investigation of FBG in MMF is as follows:

Wanser et al [160] reported first the calculation of the theoretical spectrum of a Bragg
grating in MMF, showing multiple peaks, and proposed its applications as bending

Sensors.

Mizumami et al [161] experimentally investigated the spectral characteristics of
Bragg gratings in graded-index MMF and an analysis of grating behavior including
excitation condition of propagating modes, temperature, and polarization
characteristics. An advantage of Bragg gratings in multimode fiber and the

applications was also discussed.

Zhao et al [162] demonstrated fabrication of a Bragg grating in a multimode fiber by
phase mask technique, whose spectrum was similar to that of Bragg gratings in

single-mode fibers, and its temperature and strain responses were analyzed.

Szkopek et al [163] proposed a novel multimode fiber structure with modal
propagation characteristics and tailored it to facilitate the creation of narrowband
high reflectivity Bragg gratings, and later demonstrated gratings with reflectivity of
>98% and bandwidths of <0.5 nm at ~1550 nm in this fiber [164].

Tongyu Liu et al [165] reported a low-cost fiber optic sensor system based on
multimode fiber and an Light emitting diode (LED) light source. A multimode fiber

Bragg grating element was used as a strain sensor.

Changgui Lu et al [166] investigated theoretically Bragg gratings in optical fibers in

multimode propagation by using the coupled-mode theory and considering two
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modes coupling. It was reported that Bragg gratings in multimode fibers showed

multiple reflection peaks due to the coupling between all bounded modes.

Lim et al [167] presented the fabrication of two Bragg grating sensors in 62/125 um
graded-index multimode fiber by the holographic method and phase mask
technique respectively for application in a power-by-light hydraulic valve

monitoring system.

Xinzhu Sang et al [168-170] analyzed the formation characteristics of Bragg gratings
in single mode and MMFs and found that different kinds of grating can be achieved
with different irradiation pulses. A chemical sensor based on a Bragg grating in the
multimode fiber was demonstrated experimentally. The sensor has been used to
measure the concentrations of propylene glycol solutions and sugar solutions, which
could detected 0.05% and 0.04% concentration change for them with the wavelength

interrogation module of 1-pm resolution.

2.5 Gaps Identified in Present Study

As stated in the introduction, the common limitations encountered while dealing
with optical fiber sensing systems, the importance of these drawbacks and elucidate

the reasons for attempts to arrive at solutions to these problems.

Grating-based sensors are commonly used in chemical sensing. The LPG can be
employed as a general refractive index sensor and used in conjunction with chemical
selective materials to create a species-specific chemical sensor. This thus forms a very
attractive refractive index based chemical sensing mechanism which has been
employed in the detection of a variety of chemical species. As mentioned in
Literature survey; Table 2.2 described the RH sensing reported using LPG and FBG
in the year (2008 to 2013). The use of LPGs for humidity sensing was first reported
by Luo et al. [50] from Luna Innovations, USA. With Carboxy methylcellulose (CMC)

hydrogel, that was covalently attached to cladding of a LPG to form the humidity
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sensor. The sensor demonstrated was found to operate well over a humidity range
from 0 to 95%, with a non-linear response dependency with humidity change. The
sensor was observed to be unstable when it was fully saturated at conditions
approaching 100%RH and temperature compensation was also required to obtain

accurate humidity measurements.

A similar LPG-based humidity sensing scheme was demonstrated by Tan et al [51]
using a gelatine-coated LPG and Konstantaki et al [52] proposed a LPG humidity
sensor utilizing polyethylene oxide (PEO)/CoCl2 hybrid overlay as the moisture
sensitive coating. In both sensors, however, the operating humidity range was found

to be limited.

Venugopalan et al [53] have shown the use of polyvinyl alcohol (PVA) film as a
sensing material for LPG-based humidity detection. Using a similar approach to the
examples discussed in Table 2.1, PVA overlay of ~4 um was coated onto the optical
fiber in which an LPG with a period of 300um was inscribed. The sensor was
evaluated over a relative humidity range from 33 to 97% using the resonance loss
band at 1500 nm where the change in transmission dip was monitored and

calibrated against humidity change, but the response time of sensor was 80 sec.

On critically analyzing the findings reported by various research groups, there is a
tradeoff between sensitivity, RH range and response time. Therefore to design a
sensor that is capable to cover wide RH range with acceptable sensitivity and

response time is always open area of research.

Whilst FBG sensors are advantageous in many aspects over their electronic
counterparts, the relatively high cost of the optical signal interrogators present a
major limitation in many applications, even though it's per sensor cost could be
competitive in a large capacity multiplexing system. This is particularly the case
where the number of sensors required is not very large. For example, in a

temperature monitoring system for an electrical transformer, it normally requires
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only a few sensors to monitor the temperature of the winding coil and the oil. It will
be difficult to justify the cost associated with the implementation of a tunable laser
based sensor system as the large multiplexing capacity provided by such system is
excessive for such application. A solid state laser is difficult to couple with SMF, and

therefore it can be a candidate to be tuned with a Bragg grating in MMF.

2.6 Problem Formulation

The large scale commercialisation of optical fiber sensors has, to a certain sense, been
restricted by one or more limitations. One of the most significant issues is the cost of
the sensor and the signal-processing equipment. Thus, the optical fiber sensor
market would benefit tremendously from a sensing scheme that is simple cost

effective and easy to implement.

In most of the refractive index sensors that are based on optical fiber as the primary
waveguide require a mechanism with which the access to the fundamental core
mode to detect fluctuation in the ambient chemical environment becomes possible.
This interaction with the core mode can be achieved directly by chemical etching or
indirectly by coupling to a cladding mode which can then interact with the medium

surrounding the cladding material.

Existing FBG refractive index sensors are based on the interactions between the
evanescent field of the fundamental core mode and the surrounding materials.
Because a normal FBG is intrinsically insensitive to the ambient refractive index, the
tiber cladding should be removed by chemically etching the cladding around the
grating to within a few microns of the core. This process is time consuming, requires
a high degree of control and, most importantly, reduces the mechanical strength and
integrity of the fiber, another disadvantage is the FBGs cross-sensitivity. Thus the
mechanical strength and the durability of such kinds of sensors will be inevitably
reduced greatly and the costs will increase due to the use of special kind of fibers.

These disadvantages limit the possible applications of FBG index of refraction sensor
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enormously. No doubt the tilted FBG has the potential to provide highly sensitive
optical platform for RI sensing [171]. LPG sensors couple the guided core mode to co
propagating cladding mode, thus causing the attenuation peaks in transmission
spectrum. LPG has a higher sensitivity to the refractive index of the ambient media
without diminishing the mechanical strength of the fiber grating, because the
stronger dependences of its cladding modes on the ambient refractive index. A
sensitive refractive index and humidity sensors are highly attractive choice. As we
all know, RH monitoring has a significant impact in various application fields.
Various sensing schemes based on fiber optics have been studied to develop all-
optical RH sensors. Several LPG based humidity sensors using different overlay
materials and distinct sensitivities have been reported as discussed in the Literature
survey. Previous work includes geometrical modification of fiber leading to fiber
losses and limited robustness of the sensor. Therefore it was chosen to explore the

scope of LPG particularly in refractive index and relative humidity sensing fields.

MMF offer more flexibility in grating design and performance characteristics as
compared to single-mode fiber, since the spectral response may be tuned by core

size, numerical aperture, and mode coupling characteristics of the gratings.

MMFs have the merit of easy coupling with inexpensive light sources and other
optical components due to their large core, and so gratings in multimode are
preferred to yield lower cost systems. Therefore, Bragg gratings in MMFs have also

received attention in recent years.

A low-cost fiber optic sensor system based on multimode fiber and an LED light
source can be very useful. The high cost normally associated with wavelength
interrogators for single mode fiber FBG sensors can be overcome by the utilization of

a low cost multimode fiber pigtailed LED light source.

The MMFBG sensing schemes could be used for short distance, high sensitivity, high

speed, strain, temperature and acoustic sensing applications.
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Furthermore in many industrial monitoring and control applications the distance
between the sensors and the interrogator is not very long which does not require the
high optical power level from tunable laser or the Amplified Spontaneous Emission
(ASE) source. Therefore it is of great importance to develop low cost, high
performance OFS solutions for the small sensor count, short distance applications in
order to make the FBG sensor systems more competitive to conventional

technologies both in the industrial and the domestic applications [165].

Optical sensors are often interrogated using broad-band light sources and such
sources of high output are generally pigtailed using MMF. Thus, it is application
advantageous and cost effective if sensors can be made in MMEF. Therefore it is

required to investigate FBG in multimode fibers.

2.7 Obijectives

» To model and characterize the Long Period Gratings by using appropriate
simulation tools
» To fabricate and validate LPG sensors for sensing application

» To investigate and analyze FBG sensors in multimode fibers
2.8 Major Contribution of Thesis

The research work presented in this thesis combines refractive index sensitivity
enhancement of LPG by using simple dip coated Indium tin Oxide (ITO) overlay on
it. Further sensor/coating attachment method to develop an RH sensor for
informative evaluation of the humidity effect. Here for the first time, a sensor probe
based on LPG coated with gelatin-Cobalt Chloride (CoCl:) is proposed and
experimentally demonstrated. However the same combination was reported by
Russell and Fletcher [137] on plastic cladding silica fiber 12cm long with 0.6mm silica
core and bent in the middle into a 5-mm diameter to form U-shape. The work

reported described an optical sensor with a bonded reagent on its surface which
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changes color when exposed to gaseous moisture. Optical fiber resulted in sensors
for humidity over a range of about 40-80% RH by observing the absorption
spectrums. It was concluded in the work that spectrum of cobalt chloride on the fiber
was similar to a transmission spectrum rather than an attenuated total reflection
spectrum .Therefore, spectrum was found less sensitive to measurements near the
critical angle, and to refractive index changes than was the case with an attenuated
total reflection spectrum. However, this sensor device was limited to the
determination of the relative humidity above 40%. In the year 1988, Quan Zhou et.al
[139] utilized CoClz, in conjunction with a porous optical-fiber matrix to develop a
new humidity sensor with enhanced sensitivity capable of detecting the relative
humidity down to 0.5% at 25 °C. The high surface area and direct absorption of light
passing through the porous glass sensor segment resulted in a device with the
demonstrated capability to measure relative humidity levels below 1% at room
temperature. The above mentioned work of 80’s signaled the utility of gelatin and
cobalt chloride combination for humidity measurements and opened the possibility
of utilizing same combination for different fiber structures. All the issued addressed
in the work contribute to implement a simple and economical index of refraction and
moisture measurement system. Other than humidity, this LPG based RH sensors
offer numerous advantages in corrosion monitoring, chemical and food processing.
Similarly LPG-based refractive index sensor has wide application in biochemical
sensing. The investigative study of FBG in MMF is very useful for developing low

cost sensing systems.

2.9 Outline of Thesis

The thesis has been organized into eight chapters. Contents of each chapter are

briefly described as under:

Chapter 1 introduces the overview of Optical fiber sensing technology and different

types of Fiber Optic sensors like intensity based, spectrally based, Interferometric
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based, polarizations based, Fabry—perot interferometer and grating based.
Fundamental concepts of the operating principle of long-period gratings with short-

period fiber Bragg gratings using Mode theory of grating are discussed.

Chapter 2 provides the comprehensive literature review, gaps in present study,

problem formulation and objectives.

Chapter 3 describes the mathematical model used to analyze the LPG. Chapter
highlights coupled mode theory and the solutions obtained for the coupled mode
equations. Analysis of transmission spectra obtained for LPGs in single mode fiber
using Matlab and software package Optigrating 4.2.2 is covered. The chapter also

includes the experimental validation of theoretical observations.

Chapter 4 introduces the phenomenon of photosensitivity in optical fibers and the
techniques for improving photosensitivity. It also covers the techniques of
fabrication for long-period gratings like Excimer laser and point by point method.
The process of fabrication of LPG using Teraxian grating writing is discussed in
length. Various optical and non-optical components along with the different modes
of grating writing are highlighted. Experiments conducted for the characterization of

fabricated uniform LPG are also included.

Chapter 5 describes the theoretical and experimental analysis of metal oxide coated
LPG refractive index sensor. The coating structure and its properties have been
investigated using SEM, FTIR and Raman spectroscopy analysis. The RI sensitivities
of the uncoated as well as ITO coated LPG is monitored with glycerol solutions of
different concentrations. A comparison of both demonstrated that the sensitivity is

enhanced by 2-3 times because of coating in our case.

Chapter 6 outlines the significance of moisture measurement and the existing
technologies; both electronic and optical are highlighted. Also describes the

experimental demonstration of gelatin/CoCl2 coated LPG as Relative humidity
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sensor at length. The LPG coated with mixture demonstrated a sensitivity response
of 0.18 nm/%RH with an error of +1.45%. The design offers minimal hysteresis loss of
+0.18% and a stability error of 0.056% and repeatability of 99.7%. In addition to this,
the effect of grating period on the performance of sensor has also been studied. It is
seen that LPGs with a lower grating period have higher sensitivity of RH level
changes. The ITO and CoCl:/gelatine coated LPG as humidity sensor is also included
in the chapter. The sensor measures RH variation efficiently in the range of 40% to
95% RH with sensitivity of 0.12 nm/%RH, accuracy of 98.45%, stability error 0.031%,

hysteresis error of +0.12% RH and repeatability of 98.7%.

Chapter 7 deals with the analysis of FBG written in MMEF, the scope of FBG as
current sensor is covered in detail. The chapter highlights the fabrication and
characterization of FBG in MMF. The effect of temperature and strain on FBG in
MMEF is also studied theoretically using software package Optigrating 4.2.2. FBG as a
current sensor is demonstrated successfully using two configurations: Without
housing and with housing. The designed sensor shows resolution 0.05 Amp,

accuracy 95%, and repeatability 5 pm.

Finally, Chapter 8 covers conclusions, recommendations of the thesis and provides

the future scope of the work.
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CHAPTER 3. MODELING OF LONG PERIOD GRATING

3.1 Modeling of Long Period Grating

This chapter describes a mathematical model for the analysis of LPG. As described in
chapter 1 that LPG enables coupling from core mode to co-propagating modes i.e.
higher order core modes or cladding modes for the wavelengths which satisfy the
phase matching condition. Coupled mode theory (CMT) is the most widely used
technique to analyze such waveguides with periodic perturbation [65, 66]. This
method assumes that the modal fields of the waveguide remain unchanged in the
presence of weak perturbation. A set of first order differential equations giving the
change in the modal field amplitudes along the perturbed waveguide region is
obtained which have analytical solutions for uniform periodic perturbation. Another
widely used method is matrix method [66, 67] which provides clear solutions for
more complex structures. This assumes slow variation in the nature of perturbation
such that complex grating may be considered as a concatenation of several uniform
gratings. Bloch theory approach [68] has also been used to analyze grating structures
which results in exact Eigen mode solutions of periodic structures. Another
interesting method which is used to analyze wave propagation in periodic
structures, applied mainly to short period gratings is the effective medium approach
[69]. Recently graphical solution method and new transfer matrix method have been

reported to analyze LPG [172, 173].

Throughout this thesis coupled mode theory is used to analyze the grating
structures. In this chapter, the results of coupled mode theory analysis used to
compute the transmission spectra of LPG are reviewed. A brief introduction about
mode theory is included in the chapter 1; the following section gives detail

explanation about CMT.
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3.2 Coupled Mode Theory

Coupled-mode theory gives only approximate solutions of Maxwell’s equations in
layered media still it is straightforward and intuitive. The solutions obtained give the
optical properties of most fiber gratings of interest. We consider an optical fiber with
axis along the z-direction. In the absence of any perturbation, the total field

propagating in the fiber can be expressed as a linear combination of normal modes

as [70]
EGY,zt) = YmAn Yn(xy)e (@fn? (3.1)

where Ay, is the constant amplitudes and ¥, (x,y) represents the transverse field
profile of the m™ mode with a propagation constant 3,;,, when a field of frequency w
is excited into the fiber if there is a sinusoidal perturbation of period A along the

tiber axis in the core, the perturbed refractive index in the core is then given by:
Npe = Ny + 8n(z) (3.2)
where n, = An + An sin(Z“Z/A) (3.3)

In above equation n, is the refractive index in the unperturbed core, An is the
increased average index in the core, An is the peak modulation in the refractive
index and A is the period of perturbation. The perturbed relative permittivity can

now be written as:
e + Ae, = (n; + On(z))? (3.4)

where the relative permittivity of the unperturbed medium ¢, = n? and assuming

the perturbation to be only a small fraction of the refractive index it follows that:
& = 2n,0n(z) (3.5)

Now the total induced polarization can be defined as:
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We have wave equation [1]:
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Substituting Equation (3.6) in Wave Equation, we get

62E azp .
2 _ _ grating
V7E = logg 2z Mo Tz

(3.6)

(3.7)

(3.8)

Now considering the total field as the combination of fields due to only 2 modes (co-

propagating) having maximum interaction due to perturbation, Equation (3.1)

becomes [71]:

Exy,zt) = A (2)W;(x y)e (@Bi2) 4 A, ()W, (x, y)e (@622

(3.9)

where (31 and 32 are the propagation constants of the modes calculated in the absence

of perturbation in the fiber, Ai(z) and Ax(z) are their corresponding amplitudes, {1

and {2 represent the normalized field profiles. Substituting Equation (3.9) in

Equation (3.8) and considering that in the presence of weak perturbation, the

variation in mode amplitude is slow (slowly varying envelope approximation

(SVEA) satistying [1, 77] :

%Ay

0z2

0A
< [B5E

where the subscript k denotes the mode number, we get:

0A,

—2if; — L|,,1ei(wt—[312) _ ZiBZ%

0z ot2
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Multiplying both sides of Equation (3.8) by {1* and integrating over the whole

grating cross section and by considering the orthogonality relation between modes

given by:
Jo 17w Wy dxdy = 0 (3.12)
We get
. 0A i — co co 2%p ratin *
—2iBy — >y el @FD = [ f Ty —E5E W dx dy (3.13)

Substituting for Pgraing from Equation (3.6) in Equation (3.13) and choosing the

appropriate synchronous terms we get,

% = _iKllAl - iKlezei(Bl_Bz_K)Z (314)

where K=2m/A represents the grating vector. Similarly by multiplying both sides of

Equation (3.11) by ¥, and repeating the steps as described above we get,

A,

9z = _iKZZAl - iK21A1ei(Bl_BZ_K)Z (3.15)

where i;jand k,, represent dc coupling coefficients andk;, and w,jare cross
coupling terms. The k values can be computed analytically or numerically knowing
the tield expressions. We can substitute

K= /K, Kp; leading to coupled mode equations as follows:

% = —ikA,el(B1=B2-K)7 angd % = —ikA, e 1(B1=B2—K0z (3.16)

Now making a variable transformation, we get:

A, = RelB1=B2-K)z (3.17)
A, = S e 1(B1mB2-K)z (3.18)
The CM Equations can be rewritten as [174]:
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dR

5, = IS — ioR (3.19)
s _ . .
e ikR + i8S (3.20)

where 0 = (1-p2-K)/2, represents the detuning factor, as mentioned in Chapter 1.
Coupling between the two modes is maximum, for frequency satisfying zero

detuning condition, i.e. d=0; given by:

B — B, = 2T/, (3.21)

where A is the grating period. The Equation (3.21) represents the phase matching

condition between two modes.

3.3 Solution of Coupled Mode Equations

Imposing the boundary condition (that all the power is launched into the core mode

at the input to the grating, which is the usual case), i.e.
R(z=0,6)=1 (3.22)
S(z=10,6)=0 (3.23)

The solutions to the coupled mode equations given in Equations (3.19)-(3.20) can be
obtained. The transmission coefficient of the grating of length L would be given by R
(L,d). Closed form solutions of the coupled mode equations can be obtained for

uniform gratings [174].

In uniform gratings the grating length and period is uniform throughout the length
of the grating in which the CM equations can be solved analytically. Differentiating
Equation (3.19)-(3.20) and substituting for the first order derivatives from the
original Equation (3.19)-(3.20), the resulting set of equations can be solved by
applying the boundary conditions given by Equation (3.22) and (3.23). The general

solutions obtained are given by:
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R(z=1L,8) = cos(yL) — igsin(yL) (3.24)

S(z=1L,8) = —issin(yL) (3.25)
where y = Vk? + §2 (3.26)

The transmitted power corresponding to the two interacting modes at the end of the
grating of length L are given by |R(z = L,6)|* and|S(z = L, §)|*>. The core mode

transmitted power:
IR(z, &2 =1— ;—z(sm(yz))z (3.27)

For a wavelength corresponding to zero detuning, i.e. d =0, Y = k, the transmitted
power in the core would be simply (cos(yz))?, and for a given grating strength the
power output at the core varies as a cosine function with increasing grating length. It
is clear from Equation (3.22) that total power associated with the two modes is

conserved i.e.
IRI>+ IS =1 (3.28)

Thus if an output power of unity is launched into the fundamental mode of the fiber
containing a grating of length L, the frequency dependent transmitted field

amplitude at the end of the grating would be:
R(z=L,8) = Cos(yL) — i%sin(yL) (3.29)

This is the LPG transmission coefficient. The LPG coupling efficiency is the power

lost to the cladding mode from the core mode i.e.

n=1-|R(zI* = ;—E(Sin(w))z (3.30)
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3.4 LPG in Standard Fiber: Analysis

The core-cladding mode interaction in a fiber grating can be explained by treating
the coupling among the core mode and the multiple cladding modes simultaneously
at a particular wavelength, using coupled mode theory [77]. However in most cases
individual resonances are sufficiently narrow and spectrally separated that coupling
between core mode and a single cladding mode well describes the transmission. In
such cases simple two mode coupled theory can be used as done in this thesis. The
coupled mode theory and the results discussed in section 3.2 are general and can be
applied to any fiber provided the propagation constants of the interacting modes
and the coupling coefficients for interaction between any two modes is calculated
numerically, which would depend on the fiber geometry. Erdogan [77] used linearly
polarized approximation to describe core guided modes while the cladding modes
tields have been obtained using exact vector field treatment since the interface
between the cladding and its surrounding might have large index difference. In our
case also linearly polarized (LP) approximation is used to calculate both core and
cladding fields. The difference in the result due to use of scalar approximation
would be shift in peak position of the resonances. However, to design gratings for
any practical application, scalar approximation would be sufficient since the
behavior of the transmission spectra can be well described by this approximation.
The peak position of resonance, obtained experimentally, would be sensitive to
index fluctuation or radius fluctuation in the fiber spool and exact match in peak

position is not expected even if vector calculation of the fields is performed.

3.4.1 Core mode analysis

Core modes are supported by the total internal reflection at the core cladding
boundary and have a propagation constant 8 such that, n3k3< f? < n?k3 where ko the
wave vector in vacuum [175]. We consider simple 3-layer step index fiber geometry
with core radius a, refractive index ni, cladding radius a2 and refractive index nz2 and

surrounding medium of refractive index ns. The transverse modal fields are
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oscillatory in the core and decay outside it. The transverse dependence of the core
modal field is given by [1, 175, 176]:

_ 4 Juwr/ay) [cos(lg)
lP(T‘, (I)) = Aco W [sm(ld)) r<a (331)

K(wr/a,) [cos(1)

© ~ k) |sin(lp) r>a (3.32)

where U = a;3/(k3n? — B2) , W = a, /(B2 —n?k2) and normalized waveguide
parameter V, is key parameter in determining what modes propagate in a fiber and

is defined as:

V=(U24+W2) = kory/(n? —n2) (3.33)

Here J; is a Bessel function of the first kind, K; is a modified Bessel function of the
second kind. The continuity of { is assumed at r = a,. The interface at r = a, is

neglected since the decaying field has negligible strength at this point. Therefore

o 2
continuity of % atr= a, leads to:
ar

JW) _ K]

nw K (3.34)

With respect to the cladding modes, their derivation is more complicated, since the

waveguide geometry includes two boundaries. By using recursion formulas we get:

J14i(U) — Wh (335)

J1(0) ¢

We will use above equation to study the guided modes in step index fiber. For /=0

we get:
Ji(U) K; (U)
u Jo() w Ko(W) (3.36)

Here the boundary conditions used in deriving the Eigen value equation are

consistent with the approximation involved in scalar value wave equation. To solve
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the above equation it is convenient to define the normalized propagation constant,

which is given by:
B>_ 2
Pl w2
b n%—n% = ? (337)

Thus, W = Vb and U = /(V2 —W?2) =V/1-b.

For guided modes: n3k3<p? < n?k3i.e 0<b <1 and for | =0 the equation can be re

written as:
Ja(vWi-b) _ K1(vVDb)
VV1—Db el VVb "D (3.38)

The solution of the above equation will give us universal curves describing the

dependence of b on V. The effective refractive index of the mode which is given by:

nete = k% = Jn2 + b(n? —n3) (3.39)
Solving this numerically one gets the allowed values corresponding to different
guided modes supported by core. For example we consider a fiber of n; =1.4573, n,=
1.45, n;=1.0, a; = 2.5um and a, = 62.5um at A= 1.55 um, this fiber supports only one
core mode whose propagation constant can be obtained by solving Equation (3.34) as
core ne= 1.45160, B (LPy;) =5.88432um ™. The parameters mentioned above are same
as taken by Erdogan [71, 77]. The same value for LPo: for core net =1.4516052 is
obtained correctly up to 7* decimal point using software Optigrating 4.2.2 as shown

in the Table 3.1.

Table 3.1 Calculated values of net for fundamental mode

Mode Core nett (Optigrating 4.2.2) Core net (Reported model [176])

LPo 1.4516052 1.45160
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The Figure 3.1 shows the 3D preview of the field, where maximum light is carried by
the fundamental mode LPo with component Ey, taking mesh X=40 and Y=40 by

using same above said parameters.

Figure 3.1 3D preview of the field for fundamental mode
3.4.2 Cladding modes
Cladding modes are those modes which are propagated by total internal reflection at
the cladding air interface. They have propagation constant f such that nk3<f? <
n3x$ the transverse field is oscillatory in both core and cladding and decays outside
the cladding. Calculation of cladding modes uses the approximation that the fiber
can be considered as a multimode step index structure ignoring the presence of core,

an approach that has commonly been used to simplify cladding mode analysis.

3.4.2.1 Two Layer Model

The two-layer model basically treats the cladding and core as one multimode fiber
and the surrounding environment as the new cladding only in the LPG region. In the
two-layer approximation used by various authors, the refractive index profile used

to evaluate the propagation characteristics of core and cladding modes is given by

[118]:
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n = n1 r< a1
=N, aq <r< a,
= Ngir r>a, (3.40)

where a,, a, are the core and cladding radii n;, n, and ng;, are the refractive indices

of core, cladding and air respectively.

3.4.2.2 Three Layer Model

To calculate nes.a the three layer model is used to overcome the design inaccuracies
of two layer model. In three layer model the variation of effective refractive index
can be calculated correctly up to fourth decimal point whereas this is not possible in
two layer model. The three layer model takes more data points between the two
values of effective indices therefore it is more accurate. Figure 3.2 shows the

representation of three layer model.

Core

Cladding

Surrounding n;

Figure 3.2 Representation of Three layer model

The transverse dependence of cladding mode is given by [176]:

cos(lp)

Y(r, ¢) = A,(Uir/ay) [sm(qu)

r<a (3.41)
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= BJ,(U,r/a,) + CY; (U, r/ay) [(s:?r?((llgf)) a; <r<a, (3.42)
= DK,(W r/a,) [‘;?Ifgl’)) r>a, (3.43)

where Uy = a,y/(k§nf — B2), W; = azzv (k§n3 — B2), W5 = a22\/ (B? —kgn3)

Continuity of the field and derivative of the fields at the boundaries r = a; & r = a,

leads to following equations:

AJ,(Uy) = BJi(Uz a1/ az) + CY(Uz a1/ a,) (3.44)
AZNUD) = BLy(U; a1/az) + CYi(U a; /) (3.45)
BJi(Uz) + CY,(Uz) = DK;(W3) (3.46)
B2Ji(Up) + C2¥i(Up) = D2 Ky(Ws) (3.47)

Here Y; is a modified Bessel function of the first kind. If the modes are normalized to

carry unit power then under the weakly guiding approximation, we may write [77]:

B fozn fooo W2 (r)cos?(lp)rdrde = 1 (3.48)

2wpg

For a frequency component w and free space permeability o, the four equations
(3.44-3.47) form a set of coupled equations. For a given ay, a,,ny,n, n; and A we can
tind B such that the determinant formed by coefficients of A, B, C, D from the four
equations is zero. Figure 3.3 shows propagation characteristics of the cladding
modes obtained by the three-layer approximation. In Table 3.2, we consider a fiber of
parameters n; = 1.4573, n,= 1.45, n3= 1.0, a; = 2.5 ym and a, = 62.5 pm to calculate
neit using both three layer model and optigrating 4.2.2. At A=1.55 um, the 8 values of
seven lowest order modes given by LPw = 5.8775 um?, LPos = 5.8768 um, LPu =
5.8755 pum!, LPos = 5.8738 um, LPos = 5.8723 um!, LPo7 = 5.8699 um" and LPos= 5.8674

um-!
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Figure 3.3 Calculation of effective refractive index of cladding modes using three
layer model

Here, it is evident from the Table 3.2, that the values obtained by Optigrating 4.2.2.

are in accordance with the values obtained by three layer model.

Table 3.2 Values of net cladding modes calculated by Optigrating 4.2.2 and three
layer model

Mode nes(Optigrating 4.2.2) nett (Three layer
model)
LPo2 1.4499502 1.4499
LPos 1.4497850 1.4498
LPos 1.4495086 1.4495
LPos 1.4491241 1.4491
LPos 1.4486341 1.4485
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LPor 1.4480403 1.4480

LPos 1.4473437 1.4472

Figure 3.4 shows the 3D preview of the field profile calculated by software
Optigrating 4.2.2, for all cladding modes LPo to LPos with component Ey, taking mesh

X=40 and Y=40 using same above said parameters.

Figure 3.4 3D preview of filed profile for cladding modes LPo: to LPos

A typical transmission spectrum for a grating length 2cm, period=539 um and center
wavelength=1585 nm with index modulation 0.0003 on a fiber chosen in the example
shown in the Figure 3.5 . This period enables coupling from LPo: (core mode) to LPos
(5" cladding mode) with resonance peak at 1585 nm. The 3D preview of the field
profile is generated by software Optigrating 4.2.2, for coupled mode between LPa to
LPos with component Ey, taking mesh X=40 and Y=40 is shown in Figure 3.6.
Simulation results also suggest that, the central wavelength is a function of grating
period. For the same resonant wavelength, the fundamental mode can be coupled to
LPos mode with period 783 um,LPos mode with period 653 pm and LPo with period

445 um keeping rest of the parameters same.
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Figure 3.5 Transmission spectrum of LPG with period 539 um, index modulation
0.0003 enabling coupling of 5* cladding mode at 1585 nm

Figure 3.6 3D preview of field profile for LPG with period 539 pm, index modulation
0.0003 enabling coupling of 5" cladding mode at 1585 nm

Similarly, the values of nett for cladding modes are also calculated by software
Optigrating 4.2.2 for LPo to LPos by taking core & cladding refractive indices and
radii values 1.458, 1.45, 2.5, 62.5 respectively. The resonant wavelength is taken 1450
nm. The results are compared with existing two and three layer values. As shown in

Table 3.3, we observed that Optigrating 4.2.2 calculated values more accurately up to
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seventh decimal point. Additionally, values are also in accordance with the one

obtained by three layer model.

Table 3.3 Comparison of nett core & cladding modes values calculated by Optigrating
4.2.2 with reported values [118]

Mode nes(Optigrating 4.2.2) nett (Three layer nett (Two layer
model) model)
LPo: 1.4523316 1.45233 1.45233
LPo 1.4499581 1.44995 1.4498
LPos 1.4498174 1.44980 1.4496
LPos 1.4495803 1.44954 1.4493
LPos 1.4492489 1.44918 1.4489

3.5 Experimental Validation

Using this simulation work, LPG is fabricated in boron co-doped fiber with core

radius a1 = 2.5 um and cladding radius az= 62.5 um, center wavelength=1585 nm and

period 539 um, couple modes between LPo to LPos. The simulated spectrum of LPG

is shown in Figure 3.5. The experiment was performed with different standard

refractive index liquids and the transmission spectrum was monitored on an optical

spectrum analyzer to verify the theoretical response. The schematic of the

experimental setup is shown in Figure 3.7.
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Figure 3.7 Schematic of experimental setup

The portion of the fiber with grating inscribed in it is fixed at both ends. Micro-
positioning stages with a glass slide attached on its surface are placed beneath the
grating. The stages can be positioned in such a way that the LPG gets submerged
completely with the standard RI liquid (Cargille Labs), which have a quoted
accuracy of £0.0002 .To avoid any bending fiber is held straight by use of two fiber
holding stages. Extra attention is given to observe the spectrum on highly sensitive

Optical spectrum Analyser (OSA).

As the wavelength based measurement has been chosen over intensity based, which
is more reliable particularly in sensing applications. Prior to the next RI liquid, the
previous liquid is rinsed off the slide, the slide is cleaned and the LPG is washed
thoroughly with isopropyl alcohol several times so that the LPG spectrum returns to
its original position. Similar steps are followed for subsequent RI liquids. The

spectrum is shown in Figure 3.8, when LPG is subjected to three different RI values.

69



Air
69 — —_—1.33
—1.452

-70 -

=71 4

72 -

73 -

Transmitted power (dBm)

.74 -

-75 T I T l T l T I T I T l T I T I T I T I
1550 1555 1560 1565 1570 1575 1580 1585 1590 1595 1600

Resonant Wavelength (nm)
Figure 3.8 Spectral signature of LPG subjected to different RI values

Whole experiment is performed at room temp i.e. 25°C. Unlike Fiber Bragg grating,
the temperature effect on sensor can be taken care of by using temperature
compensation techniques. While performing the experiment no effect of ambient
light is observed as chemical etching of cladding is not performed to make it more
sensitive towards ambient RI change. Then the response with standard liquids of
refractive indices 1.4-1.45, 1.452, 1.454 & 1.458 is monitored and matched with the

simulated response within the same range.

The theoretical and experimental results are compared with graphs shown in Figure
3.9.The simulated result depicts the shift in wavelength of LPG for its coupling mode
LPos, when subjected to standard RI solutions ranging from 1.4 to 1.458. It starts with
the reference point and then RI varies up to 1.458. It is scrutinized that shift is
highest between RI value 1.45 to 1.458. Whereas, experimental results validates this
variation within the same range and reflects that the experimental results are in

accordance with the simulated results.
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The wavelength shift at resonance is 1lnm for simulations and 19 nm for
experiment, the difference between these could be due to the difference in core RI; in
the theoretical analysis a core RI of ~1.45 was used. Fiber parameters used for
simulations are not exactly the same. The grating used in this experiment is written
on SMF28 after hydrogen loading, therefore it is difficult to perfectly estimate fiber

parameters in simulating the results.
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Figure 3.9 Simulated (square) and Experimental (star) results of RI responses

The plot shows that the resonant wavelength decreases from 1.00 to 1.40 before
falling sharply to a minimum around 1.45, at which point, it jumps back up to a
wavelength near its original position. LPG is most sensitive to changes in the
ambient index when the indices are close to the material index of the cladding (n2),
which is approximately 1.45. The points beyond 1.45, at the cladding threshold, the
peak nearly disappears when cladding mode converted to radiation mode losses and
then slowly begins to increase in depth with the ambient index .This is the case when
surrounding refractive index is higher than the cladding refractive index. At that

point, no significant shift of wavelength will occur [177].
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The experiment is repeated several times. The repeatability of sensor comes out to be
99%. The effect of change in temperature on LPG was also observed as shown in the
Figure 3.10 and the thermal sensitivity comes out to be 0.38 nm/°C, and 0.043 RI units
change for per degree rise in temperature which can be overcome by using
temperature compensation techniques. The approach similar to temperature
insensitive refractometer based on two concatenated dual-resonance long-period

gratings with an appropriate inter-grating space (IGS) in between can be explored

[178].
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Figure 3.10 Thermal response of LPG
The thermal response of LPG was determined by placing the LPG inside the water

bath and increasing its temperature by using hot plate. Expected red shift is obtained
when the temperature increases. To the water, LPG showed approximately linear

thermal behavior; therefore linear regression was used to determine the sensitivity.
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Temperature cross sensitivity is also an important issue checking thermal response
of LPG. It can be compensated by using dummy LPG in parallel having same
parameters written on same fiber. The Other method is to provide thermal
packaging. This packaging will make no effect of temperature on LPG. One point
should be taken in account that all the experiments should be performed at

maintained room temperature.

The drive current fluctuations effect contributes a refractive index measurement
error of 0.01 RI units for 10% change in it. The sensor gives 0.004 RI units change of
refractive index for bend curvature of 40 cm™. The light source has output stability of
+0.05 dB at 25 °C, therefore we assume negligible effect of light source drift on sensor

performance.

3.6 Coupling Coefficient

It is observed that the coupling between two modes propagating in the same
direction is a strong function of the detuning ratio d/k, where 0 is the detuning
parameter and k is the coupling coefficient of the grating as described earlier. The
detuning parameter is dependent on the proximity of the operating wavelength to
the phase-matching wavelength for the grating. Conversely, the coupling coefficient
is a function of index change and the modal overlap between the guided and
cladding modes over the region of perturbation. For maximum power transfer, it is
required for the value of the detuning ratio to be as small as possible, which means
that the coupling coefficient should be optimized to improve the grating
performance. Additionally, there is a dependence of the coupling coefficient on the
order of the cladding mode and the operating wavelength as well as the peak index

change.

To derive an expression for the coefficient, the following approach should be used. A
function 6n(x) is used to describe the periodic refractive index modulation in the

tiber core such that the modified profile n(x) is given by [179].
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n(x) = ny + 6n(x) (3.49)

where ni1 is the unperturbed core index of refraction. The periodic variation in the

index can be expressed in terms of its Fourier series, which is given by [179]:
sn(x) = An Ao + BR Ay COS (Z5x))] (3.50)

where A are the Fourier coefficients. It is normally limited to first order interactions
(N=1) for coupling to all cladding modes. The coupling coefficient k is given by the

square root of the product of the two cross-coupling coefficients k12 and k21, given by

K= \/K12K21 (351)

where 1 and 2 are guided and cladding mode respectively. The cross-coupling

coefficients are functions of the order of the mode m and expressed as:

()™ = k4 |Jo AnEoy (NEZ (r)dr]

2 \/f(:o(Em(T'))szT ng(EZ?(T))Zrdr

(3.52)

where Eo(r) and EJ}(r) are electric field distributions of the fundamental guided
mode and the circularly-symmetric cladding mode of order m respectively. The
integration in the numerator is over core only since the refractive index perturbation
for grating is confined in fiber core. It is presumed that the index modulation is small
compared to the unperturbed core index and hence from equation (3.49), nX(x) — n? =

2mdn(x). In defining the overlap integral which is given by [179]

% ANEy (ME™(r)d
= b ORI O8 (3.53)
Jfo (Eor(r)?rar [ (EZf(r))?rdr
The coupling coefficient can be rewritten by:
(1) = mlAnin™ (3.54)

}lm
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where it has been assumed that the coupling coefficient is constant across the spectral

width of a resonance band of order m and centered at A(™),

Therefore, the coupling coefficient for a LPG has the same form as that for a FBG. Since
the coupling coefficient is directly proportional to the overlap integral, the modal
distribution of the cladding mode will have a strong impact on its magnitude.
Additionally, since the index modulation has no azimuthal variation, the coupling of the
guided mode can occur only to circularly-symmetric cladding modes, and for all other

cladding modes, overlap integral is zero.

3.7 Transmission Spectrum of LPG

Detailed analysis of LPG in cylindrical fiber has been given in various papers and
books [22, 71, 77, 90, 91, 103, 105]. In this thesis we consider LPGs which involve
interaction between core mode and a single cladding mode for a given wavelength
range of interest. Knowing the  values of the modes, for a given wavelength one can
find the required grating period which would satisfy the phase matching condition
for interaction between any two modes. The grating strength x depends upon the
overlap of the fields of the two interacting modes. Solving the four Equations (3.31-
3.34), we can calculate the propagation constants for the cladding modes and the

tield profiles are shown in Figure 3.11.
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Figure 3.11 Field profile of various cladding modes

75



Similarly, the resonance wavelength changes with grating period for different

cladding modes as described in Figure 3.12.
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Figure 3.12 Variation of resonance wavelength with change in grating period for
different cladding modes

Simulated transmission spectrum of an LPG with period 625 um, An= 0.0003, length
2 cm and resonance wavelength 1.55 um is shown in Figure 3.13 using Matlab.

The grating period enables coupling of 4" cladding modes. The value of effective
refractive index for LPo1=1.4516052, LP02=1.4499505, LP03=1.4497861, LP0+=1.4495110,
LPos=1.4491284.

Transmittance (dB)

" L L L ! L
14 145 15 155 T3 166 I

Wavelength (pm)
Figure 3.13 Transmission spectrum of an LPG with period 600 um, An=0.0003, A
=1.55 um
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Similarly, the transmission spectrum of LPG is calculated using software Optigrating
4.2.2 with period 600um, grating length 10 mm, An= 0.0001, A =1.52 um as shown in
Figure 3.14. The grating period enables coupling of 5" cladding mode. The value of
effective refractive index for LPo1=1.4515200, LPo2=1.4499478, 1.Po3s=1.4497752,
LPo+=1.4494869, LP0s=1.4490864, LP0¢=1.4485763
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Figure 3.14 Transmission spectrum of an LPG with period 600 pm, An=0.0001, A
=1.52 um

3.8 Summary

This chapter outlined the coupled mode theory which is used to analyze mode
interactions in LPG. Two layer and three layer models are discussed for cladding
mode calculation. Typical transmission curves for uniform LPGs are shown using

Matlab and Optigrating 4.2.2. Experimental validation of the simulated refractive

index response of LPG is covered.
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CHAPTER 4. FABRICATION AND CHARACTERIZATION
OF LONG PERIOD GRATING

4,1 Introduction

Photosensitivity in optical fiber refers to a permanent change in the index of
refraction of the fiber core when exposed to light with characteristic wavelength and
intensity that depends upon core material. Photosensitivity also known as photo
refractivity was discovered by Hill [180]. This is commonly used to modulate the
refractive index of materials spatially and fabricate devices such as gratings. A
refractive index grating is an optical device that performs to modulate the amplitude
or phase of an incident wave periodically. Initially, photosensitivity has been
thought to be phenomenon only associated with optical fibers having large
concentration of Germania in the core and photo excited with 240-250 nm UV light.
However, photosensitivity has been observed with excitation at different UV
wavelengths (e.g. 157 nm, 193 nm, 325 nm, 351 nm) [181-183] in a wide variety of
different fibers, many of which have other dopants (e.g. boron, erbium, tin,
phosphorous) [184-187] in addition to Germania and some of which contain no
germanium at all (e.g. rare earth doped fibers, aluminosilicate fiber, flurozirconate
fiber doped with cerium:erbium) [188-190]. There have been efforts to enhance the
photosensitivity in fibers by introducing techniques such as hydrogen loading [191],

flame brushing [192] and co-doping.

In Hill’s experiment, he used the interference pattern of two counter-propagating
beams of blue green light (488 or 514 nm) inside a germanium-doped single mode
tiber to form a refractive index grating internal to the fiber core. Such gratings couple
light from the forward-propagating LPn fundamental mode to the reverse-
propagating LPo: mode at a wavelength for which the phase-matching condition for

mode coupling is obeyed. For the grating fabricated by Hill et al., the reflection
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wavelength, which is known as Bragg wavelength, was equal to the writing UV
wavelength as the grating was written by launching light in the fiber core. Since
these gratings in the visible spectrum were not useful for optical communication
applications at 1.31 mm. Telecommunication devices had limited applications for
fiber Bragg gratings till 1989 when the transverse holographic method for grating
fabrication was proposed by Meltz et al [57]. The side-writing technique enabled
mass production of in-line fiber gratings at the desired wavelength using the
interference pattern between two spatially and temporally coherent UV beams.
Photosensitivity has also been utilized to modify the mode field diameter of the
fundamental guided mode to assist in mode conversion. Numerous models have
been proposed such as color centre model [193], the stress relief model (SRM) [194],
dipole model [195], the compaction-densification model (CDM) [196], etc. for
understating the mechanism of photo induced refractive index change in fibers. The
electronics defect oriented changes and structural changes are involved in
photosensitivity. The structural model associated the photosensitivity with the local
structural changes in glass which occur during illumination. Stress-Relief Model and

Compaction-Densification Model can be grouped under this category.

4.1.1 Stress Relief Model (SRM)

This model explains the change in refractive index as a direct result of the relaxation
of built-in thermo-elastic stresses in the core of the fiber during Ultra Violet(UV)
irradiation, brought about by the rapture of wrong bonds [197]. The model takes into
account the intrinsic relaxation of the stressed glassy network and the external
interfacial stresses. The residual stress arises from the difference in the thermal
expansion between core (acore) and cladding material (acad) and due to the difference

in glass transition temperature (Tj).

During fiber drawing, as glass is cooled below the fictive temperature, the difference
in thermal expansion of the core and cladding (ctcore > atclad) manifests as a frozen-in

thermal stresses in the fiber core. The refractive index changes as a consequence of
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stress relief in the core fiber, initiated by breakage of the wrong bonds by UV light.
Refractive index change due to stress relaxation in a highly stressed fiber is of order
of 10° [198]. Fonjallaz et al [199] has reported the measurement of axial stress
modification in FBG and it was shown that the tension in the core of single mode
germanosilicate fibers is greatly increased during Bragg grating formation. A strong
increase in tension has been observed in [200], which contradicts SRM [194]. Finally,

the thermal reversibility of grating cannot be explained by this model [201].

4.1.2 Compaction—-Densification Model (CDM)

The compaction model is based on laser irradiation —induced density changes that
leads to refractive index changes. A differential form of the Lorentz-Lorenz relation
for glass of molar refractivity Ryis given by [202, 203]

&:M{LA_R_ 1}4 (4.1)

n 6n AV R 14

Equation (4.1) shows that the fractional change in the refractive index n can be the
result of photo-induced changes in the glass volume V and/or in the refractivity Ry.

Here Rris given as

_ (*-1)
Rf T o(n2+2) (4.2)

where g being the specific gravity. The Eq. (4.1) may be expressed as [204]

Anoc (AV/V _ ARy /Rf) (4.3)

This clearly shows that there is a competition between these two terms, which affect
the refractive index. Irradiation by laser light at 248 nm at intensities well below the
breakdown threshold has been shown to induce thermally reversible, linear
compaction in amorphous silica, resulting in refractive index changes [205] for the
tirst time by Fiori and Devine. Although the density change model for fiber

photosensitivity was recommended, as a possible mechanism among others, as early
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as 1991 [206], it was only in 1998 that direct evidence for its existence was
demonstrated in the cores of germanosilicate preform slices through transmission
electron microscopy (TEM) [207], interferometric microscopy (IM), and atomic force
microscopy (AFM) [208]. The density change model is relatively new and it has not
been examined comprehensively. Even though there is some literature available on

density change in germanosilicate fibers, this area is not explored much.

4.2 Techniques for Improving Optical Fiber Photosensitivity

The photosensitivity can be determined by measuring the amount of change in
refractive index produced in a fiber core following a specific exposure to UV light on
it. Therefore, the discovery of photosensitivity and the first demonstration of grating
formation in germanosilica fibers play a major role in understanding and increasing
the photosensitivity in optical fibers. Optical fibers that were fabricated initially,
with high germanium dopant levels or under reduced oxidizing conditions were
confirmed to be highly photosensitive. Since then, many methods and techniques
have been developed for improving and enhancing the photosensitivity in optical
tibers. Those methods include thermal-induced refractive index change, the
hydrogen-loading technique, photosensitivity increase by strain, and the co-doping

technique [192].

421 Hydrogen-loading of germanosilicate fibers

In 1985, Tomita and Lemaire [209] were the first to show that hydrogen results in
defect formations in germanosilicate glass. Later Salik et al.[210] suggested that
optical fibers treated with hot hydrogen show increased photosensitivity in
applications involving second harmonic generation. It was revealed that this
observable fact could be used for grating formation in fibers along with achieving
permanent index changes in germania-silica planar waveguides [191, 211] . The
chemical bonding of hot hydrogen enables permanent increase in the

photosensitivity of germanium-doped fibers.
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High-pressure loading of germanosilicate fibers with molecular hydrogen has also
been demonstrated to increase the photoinduced refractive index changes due to
ultraviolet radiation. The addition of hydrogen to Ge-doped glass leads to the
breakdown of the Si-O-Ge bonds, resulting in the formation of Si-OH bonds and
germanium oxygen deficiency centers (GODCs), both of which lead to an increase in
the index of refraction (Figure 4.1). The absence of any refractive index modulation
in hydrogen-loaded non-germanosilicate fibers lend credence to the belief that

hydrogen attacks the germanium sites to produce index changes [212].

The Si-OH bond has an absorption band centered at 1390 nm, and can be detrimental
to the performance of communication as well as sensing systems operating in that
spectral region. This constrain can be conquer by substituting molecular hydrogen
with deuterium, that results in the formation of corresponding Ge-OD bonds with

absorption peaks outside the telecommunication spectral window [191].

With hydrogen or deuterium loading, refractive index changes as large as 102 have
been reported by Lemaire et al [191]and this value is at least two orders of magnitude
larger than the index modulation previously achieved in fibers not loaded with
hydrogen . In hydrogen-loaded fibers, the loss at 1390 nm can also be measured to
estimate the OH concentration in the fibers. It has observed experimentally that the
OH concentration in a photo-exposed fiber is slightly lower than the GeO: content of
the fiber which reveals that hydrogen loading forces a majority of the germania sites

in the glass network to participate in the photosensitivity process [211].
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Figure 4.1 Thermal reaction at the Si-O-Ge bonds leading to the formation of GODC
sites and Si-OH bonds [213]

The process of hydrogen loading involves exposure of the fiber to gaseous hydrogen
at high pressure (100-700 atm) and temperatures ranging from 20 to 100 °C [191]. As
the acrylate provides negligible resistance to hydrogen diffusion, the fiber coating
for this process need not be removed. Adding up hydrogen to optical fibers
produces first overtone absorption at 1240 nm and this loss is related to the
magnitude of hydrogen present in the fiber. Hydrogen loading at room temperature
requires one to two weeks to obtain a concentration of 1 — 2% (1% is defined as 1
mole of Hz per 100 moles of SiO:) in case of standard fibers. The out diffusion of the
hydrogen-sensitized fiber is prevented by storing the fiber at low temperature or
high pressure. To guarantee that all germania sites contribute in the formation of
defects, the content of hydrogen is made higher than that of GeO: doping level in the
tiber. Therefore on completion of the UV irradiation process, some excess hydrogen
still remains in the fiber. Since the diminution of hydrogen occurs only in the regions
that undergo refractive index modulation, it raises differential hydrogen
concentration along and across the fiber. The existence of hydrogen enhances the
index of refraction locally and its diffusion to maintain equilibrium results short-
term instability in the characteristics of the photo induced fiber. Hence, it becomes
essential to remove this excess hydrogen from the fiber. A simple way to do this is to
anneal the fiber at high temperature for a short period of time. The annealing process

also serves to remove the unstable germanium defects (at the expense of reduction in
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refractive index) and provides long-term stability at lower operating temperatures

[214, 215].

422 Co-doping technique

Enhanced photosensitivity is found in two kinds of co-doped germanosilicate optical
tibers, which include B-and Tin-co-doped optical fibers. A comparison of the relative
photosensitivity of four different types of fiber including boron co-doping is given in
Table 4.1. The fibers were irradiated with modest power intensities of 1 W/cm? from
a frequency-doubled Continuous Wave (CW) argon ion laser until the grating
reflectivity was saturated [192]. The results showed that the fiber containing boron
had an enhanced photosensitivity. This fiber resulted in much more higher
photosensitivity than the fiber with higher germanium concentration and with
boron. Moreover, the saturated index changes were higher and achieved faster than
for any of the other fibers. This means that there is an additional mechanism
operating in the boron-co-doped fiber, which enhances the photo induced refractive

index changes.

Table 4.1 Photosensitivity assessment of four different fibers [192]

Fiber design to Fiber An | Standard index Maximum Time for
saturate modulation reflectivity for2 | reflectivity to
mm grating saturate
Standard low loss 0.005 0.000034 1.2% ~2 hours
fiber ~ 4 mol%
Germania
High index fiber 0.03 0.00025 45% ~2 hours

~ 20 mol% germania

Reduced fiber 0.01 0.0005 78% ~1 hour

~10 mol% germania

Boron co-doped fiber 0.003 0.0007 95% ~10 minutes

~ 15 mol% germania
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The germanium-boron-co-doped fiber was fabricated with a germanium
composition of 15 mol%. In the absence of boron, this fiber could possess core and
cladding index of refraction difference 0.025. The additions of boron lessen the core
index of refraction. It is believed that boron co-doping increases the photosensitivity

of the fiber by allowing photo induced stress relaxation to occur [192].

Dong et al. also reported on enhanced photosensitivity in Tin-co-doped
germanosilicate fibers. A factor of ~3 photo induced index changes was
demonstrated. The gratings in the Tin-doped fibers have a much improved high
temperature stability compared to B-co-doped fibers. Unlike B-co-doping, Tin-co-
doping does not introduce significant loss at the important telecommunication
window of 1.55 um.Tin can also be easily introduced in the vapor phase as SnCls
using vapor-phase deposition. Alternatively, tin can be incorporated by using the

solution-doping technique.

4.3 Fabrication Process of Long-Period Gratings

A number of novel and interesting techniques have been reported for the fabrication
of long-period gratings since the first long-period gratings was realized by
Vengsarkar et al [11, 216] by using the amplitude-mask writing method. Hydrogen
loaded germanosilicate fibers were exposed to a KrF laser (A=248nm) through an
amplitude mask made of chrome-plated silica through this technique. The weakness
of this technique is that change of grating periodicities could be realized only by

using different periodicities of amplitude-mask which results in increasing the cost.

Zhang et al. [89] fabricated long-period gratings by using the point-by-point UV
direct writing method which is the same technique used for fabrication of fiber
Bragg gratings. Depending on the requirements of period and spectral profile, the
periodic exposure could be provided by a computer-controlled shutter program in
this point-by-point writing process. The major advantage of this technique is the

great flexibility because a grating of arbitrary periodicity and length can readily be
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written by appropriately programming the shutter and translational stage. The main
disadvantage of using the point-by-point writing method is that it takes a long time

to write a single long-period grating and the technical requirements are very strict.

So far, most long-period gratings are made by using the UV exposure of optical fiber,
but Davis et al. [87] and Karpov et al [217] have shown that it is possible to use CO:
lasers. Their experimental configuration consisted of a computer-controlled
translational stage that positioned the fiber in an alignment fixture. Computer
controlled, single laser pulses (~0.5 W, 300 ms) were focused onto a 140 um diameter
spot (~ 7.7 J/mm?2) at the desired positions along axes of the fiber. An optical imaging
system, which was mounted above the fiber aided in the alighment and enabled
verification that no physical deformation was occurring. A spectrum analyzer and a
broadband source with a free-space wavelength in the range 1.4 - 1.6 um were used
to monitor the fiber transmission spectrum as the grating was written. The major
advantage of this technique are that CO: lasers are rather inexpensive, neither
hydrogen loading nor UV exposure of optical fiber is required, and the optical fiber

is not physically deformed.

LPG should be easy to fabricate and suitable for mass production due to their wider
uses and expanded applications in optical communications and sensing systems. Liu
[218] reported a novel manufacturing technique suitable for industrialization. It used
commercial UV-grade fibers to construct a micro-lens array. The array can withstand
in excess of 1 J/cm? per 20 ns pulses of 248 nm laser light. In terms of growth rate, the
long-period gratings fabricated by using the array is four times faster than by using a

metal mask.

In short, there are number of methods, which belong to either UV exposure or non-UV
exposure for fabricating LPG. Point-by-point direct writing method or amplitude mask
technique falls in category of UV exposure technique. Point by Point method is flexible

for fabricating long-period gratings with different spectral characteristics but not
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suitable for the mass production. The later techniques could be used for the mass
production of LPGs. There are three main types of amplitude masks: chrome mask,
dielectric mask and the metal mask. In the non-UV exposure, the facilities of CO:
laser are inexpensive, whereas the cladding etching method and ion implantation
technique are still in the experimental stage. In this section, we will discuss the

methods of by which LPGs used in the experiments are fabricated.

43.1 Point-by-point UV exposure [89]

The point-by-point UV direct writing method is among the most used method due to
its inexpensive facilities and ease of operation. Figure 4.2 is a schematic diagram of
the experimental set-up for fabricating long periods by using a UV-beam-scanning

system.

Translation stage

Computer controlled aperture
*—>

UV beam 248 nm mirror

Telescope

Program connection Microscope objective

—i L__F_—_—‘-____l-
| I Optical
spectrum Clamp v Clamp LED
Computer analyzer z Fibre z

Figure 4.2 Experimental set-up for long-period grating fabrication by using the
point-by-point technique [89]

In order to reduce beam size microscope objective lens configuration and a telescope
is used in the setup. The system is equipped with computer controllable translation
stage and shutter. LPGs of single as well as cascaded structures can be realized by

using this method.
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In the point-by-point technique, UV light is generated by a cavity resonator KrF
excimer laser. Then it is passed through a slit. A lens images the slit on the core of
the optical fiber with the long dimension of the image oriented perpendicular to the
axis of the optical fiber. The image size is estimated as 500x1.5 pum?Zn the image
plane. A single 248 nm UV-light pulse produces fluence level of about 5 J/cm2. A
computer-controlled aperture can be finely adjusted to achieve desired duty cycle of
gratings. Long-period gratings can then be fabricated by translating fiber between
each irradiation step with the aid of an interferometrically controlled translation
stage. The whole point-by-point writing process has been automated so that the
triggering of the excimer laser and the precision stepping of the fiber are carried out

under computer control.

LPG with a period of 500 um and a total length of 1.1 cm in conventional B/Ge co-
doped photosensitive fiber was fabricated using point by point technique [89]. This
grating achieved ~18 dB coupling loss to the LPos cladding mode in the 1550 nm
region. Arbitrary duty cycle long-period grating can be using the point-by-point UV
direct writing method. Thus, this technique is very flexible, thereby permitting the
fabrication of long-period gratings with a variety of different spectral responses

lengths and grating periods.

4.3.2 Amplitude mask method

The most popular method used to fabricate long-period gratings is by employing a
pulsed excimer laser and is illustrated in Figure 4.3. Excimer laser method is popular
as Amplitude mask UV exposure method. Amplitude masks with a rectangular
transmittance function are imprinted on chrome-plated glass and have a 100
mJ/cm?/pulse optical threshold damage level [11]. Several masks with different
periods could be produced on the surface of a glass plate resulting in economical
mask fabrication and providing easier access to different periodicities. The duty-
cycle of the rectangular function is normally 50% and the length of the mask varies

from 1 to 3 cm. The KrF excimer laser (manufactured by Lumonics Corporation)
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produced a pulsed beam of energy 250-300 m]J/pulse, area 2.6x1.1 cm? repetition
frequency 20 pulses/sec, and pulse duration of 10 ns at a wavelength of 248 nm. To
avoid blazing of grating it was ensured that the fiber was exactly parallel to the axis
of the mask. The grating transmission spectrum was monitored in real time as the
bare fiber was exposed to UV radiation and resonance bands coupling to different

cladding modes were observed.

Excimer laser

N (KrF-248 nm) Amplitude mask
Polarization controller

\ I:-_:-:-:-:-:-:l/
Optical Spectrum

LED @ L Analyzer
/ Stripped fiber
Fiber holder

Photosensitive optical fiber

Figure 4.3 Configuration of an experimental set-up for long-period grating
fabrication using the amplitude mask

The acrylate jacket was removed from about 3 to 4 cm length in the middle of the
photosensitive optical fiber and the fiber was aligned behind the amplitude mask of
appropriate period. To prevent bends from influencing the coupling to cladding
modes fiber was supported on both sides of the bare region. Light from a broadband
source such as an LED was launched from one end of the fiber while the normalized

transmission spectrum was obtained on the optical spectrum analyzer display.

The grating transmission spectrum is monitored in real time as the bare fiber is
exposed to UV radiation and resonance bands corresponding to coupling to different
cladding modes could be observed. The resonance band shifts to longer wavelengths
and the peak loss increases as the UV irradiation is continued. The spectral shift can
be attributed to the increase in the guided mode effective index whereas isolation
growth is related to the enhancement in the coupling coefficient. The shift in a
resonance band during the writing process is a function of the order of the

corresponding cladding mode. The band at the highest wavelength typically shifts
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from 40 to 100 nm during the fabrication process. The wavelength shift can be

related to the magnitude of the index modulation during the writing process.

Amplitude mask

Fiber 1

Fiber 2 ENEEEEENENENENENENENEEENEEEEE
o NERERNRERE AN NN RN RN NA
Fiber 4 ENEEEEENENENENENENENEEENEEEEE

Stripped fiber \

Opaque region Transparent region

Figure 4.4 Procedure to fabricate multiple long-period gratings using the broad
dimensions of an excimer laser beam.

The exposure to UV is stopped when the complete power transfer condition is
satisfied for the resonance wavelength with the longest coupling wavelength in the
OSA. The time required to produce a grating varies from 5 to 15 minutes for fibers
with 3-10% GeO: and 2-3% hydrogen in this condition. The coupling to different
cladding modes is clearly evident in the grating transmission spectrum. Each
resonance band has a different peak loss or isolation due to the distinct coupling

[110] coefficients for the corresponding cladding modes.

The major advantage of using the amplitude mask and the excimer laser-based
fabrication method is that a number of gratings with the same period may be easily
batch produced. For the purpose of mass production, more than a single fiber can be
placed behind the amplitude mask as shown in Figure 4.4. Although only one
grating is monitored during the writing process, if the transverse profile of the UV
radiation is supposed to be invariant, then it is anticipated to have similar

transmission spectra for all the gratings.

The amplitude mask can be replaced with a variable size slit that can be translated
across the UV beam and the fiber in above said method. The aperture width is set to
half of the value of desired periodicity. The fiber is irradiated for a fixed interval of
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time. Then the aperture is translated a distance equal to the grating period and the
fiber is exposed again. The procedure of exposing alternate half periods is continued
until the desired coupling wavelength or isolation is achieved. By selecting
appropriate aperture widths and translation distances, gratings with different
periods and/or duty cycle in index modulation can be acquired using the same slit in
aperture method. Furthermore, making the aperture size and the exposure duration
a function of grating length the grating can also easily be chirped in period or in
index change along the fiber axis. The above method can also be executed by

translating the fiber even as keeping the aperture stationary [22, 216, 219].

Both in amplitude mask and phase mask writing process for a fiber Bragg grating,
refractive index modulation in a fiber is produced by the UV beam through the
mask. However, there is a fundamental difference subsist. The amplitude mask
produces index modulation which is direct reproduction of the mask pattern, e.g. the
periodicity of a LPG is the same as the mask itself. Whereas, the periodicity of a FBG
is half of that of the phase mask since the fringe pattern results from the interference
between the + 1 diffraction orders of the phase mask. In spite of the restriction of one
mask for one grating, the amplitude mask technique presents more precision in the

spectral response as compared with the point-by-point method.

4.4 In-House Grating Writing Station

LPGs used in the experiments are fabricated using the TeraXion Grating Writing
Station at CSIO. The system, shown in the Figure 4.5, is based around an excimer

laser. The system has four grating writing options:

» Static mode (in which the laser beam is fixed),
» Scanning mode (in which the laser beam is scanned across the length of the
phase mask)

> Interferometric mode
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» Step mode (in which the system can be moved from one point to another and
exposed).
B i |

Figure 4.5 TeraXion Grating Writing Station at CSIO

The simple schematic of the optical system is illustrated in Figure 4.6
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Figure 4.6 Simple schematic of writing station optical system
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4.5 Different Modes of Grating Writing

4.5.1 Static mode
In static mode the laser beam is reflected on (M1) than on (M2), pass thru (PBS) (OS)

(PCU) before to be reflected with (FM1) in the beam expander composed with (L3)
and (L4) and then focus in the fiber with (LF1). The FBG are written in static mode.
The period of FBG is half of the period of the phase mask. The distance between the
fiber and phase mask is approximately 110 microns. The best way to manufacture
FBG in static mode is to keep the optical fiber directly in contact with phase mask at

desired tension, but without losing axial tension.

452 Scanning and stepping mode

In Scanning and Stepping modes the laser beam is reflected on (M1) then on (M2),
pass through (PBS) (OS) (PCU) and (52) before to be reflected with (M3) and (M4) on
the scanning mirror (M5). From there the beam is formatted in the fringe control
telescope comprising of (L1) and (L2) and the focusing lens (LF1). Then the laser
beam passes through the phase mask (PM1) before exposing the fiber. LPGs are
written in step mode using a slit and a blank silica plate to replace the phase mask.
The silica plate is necessary to allow the system to do all of the fiber alignment
procedures; otherwise it is not a critical element. The operator determines the step

size and laser intensity. The grating is monitored in transmission.

45.3 Interferometric mode

In the interferometric mode a phase mask (PM2) is used to split the laser beam in
two parts. Each of these two beams is reflected on a mirror (MI1) and (MI2) mounted
on a goniometer. This setup gives the flexibility to change the angle between the
superposed beams in the fiber. The phase mask (PM2) is mounted on a linear stage
to compensate for the beam path length change. In interferometric mode the laser
beam is reflected on (M1) then on (M2), pass thru (PBS) (OS) (PCU) before to be
reflected with (FM2) in the adjustable aperture (S1). The modified beam is reflected
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on the scanning mirror (M6) to be reflected at 90° on (M7). The scanning laser beam
passing thru (LF2) is split with (PM2) and then recombined at the fiber position with
(MI1) and (MI2). The module is also used for the fabrication of FBG.

4.6 Fabrication Steps

Here is the brief description of fabrication steps, which are common in all modes.
Firstly the coating of fiber where writing has to be done is removed using thermo
mechanical stripper as shown in Figure 4.7. The length of stripped part should be

greater than that of phase mask.

TeraXy

Thermo-mechanical Optig

Start position

Figure 4.7 Removal of coating of fiber with Thermo mechanical optical fiber stripper

After removal of fiber coating, Laser beam alignment is done. Ensuring that the
Laser beam profile is cleaned using the Beam Analyzer as well it should be always

parallel to edge of the working table.

This is followed by Fringe Control/Scanning mode alignment. The laser beam launch
is shown in the Figure 4.8. Then the selection of mode of operation for lens axis
stage, Laser power stage and amplitude mask stage is done. After alignment, Laser
beam is launched with desired repetition rate and energy so that writing can be

completed.
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Figure 4.8 Laser beam launch view during writing

Third step involves the fiber Installation, that includes adjustment of the tension in

the fiber before approaching it near the phase mask or silica slit/plate.

In fiber approaching stage the fiber moves towards and away from the phase mask
or silica slit/plate. Once tension value is adjusted, vertical/horizontal Alignment is
performed. This allows the user to align the fiber vertically/horizontally with respect

to the phase mask or silica slit/plate.

The horizontal and vertical alignment windows are shown in the Figure 4.9 and
Figure 4.10 respectively. The red coloured lines are the reference for the alignment
process. The fiber has to be in between and exactly parallel to these red lines.

Position of the fiber can be adjusted by approach and retract fibers buttons.

The writing is done according to the mode selected using phase mask or point by
point method. Upon selecting the spectrum analyzer tab the user can control the

supplied optical spectrum analyzer directly from the program. There are two menus
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available within this tab: Setup, Cursor & Analysis. The setup menu allows the user

to configure the OSA as required. The Cursor & Analysis menu permits the user to

perform analyses on gratings. The Figure 4.11 shows the run time growth of grating

during writing process observed on OSA
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Figure 4.9 Image during horizontal alignment process.
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Figure 4.10 Image during vertical alignment process
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Figure 4.11 Growth of grating shown in OSA during writing process

4.7 Characterization of Fabricated LPG

The LPGs are written in step mode and the phase mask is replaced by a blank silica
plate. The periodicity is of the order of hundreds of microns. No phase mask is
required; instead one relies on point-by-point writing. A boron co-doped fiber was
subjected to the excimer KrF UV laser having pulse repetition rate of 200 Hz and
pulse duration of ~15 ns. The peak pulse energy of the UV laser beam was ~3 m]. The
gratings are written over different length with different periodicities and resonant
wavelengths. The fabricated LPGs are then annealed at 150 °C for 24 hours for
thermal stabilization.The Figure 4.12 shows the spectrum of simulated and

fabricated LPF with resonance wavelength 1584.6 and period 575 um.
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Figure 4.12 Spectrum of fabricated(red) and simulated(blue) LPG with resonance
wavelength 1584.6 nm, period 575 um

We have fabricated all the LPGs used in our experiments by above mentioned
methods written in Boron co-doped fibers. To characterize the fabricated LPGs, a
common method is used as described in Section 3.5. To gain information on the
performance of LPG, it is exposed to standard RI liquids and its wavelength
response is monitored on the OSA. The experimental set-up for calibrating the LPG

against the standard RI solutions is shown in Figure 3.7.

Unlike FBG, LPGs couple power from the core mode towards the cladding modes
through a periodic perturbation of refractive index. The effective indices of the
cladding modes in an LPG are strong functions of the index of refraction (ns) of the
medium surrounding the cladding. Any change in this ambient index serves to
modulate the effective index of the cladding modes (na™) with higher order modes
undergoing larger variations. Since the coupling wavelength to a particular cladding
mode (resonant wavelength Ars) is dependent on na™ through the phase matching

condition, a change in ns will effectively vary the value of Aws. The standard RI
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liquids used for LPG calibration have the following RI values at 1550 nm: 1.4358,
1.4398, 1.4439, 1.4479, 1.4496, 1.5 and 1.5018. The procedure includes launching of

broadband light into the fiber core and receiving the transmission spectrum on the

OSA.
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Figure 4.13 Simulated LPG spectrum for different RI values

The simulated and experimentally obtained LPG transmission spectra corresponding

to all the above RI values are shown in Figure 4.13 & Figure 4.14.
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Figure 4.14 The LPG transmission spectrum for different RI values recorded on OSA
during characterization
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4.8 Wavelength Dependency of Long Period Grating on Temperature

The phase matching condition of long-period gratings as a function of the mode
index of the core and the cladding can be expressed by Equation 1.19. Two factors

affecting the temperature sensitivity of wavelength are produced by:

» The change in the effective indices due to the temperature dependence of the
refractive index of the material

> The change in the grating periodicity due to the thermal expansion of the
tiber.

This is given by [22]:

lad
d}\-pm _ d(ng(f)fre—ngf? )A + (ncore _ nclad ﬂ (4 4)

where L is the length of the grating. The sensitivity of a grating to the temperature
strongly depends upon change in the effective indices of the guided and cladding

modes.
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Figure 4.15 Variation of resonance wavelength with temperature for LPG written in
boron co-doped SMF. ‘A’ represents grating with resonance wavelength 1607.2 nm
and B with resonance wavelength 1599.8 nm
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As we know that effective indices are the function of the core and cladding indices
and radii, the effect of variation in the core and cladding radii has very small

contribution to the temperature sensitivity in the comparison to core and cladding

dng

index variations. In general L is larger for germanium co-doped core than pure

silica. The temperature dependence of the loss peak wavelength in the transmission
spectrum for a long-period grating written in a standard single-mode optical fiber is

shown in Figure 4.15.

4.9 Wavelength Dependency of Long Period Grating on Strain

The effect of strain on the wavelength shift of a long-period grating is different from
that of a fiber Bragg grating. Qualitatively, the fiber Bragg grating and long-period
grating responses are different because although the fiber Bragg grating wavelength
is linearly proportional to the grating period multiplied by the effective index of
refraction of the core, the long-period grating 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 type of fiber. The most common method of approximating the
index n(A), as a function of wavelength A, for a particular material uses the Sellmeier
equation given by [220]:

m  AiA
i=1 2
A2-2;

n?) =1+

(4.5)

where Aiand Ai are material dependent parameters. For most practical applications
only the first three terms are necessary to obtain an accuracy of about 10° in
refractive index calculations. The typical shift of the center wavelength of a long-

period grating is about 0.8 pm/micro strain [221].

4.10 Summary

The chapter described the methods for fabricating long-period gratings. The fibers

that are used in our experiments are photosensitive optical fibers (Boron co-doped).
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Long-period gratings can be written directly into these fibers without
hydrogenation. We have fabricated LPGs using TeraXion grating writing station
available in the lab. Various optical and non-optical components along with different
modes of grating writing are discussed. Additionally, the simulation as well as
experimental transmission spectrum of these gratings is presented. The
characterization of fabricated LPG with available standard RI solutions is done
experimentally. Wavelength dependency of LPG on strain and temperature is also

discussed.
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CHAPTER 5. ITO COATED LONG PERIOD GRATING
REFRACTIVE INDEX SENSOR

5.1 Introduction

This chapter includes the designing and demonstration of Indium tin oxide (ITO)
coated RI sensor. The approach is divided into two parts that include metal oxide
coating development and characterization, and application of coatings to the LPG
surface and evaluation. As we know that the cylindrical structure of optical fiber
makes it challenging to achieve uniformity in coating. The other important
considerations include coating refractive index and adhesion coating robustness.
Many work have been reported on the material ITO [72, 119, 120, 222-224] on fiber
for different applications. Recently [178], ITO has been used as a transparent contact
in advanced optoelectronic devices leading towards becoming an integral part of
modern electronic technology. Moreover it has also shown the potential for

improving refractive index sensitivity of LPG.

5.2 Cladding Mode Transitions

Mode coupling in LPG has been discussed in Chapter 3. Nonetheless modes couple
in a different way, which improves the characteristics of sensors in a great manner.
Regarding numerical methods for analysis of LPGs, two cases have been considered
so far in literature. In the first one, the LPG is surrounded by an infinite medium of
lower refractive index than the cladding, which causes that the core mode couples to
cladding modes [77, 225]. As the ambient refractive index approaches that of the
cladding, the sensitivity of the resonance wavelength to variations of the ambient

refractive index is higher.

The second case starts when the LPG is surrounded by an infinite medium of higher
refractive index than the cladding. The core mode couples to radiation modes [112,

226-229], and the dependence of the resonance wavelength on the ambient refractive
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index is not so important. Instead, the resonance depth is more dependent on this
parameter for values close to the refractive index of the cladding [230]. In both cases,

the region of highest sensitivity is located around the refractive index of fiber.

The third probability is when the LPG is no longer surrounded by an infinite
medium. Now a thin overlay of higher refractive index than the cladding is
deposited between the cladding and the surrounding media. One of the cladding
modes will be guided by the overlay if this is thick enough [231]. This causes a
reorganization of the effective indices of the modes of the cladding. As a result, there
are important variations of resonance wavelength if we work around the thickness
value where there is a transition to guidance of a cladding mode in the overlay for a
specific ambient refractive index and thickness of the overlay. In this way, it
increases the sensitivity of the effective index of the cladding modes for a specific

application. Figure 5.1 shows the transversal view of coated fiber.

- -
- — i — —

Figure 5.1 Transversal view of coated fiber [222]
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Here ni, n2 and ns are the core, cladding and overlay refractive indices, respectively,
while nout is the surrounding refractive index and nes is the effective refractive index,
r1 and r2 are the core and cladding radii and rs-12 is the overlay thickness. Due to the
presence of coating, the transition from cladding to overlay mode occurs and the
lowest order cladding modes becomes guided into overlay. The higher modes move
to recover the original field configuration leading to improvement in surrounding
refractive index (SRI) sensitivity. This concept is also investigated theoretically. The
transverse electrical field component, with azimuthal order v, propagating along the

z axis, is given by [222]:

R,(r) =A¢Zy, {ul :—1} forr <mn (5.1)
=AZy, {uz %} + ATy, {uz :—Z}for rn <rsn (5.2)
~AyZy 5 {us :—3} + ATy s {us :—3} for r,<r<m (5.3)

T
= AsKy {v —} for r>nr; (5.4)
T3

where Zy ;(x) = Jy(x) if nepr <ny

=Iy(x) if nepr >my

TV,i(x) = Y, (x) if Nerr <M =Ky(x) if Nerp <M

u; = riko [|n? —ngff| for i =123

v = 13K (ngff - ngut)

where 1 is the radius, Jv and Iv are the ordinary Bessel functions of first and second
kind of order v and Yv and Kv are the modified Bessel functions of first and second
kind of order v, respectively. The set of equations from (5.1) to (5.4) represent the

approximation required for obtaining transmission, if the ambient refractive index is
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higher than that of cladding. On applying the boundary condition, field must be
continuous along the interface between the each two cylindrical layer as well as the
continuity of derivatives of field should be satisfied at radius r = ri (i=1, 2, 3). In
addition, A1, A2, As, A« and As can be obtained, as function of Ao, by imposing the
continuity of the fields at the interface between core and cladding, cladding and
overlay and overlay and surrounding medium while Ao is related to the optical
power of the mode. In the Figure 5.2, the cladding modes LPo to LPu1 are shown
without any overlay. The core and cladding radii are 4.2 um and 62.5 um, refractive
indices of 1.5362 & 1.5306 respectively, length of grating 25 mm, period 276 um and
operating wavelength 1200 nm (These are the same parameters chosen in [72]). The
LP modes are calculated using coupled mode theory. Let us consider LPo: to LPos
modes with calculated associated net values LPoi=1.5341034, LPo: = 1.5305748,
LP0=1.5304895, LP0:=1.5303452, LP0s=1.5301430 without any overlay. On deposition
of overlay of RI value 1.67 and thickness 3.5 um, the cladding mode LPwis shifted to
value near 1.663 and accordingly rest of the cladding modes. Therefore the new
modified values of nett calculated by Optigrating 4.2.2 are LPos=1.644, LP0s=1.612, LP

5= 1.568, which are in accordance with the results reported by Villar [72].

=0

Determinant

Effective Index of LP modes

Figure 5.2 Cladding modes LPo: to LP11 without overlay
108



As the overlay of higher refractive index is deposited on an LPG, the cladding
modes shift their effective index to higher values. When the overlay is thick enough,
one of the cladding modes is guided by the overlay. It is exactly the lowest order
cladding mode (highest effective index cladding mode) that jumps to the overlay.
This causes a reorganization of the effective index of rest of modes. Higher order
cladding mode than that is guided by the overlay which will shift their effective
index value towards the effective index of the immediate lower order cladding
mode. The immediate consequence of the shift in effective index is that it leads to a
displacement in all attenuation bands. In order to compare the resonance
wavelength shift of several resonances with overlay thickness, graph is generated by
using application software designed and provided by Villar [232]. Figure 5.3 and
Figure 5.4 depicts the general representation of evolution of modes for a fixed
wavelength range caused as a function of the overlay thickness and overlay RI

which is fixed 1.8 for surrounding refractive index n+=1 and ns =1.338 respectively.

| Onerday R =18,
ns=1

Wavelength (nm)
S

o 200 00 00 800 1000 1200
Overlay thickness (nm)

Figure 5.3 Growth of various cladding mode resonances as a function of overlay
thickness (1.8) and refractive index ns=1
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Figure 5.4 Growth of various cladding mode resonances as a function of overlay
thickness (1.8) and refractive index n=1.338

If the results of Figure 5.3 are compared with those of Figure 5.4, a variation can be
appreciated in the optimum thickness as the ambient refractive index. From slab
waveguide theory, a slab between two different media starts guiding for a lower
thickness as both media refractive indices are more similar [233]. When both media
are the same, the slab always guides at least one mode. This theory can be extra
poled to cylindrical waveguides. There is an influence of the mode order in the
optimum overlay thickness, and the range of displacement is higher for higher-order
modes. This four layer analysis is in primary stage, more rigorous analysis need to
be done for optimizing the value of coating thickness for a particular application.
The immediate consequence of the shift in effective index is that it leads to a
displacement in all the attenuation bands. E.g the attenuation band corresponding
with the eighth mode shifts the wavelength to that of the seventh mode; the same is
true for the seventh mode that shifts the wavelength to the attenuation band of the
sixth mode, and so forth. Furthermore, there is an optimal deposition thickness
where the central wavelength shift as a function of the ambient refractive index is
highest. This value depends mainly on two variables: the refractive index of the
overlay, and the ambient refractive index. Consequently, a good choice for a high

sensitive device to the ambient or the overlay refractive index is to stop the
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deposition when the effective index value of a mode is located between the effective
index of the mode itself before deposition, and that of the next lower cladding mode
before deposition. Therefore in above figures, the general representation of evolution
of modes for a fixed wavelength range, overlay thickness, but varying surrounding

RI

5.3 ITO Film Preparation and Characterization

ITO is essentially formed by substitutional doping of In.Os with Sn which replaces
the In® atoms from the cubic bixbyte structure of indium oxide. Sn thus forms an
interstitial bond with oxygen and exists either as SnO or SnO2z accordingly it has a
valency of +2 or +4 respectively. This valence state has a direct bearing on the

ultimate conductivity of ITO.

To develop metal oxide coating the solution is prepared with Indium chloride (InCls)
(Fisher Scientific) and Tin chloride SnCl2.2H20O (Spectrochem Pvt. Ltd) in the ratio
1:0.2 in 25 ml of ethanol in the ultrasonic cleaner. Surfactant Tween 80 0.01% by
volume (Merck Specialities Pvt. Ltd) is also added to the prepared solution. The dip
coating method is done to form the over lay on LPG surface. The Apex dip coater
with special attachment for holding the fiber shown in the Figure 5.5 is used in the

experiment. The parameters like dipping and lifting speed, deposition cycles, dry

and wet time are optimized after performing number of trails.

.,7'
e | Ll ol

Figure 5.5 Dip coater with special attachment for holding fibers
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After dip coating, heat treatment is given to the samples and then air dried. An
optimized, reproducible and reliable approach to the coating process is generated
with a number of trial experiments to allow a smooth and thin coating on the LPG.
Consistency in the coating of ITO solution on the optical fibers is investigated by
Field Scanning Electron Microscope (FESEM) (Hitachi S4300 SE/N). The Figure 5.6(a)
& (b) showed the FESEM micrographs where surface modification is evident. The

coating thickness ~1pum was observed.

5.3.1 Fourier transform infra-red spectroscopy (FTIR)

FTIR transmission spectrum is acquired from Nicolet iS10 and the results are shown
in Figure 5.7 (a) and (b). The optical transmittance is closely related to the free
electrons in ITO film. The relative intensity change of the FTIR vibrational peaks
shows that there may be some predominant structure orientation change. The
spectrum reveals several peaks, which can be ascribed to vibration modes of
different bonds in the ITO film. The peak variation situated at 419 cm™ and 561 cm!
confirms the existence of In-O-In bonding. Also, the Sn-O-5n bonds are evidenced by
the peak situated at 618 cm and the large peak variation at 1100 cm™ is given by the

Si-O-Si vibration at the interface of fiber and film [234].

5=4300 WO19 . Imm 1.0kV %400 100um

(@) (b)
Figure 5.6(a) FESEM micrograph of ITO coating (b) ITO coated fiber
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Figure 5.7 (a) & (b) FTIR spectrums of ITO coated LPG

The Raman spectroscopy deals with the structural changes related to the strain. The

laser light interacts with molecular vibrations, phonons or other excitations in the

system, resulting in the energy of the laser photons being shifted up or down. The

sample is analyzed by using Invia Raman, (Renishaw) and results are shown in

Figure 5.8.
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Figure 5.8 Raman Spectroscopy results of ITO coated LPG
The Raman results shows the peak at 863 cm™ and 1261.7 cm™ and 1773 cm™ shown

in Figure 5.8 in accordance with the signature intensity pattern of ITO due to band

gap of ITO and two phonon process respectively [235].

5.4 Sensitivity Analysis of Uncoated & ITO coated LPG Refractive

Index Sensor

The spectral sensitivity of LPG is given by [114]

ar _ (_aa \(andh, -
dn, eff dn (5-1)
s dncl,m s

The spectral sensitivity depends upon the effective refractive index of the coupled

eff

clm

cladding mode of n_;; order m, which is further dependent on the refractive index of

surrounding material ns. The RI sensitivity is experimentally analyzed. The experiment

is performed by LPG with a resonant wavelength of 1591 nm and period of 670 um
written over a 2.0 cm length of boron co-doped fiber by point-by-point writing
method using an excimer KrF UV laser having a pulse repetition rate of 200 Hz,
pulse duration of ~ 15 ns and peak pulse energy of ~ 3 m]. The fabricated LPG is then
annealed at 150°C for 24 hours for thermal stabilization. To gain an understanding of

the LPG performance for measuring refractive index change, both the uncoated and
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coated LPG are characterized with various standard RI liquids 1, 1.45, 1.454 and
1.458 from (Cargille Labs). From this data, LPG sensitivity, operation range, and
expected response curves can be obtained. A broadband light source (AQ4305, Ando
Electric Co. Ltd) connected to one end of the LPG and an optical spectrum analyser
(OSA) to the otherwith level resolution 0.01 dBm and wavelength resolution of
0.Inm (Yokogawa, AQ6319, Ando electric Co. Ltd) as shown in the Figure 5.9. The
LPG is fixed between two micro-positioners for keeping it straight throughout the

experiment .LPG is fixed inside the sample cell.

Micro- Sample cell Micro-
positioner positioner :

White light source
Figure 5.9 Schematic view of Experimental set up

The glycerol solution of different concentrations (20-80%) is filled in the sample glass
cell, where the LPG is already kept straight with the help of two micro positioners.
The RI values of different concentration of glycerol solution are measured by using
BS-RFM 840 Refractometer giving sensing region with refractive indices from 1.3490
to 1.4198. Figure 5.10 (a) and (b) shows the spectral signature of both uncoated and

ITO coated LPG with different concentration of glycerol.
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Figure 5.10 Spectral response of (a) uncoated LPG (b) ITO coated LPG with different
concentrations of glycerol

The sensitivities for both the uncoated and the ITO coated LPG have been tabulated

in Table 5.1.
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Table 5.1 The sensitivities of both uncoated and ITO coated LPG for glycerol solution
with varying concentration (20-100%)

Sensitivity of | Sensitivity of
Glycerol Simple LPG Coated LPG Enhancement
Solution (%) (nm/RIU) (nm/RIU) Factor

1(air)

20-40 156 322 2

40-60 114 302 2.5

60-80 145 500 3

80-100 49 91 2

Villar et al [121] reported wavelength shift of 100 nm with overlay PDDA*/PolyR-478
with thickness 128nm for five concentrations of sucrose in water: 30%, 40%, 50%,60%
and 70% for very high order mode. If the ambient refractive indices lower than the
cladding of the LPG, the wavelength shift of the attenuation bands for materials with
a refractive index close to that of the LPFG is good, whereas this quality decreases as
we move to lower refractive indices. The deposition of an overlay solves this
limitation. It was theoretically proved in literature that the highest variation of the
resonance wavelength depends on three parameters: the ambient and overlay
refractive indices and the overlay thickness. If the overlay refractive index is fixed,
the implementation of a refractometer for a specific refractive index range depends
on the overlay thickness. For each specific ambient refractive index range and
overlay refractive index there is an optimum overlay thickness. The selection is
clearer for high-order mode resonances. We observed that the coated LPG is 2-3
times more sensitive than uncoated LPG in our case. This factor can be higher for
lesser value of grating period and around highly optimized overlay thickness [72].
We have done the experiment for comparatively high value of grating period due to

writing limitations. The limitation of grating writing system is actually associated
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with available LASER options. The excimer laser is by far the most powerful source
of UV laser light. However it is not a panacea for grating writing because of its large
size, high power consumption and relatively high cost of ownership. LASER power
in our grating station can vary from 3.5 to 4 MJ. Length of grating cannot be more
the 5-10 cm. LPG can be written on specialized fiber i.e. photosensitive fiber as UV
beam is used. Its primary drawback is low power. This leads to long exposure, thus
requiring careful elimination of ambient vibration, thermal cycling and air currents.
Furthermore, the long exposure of the fiber can cause it to become heated itself; this

changes its dimensions and can alter grating characteristics.

5.5 Summary

The properties of long period grating has been investigated with conducting metal
oxides (ITO) coating. We discussed the concept of rearrangement of modes due to
deposition of higher refractive index value overlay on it. The utilization of ITO as
coating material allows the fabrication of sensitive and easy to implement refractive
index sensors. A very simple, dip coating method has been used for thin film
deposition of ITO. The coating structure and its properties had been investigated
using SEM, FTIR and Raman spectroscopy analysis. The RI sensitivities of the
uncoated as well as ITO coated LPG was monitored with glycerol solutions of
different RI. A comparison of both demonstrated that the sensitivity was enhanced
by 2-3 times because of coating in our case. This factor can be improved by further
optimizing the coating methods. This approach has given a better understanding

about the coated LPG behavior.
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CHAPTER 6. LONG PERIOD GRATING HUMIDITY
SENSOR

6.1 Fiber-Optic Techniques for Humidity Detection

With the advent of optical fiber technology, a considerable level of research has been
focused on fiber-optic-based techniques for humidity sensing. In a similar way to
their electronic or mechanical counterparts, fiber-optic humidity sensors are
secondary devices but show additional features like small size, immunity to
electromagnetic interference, multiplexing and remote sensing capabilities, of which
the counterpart electronic sensors lack. However, the limitations of the operating
and accuracy of the fiber-optic-based humidity sensors are some of the drawbacks
which researchers are striving to continue to address. Nevertheless, these sensors
have found useful applications in various areas where electronic sensors were found
to be inappropriate, thereby showing the real potential of fiber-optic-based sensors.
Generally, fiber-optic based humidity sensing techniques include direct
spectroscopic, evanescent wave, in-fiber grating and interferometric methods, as

discussed in sections below.

6.2 Choice of Material for LPG Out-cladding Overlay

One of the most important design aspects of the LPG-based RH sensor is that it
should allow interaction of the guided light with a hygrosensitive overlaid material
for sensing the ambient humidity without endangering the fibre. Gelatine films with
cobalt chloride (CoClz) as hygroscopic agents have been reported earlier with simple
optical fiber based humidity sensors [40] but their response as out-cladding overlays

of LPG has not yet been investigated.

6.2.1 The Cobalt Chloride — Gelatine composite

Cobalt Chloride (CoClz), a complex compound formed by the transition metal Cobalt

(Co), varies its coordination number from 1 to 6 when exposed to water, forming a
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hexa-hydrated compound CoCl.6H:0. The colorimetric interaction of cobalt(II)
chloride with water vapour has been studied and utilized extensively for the
detection of water. The anhydrous form is bright blue in colour and as it becomes

subjected to moisture, it absorbs molecules of water till the blue colour turns pink.

The use of cobalt chloride on the surface of optical fibers requires that it should be
suspended in an optically transparent binding medium because by itself cobalt
chloride forms salts of crystals which adhere poorly to the fiber surface. Further, it is
necessary to avoid formation of discrete crystals on the surface of LPG because this
would inhibit the proper interaction of cladding modes with the ambient. Gelatine is
found to be satisfactory material because cobalt chloride dissolves readily in gelatine

solution at 65°C and dries to a transparent crystal free film on the fiber.

Gelatine comes under the class of a fibrous protein produced by partial hydrolysis of
collagen extracted from the skin, boiled crushed bones, connective tissues and
organs of cattle chicken and pigs. It exhibits strong mechanical and at the same time
elastic behaviour. The long amino acid sequences dissociate into separate strands on
heating and get entangled when they are cooled. The open and fluctuating structure
leaves room for things to diffuse within the water matrix. However, once the water

is removed via evaporation, the whole structure collapses into a 3D web.

The water adsorbing properties of both cobalt chloride and gelatine allow the
refractive index of the combination to change according to the water content. The
property of thin film formation, water binding capacity and refractive index
variation on water adsorption of CoCl:-Gelatine matrix makes them a suitable choice
of material to be overlaid on the cladding of LPG for the purpose of RH sensing.
Moreover, gelatine films do not deteriorate over a period of four months [40] at

room humidity thus supporting our choice for the same.
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6.2.2 The process of humidity sensing

The solution of CoCl>-Gelatine prepared according to pre-determined sequence of
steps is to be applied as an LPG out-cladding material by the process of dip coating.
The refractive index of the mixture in which gelatine and cobalt chloride are mixed

in 2:1 proportion is calculated to be 1.342 according to Equation 6.3 given in [9].

% = % (6.3)
Here, P1 is the volume percent of gelatine, ni1 is the RI of gelatine, nz is the RI of CoCl2
and nm is the RI of mixture. Thus, the abovementioned case represents a model of
low refractive index coating on the surface of LPG cladding that is sensitive to
moisture. As RH levels increase, more water vapour diffuses into the overlay coating
and brings about a reduction in the refractive index. Moreover, the addition of water
content in the coating induces the gelatine to swell. The simultaneous effect of both
these factors firstly, reduction in RI of film with absorption of water vapours and
secondly, the swelling of gelatine present in the film have to be taken into account
for a cumulative response to a particular RH level. Any LPG is characterised by its
signature wavelength, called resonant wavelength, which are represented as loss
dips in the transmission spectrum. The magnitude and position of these loss dips are
a function of various parameters, some of which are intrinsic i.e. they depend solely
on the fabrication parameters of LPG for example, the laser power, duration of
irradiation, length of LPG, and some parameters like grating period, coupling
coefficient, number of cladding modes, their effective indices etc. depend on
extrinsic factors such as strain, temperature, RI of external medium. The underlying

principle for LPG-based sensors rests upon the shift in resonant wavelength of the

LPG caused by a combination of one or more of these factors.

6.2.3 Change of RI of overlay with RH

A combination of CoClz and gelatine is applied as an out-cladding overlay over the
LPG. Being hygrosensitive in nature, the coating absorbs water vapour as the coated

LPG is subjected to increasing levels of RH. As water vapour diffuses into the
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coating matrix, the density of the coating reduces which causes a reduction in the
refractive index. The effect of reduction in RI of the overlay reduces the effective
index of the cladding modes and thus the resonant wavelength of the LPG shifts to
the red side of the spectrum according to the phase matching condition described in

Equation 1.9.

6.2.4 Effect of RH on morphology of overlay

The presence of gelatine material in the overlay offers more interesting consequences
of being subjected to moisture. Due to its elastic behaviour, swelling of the overlay
takes place. These morphological changes induce tension in the LPG thus arousing
effects due to both material as well as waveguide contributions [51]. This results in
change of grating period as well as the differential effective index between core and
cladding so much that these changes dominate the RI induced change in the LPG.
Also, the swelling of the overlay reduces the interaction of the evanescent wave of

LPG cladding modes with the surrounding medium.

Hence, taking consideration of all these effects, a net decrease in the resonant
wavelength of the LPG is expected to occur with increasing levels of Relative
humidity. A reverse trend is expected to be followed when RH levels fall down and

tension of the grating is reduced.

6.2.5 Refractive index calibration of long period grating sensor

The effective indices of the cladding modes in an LPG are strong functions of the
index of refraction (ns) of the medium surrounding the cladding. Any change in this
ambient index serves to modulate the effective index of the cladding modes (na™)
with higher order modes undergoing larger variations [10]. Since the coupling
wavelength to a particular cladding mode (resonant wavelength Ars) is dependent
on na™ through the phase matching condition, a change in ns will effectively vary

the value of Ares.
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To gain information on the performance of LPG, it is exposed to standard RI liquids
and its wavelength response is monitored on the OSA. The experimental set-up for
calibrating the LPG against the standard RI solutions has been shown in Figure 3.7.
In brief, the procedure includes launching of broadband light into the fiber core and
receiving the transmission spectrum on the OSA. The portion of the fiber with
grating inscribed in it is fixed at both ends. Micro-positioning stages with a glass
slide attached on its surface are placed beneath the grating. The stages can be
positioned in such a way that the LPG gets submerged with the RI liquid completely.
The RI response is then monitored. Prior to the next RI liquid, the previous liquid is
rinsed off the slide, the slide is cleaned and the LPG is washed thoroughly with
isopropyl alcohol several times so that the LPG spectrum returns to its original
position. Similar steps are followed for subsequent RI liquids. The standard RI
liquids used for LPG calibration have the following RI values at 1550 nm: 1.4358,
1.4398, 1.4439, 1.4479, 1.4496, 1.5 and 1.5018. The LPG transmission spectra for all the

above RI values were recorded.

6.2.6 Preparation of CoCl./Gelatine mixture

Chemicals i.e. cobalt (II) chloride and gelatine powder were procured from CDH
chemicals. A number of samples with a concentration of 2% to 10% weight by
volume were prepared in 40 ml de-ionized (DI) water. In all the samples, gelatine
and CoCl: were added in the ratio of 2:1. Firstly, the measured volume of distilled
water placed in an Ultrasonic water bath was allowed to attain a temperature of
65°C. The temperature was monitored by means of a thermocouple immersed in the
water bath. The weighed quantity of gelatine using digital weighing balance was
added to the hot water and after a gentle stir it the solution was subjected to
ultrasonic mixing for about 20 minutes to facilitate homogeneous mixing of gelatine
in water and avoiding the formation of crystals of gelatine that could turn into gel
form when cooled. After a clear solution of gelatine in DI water was formed,

measured amount of CoCl: powder was added to the same and allowed to
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ultrasonicate for aduration of 10 minutes. The prepared solution was allowed to cool

to room temperature before it could be used for coating on the fiber.

6.3 Characterization of CoCl2/Gelatine coated LPG

From the batch of the prepared samples, the 6% by volume one was chosen to be
coated on the fiber surface as it had the optimum viscosity and refractive index
much lower than that of cladding. The fiber was coated with the material by dip
coating technique using Apex dip coater as shown in Figure 5.5 in previous chapter.
The coated fiber was dried at room temperature for about 12 hours and fragmented
into small parts for FESEM and Near-Field Surface Optical Microscopy (NSOM)
imaging. Topographic details about the overlay coating were obtained through
FESEM measurements and knowledge about the thickness of the coating was gained
through NSOM analysis. The vacuum level required for the samples in the specimen

chamber of SEM was 1kV.

The LPG was coated with the CoClz/gelatine mixture by dip coating technique using
Apex dip coater with special attachment for fiber. The parameters like dipping and
lifting speed, deposition cycles, dry and wet time are optimized after performing
number of trails. We optimized dipping speed 2 mm/min, lifting speed 2mm/min,
wet time 0.5 min, dry time 0.5 min and number of cycles 2. Confirmatory
information about the deposition of coatings was obtained by performing SEM
analysis of the coated fiber samples. FE-SEM gave convincing proofs of deposition of
overlay material on the LPG cladding surface. Figure 6.1 shows some FE-SEM

micrographs where CoClz/gelatine coatings are evident.
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Figure 6.1 (a) & (b) FE-SEM micrographs showing bare (top-left) and coated LPGFs

FE-SEM images confirm the deposition of CoClz/gelatine coating. Modifications in
the surface morphology of the fiber surface are observed on comparison with the
image of bare fiber. The thickness of the coating was roughly estimated to lie

between 1to 1.5 microns.

However, Near-Field Surface Optical Microscopy was performed to check the
thickness of the overlay coating for the sake of exactness. The images obtained by
NSOM, shown in Figure 6.2 reveal clear boundaries of the coated fiber. NSOM

images reveal that coating thickness up to 1.5 micron level was achieved. It must be

125



stated here that several samples were prepared with differing dipping duration and
drawing speed before such small coating thickness was obtained. Further
experiments for relative humidity testing were conducted on 1.5 micron

CoClz/gelatine coated LPG.

Figure 6.2 Characterization of coating thickness by NSOM imaging

6.3.1 Humidity measurementtest on Cocl./Gelatine coated LPG
The CoCl:/gelatine coated LPG of 525 um grating period was arranged by means of

fixtures in a humidity control chamber supplied by NSW. One end of the fiber was
spliced with the YOKOGAWA AQ4305 White Light Source and the other end was
spliced to YOKOGAWA AQ6319 Optical Spectrum Analyzer. The humidity chamber
had digital humidity level controller that varied humidity according to tables of wet

and dry bulb thermometer reading as shown in Figure 6.3.
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Figure 6.3 The humidity control chamber

A Broadband light from 1450 nm to 1650 nm was launched into LPG and the relative
humidity level was varied from the ambient level to 90% RH in steps of five. The
relative humidity levels were compared with an analog hygrometer and the % error
was calculated. The corresponding transmission spectra of LPG for each of these RH
levels were recorded in the OSA. All the measurements were performed at 33°C

with an accuracy of £1°C. A schematic of such an arrangement is shown in Figure 6.4.

Sensor probe
Anglog Hygrometer

Humidity chamber

Figure 6.4 Schematic of relative humidity measurement set-up
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After the highest RH level was reached, the reverse process was carried out. LPG
transmission response for decreasing values of RH levels was obtained to get
information about the hysteresis loss of the sensor. The entire process was repeated
with another LPG having 575 um grating period to evaluate the effect of grating
period on the response of LPG based humidity sensor. All parameters were same as

in the previous experiment except that the former LPG was replaced with a new one.

6.4 Humidity Response

All experiments as described in the previous session were performed with the stated
parameters chronologically. The outcomes of every stage were carefully recorded for
further analysis and reference. Following sections are the comprehensive notes of the
results obtained and the inferences that derive from them. It may be stated here that

these deductions are not mere speculations but supported by theoretical proofs.

Long Period Fiber Gratings of periodicities 525 and 575 um were fabricated by point
by point method described in Chapter 4 using grating writing station in step mode.
The resonant wavelengths of the two LPGs were 1540.8 nm for 525 um pitch and
1588.6 nm for 575 um pitch. The LPG with period 525 um is denoted as LPG_1 and
grating with period 575um as LPG_2. The transmission responses of both the
fabricated LPGs are shown in Figure 6.5 (a) and (b).

LPG dip depends upon grating length in other words length of interaction, because
the two LPGs used in the experiment are of different lengths, therefore dip comes
out to be different. The LPG with dip 3db relative refractive index difference is less
and for 5 dB dip the same is more. It also depends upon the term coupling

coefficient. Moreover the period of both the gratings is also different.
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Figure 6.5 (a) & (b) Transmission spectra of the two fabricated LPGs
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It can be observed from the transmission spectra of both the gratings that more light
is coupled to the cladding modes in the grating with a shorter period. Thus, one can

witness more dip in the loss bands in case of 525 um LPG.

6.4.1 RI calibration of LPGs

For calibration of LPGs against RI of surrounding medium, both the gratings were
subjected to standard RI solutions ranging from 1.4358 to 1.5018. Figure 6.6 is a plot

of resonant wavelength response of both the LPGs.

From the pattern of both the curves it can be easily stated that for RI values less than
the cladding mode i.e. 1.455 for LPG_1 and 1.445 for LPG_2, a blue shift is observed
for increasing ambient RI till the ambient index value matches with that of the
cladding. Beyond that red shift occurs. These curves form the basis for behavior

prediction of LPGs when coated with an overlay material.

The sensitivity of LPG towards external refractive index change can be significantly
enhanced if they are designed to operate near Turnaround point (TAP). This added
functionality is due to resonant coupling of higher order cladding modes and
significant change in the slope of phase matching curve at TAP. However, the
inscription of TAP LPGs necessarily requires short grating periods (less than 250
um) with precision better than 0.5 um. Here the fabricated LPGs have grating period
towards higher values i.e more than 500 pum. The TAP in our experiment comes out
to be around1.454, where maximum wavelength shift is recorded. One can also write
near TAP gratings which require the exact control of grating period (better than 1
um) while the period is relatively low (< 250pum). Order of the cladding modes and
reaches its maximum close to the so-called turning points. In these regions the slope
of the phase matching curves changes from positive to negative and beyond this
turning point, and for each grating period, there are two resonance wavelengths for
each cladding mode. The sensitivity increases as the refractive index of the

surrounding approaches that of the cladding. In this case the evanescent field
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extends further into the surrounding medium leading to a higher interaction.
However, when the surrounding refractive index equals that of the cladding (it
becomes an infinite medium), the resonances disappear. For refractive indices above
that of the In this case, the modes are guided by Fresnel reflection and not by total
internal reflection and loose part of the energy at each reflection at the interface
being called lossy modes. As the refractive index increases the modes become more
confined and the dips more pronounced. However, the resonance wavelengths are
insensitive to changes in the surrounding refractive index because the phase of the
partially reflected field at the surrounding-cladding interface does not change with
the external index. In general, grating periods shorter than 200 ym are required in

order to have access to this sensitive region (around the turning points),
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Figure 6.6 (a) and (b) RI calibration curves for both the LPG_1 (525 um) and LPG_2
(575 um) respectively

6.4.2 Characterization of Cocl/Gelatine mixture

Many samples of CoClz/gelatine mixture of varying concentrations by % volume
were prepared keeping gelatine:CoClz in the ratio of 2:1 as described in the Table 6.1.
The samples were tested for viscosity since viscosity plays a major role in the thin
film formation process. Ostwald viscometer was used to determine the viscosity of
the samples. The densities of the prepared samples were determined using specific
gravity bottle by following the method discussed in literature. Other mechanical
properties like viscosity of the prepared samples were also studied using Ostwald
viscometer in order to determine the relation between viscosity and concentration.
Ostwald viscometer consists of a U-shaped glass tube held vertically in a controlled
temperature bath [236]. In one arm of the U is a vertical section of a narrow capillary.
Above this is a bulb, and another one is present lower down on the other arm. Two
marks (one above and one below the upper bulb) indicate a known volume. The
fluid was sucked up to the upper mark of the bulb and allowed to pass through the

capillary. The time taken by the fluid to cross the lower mark was recorded and the
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viscosity of the samples was determined relative to that of water at 40°C using
Equation 6.4 [237] :
nript

n= 8Vl (6.4)

Here, p is the hydrostatic pressure on the liquid (proportional to the density ), t is
the time of flow in seconds, r is the radius of the tube, [ is the length of the capillary
in cm, and V is the volume of the liquid in cm?® By recording the time taken by the
samples to cross the two marks on the upper bulb of viscometer and density,

viscosity was calculated as stated earlier.

All the solutions were prepared in 40 mL DI water. It can be clearly seen from table
6.3 that as the solutions become more concentrated, the time elapsed to cross the

lower mark on the bulb increases and so does the viscosity.

Table 6.1 Estimation of Viscosity of Samples

Sample Concentration Density Time Taken Viscosity
% by vol. kg/m? sec mPa.s
A 2 1015.94 60.84 0.9387
B 4 1034.89 94.2 1.478
C 6 1069.4 151.7 2.538
D 8 1095.22 228.7 3.9187
E 10 1155.42 271.72 4.752
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Figure 6.7 Viscosity profile of the CoClz/gelatine mixture

All the experiments for measurement of viscosity were held at 40°C. Figure 6.7 shows
that the viscosity of CoCl:/gelatine mixture follows an almost linear relationship
with concentration. Hence, it may be classified under the category of Newtonian

fluids.

For further characterization and coating the LPGs with CoCl:/gelatine mixture,
Sample “C” was used as it offered optimum working conditions for
experimentation. The refractive index of the above sample which had to be
deposited as an overlay material on LPG was calculated both theoretically and
experimentally. Putting the values for RI of gelatine and CoCl: as 1.54 and 1.336
respectively in Equation 6.3, the RI of the mixture was found to be 1.3418. The same
sample was tested for RI in RFM990-AUS32 Refractometer which read the value for

RI as 1.34146. Both the results were in good agreement with each other.

Thus case presented here of “low RI” coating over LPG cladding because the RI of
the cladding modes for both the LPGs did not exceed 1.455. From the calibration
data of LPG, it is expected that as water is absorbed by the coating, a blue shift will

occur.
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6.4.3 Relative humiditymeasurement by CoCl./Gelatine coated LPG
The CoCl/gelatine coated LPG_1 (525 um) was spliced to the White Light Source at

one end and Optical Spectrum Analyzer at the other. The LPG part of the
arrangement was fixed at both ends to micropositioners to avoid any bending loss.
Patch cords from ends were brought outside through outlets provided in the
humidity control chamber. The %RH was set at ambient value i.e. 35% and the
temperature at 30°C. The humidity could be varied with 1% RH resolution and
temperature with 0.1°C resolution in the humidity control chamber. WLS supplied
broadband light in the C-band region i.e. from 1520 to 1650 nm. OSA used for the

experiment exhibited a resolution of 0.1 nm.

So, the output response of the LPG for the ambient RH level was first checked on the
OSA. Likewise, the response was noted for every 5% rise in RH level. After the
maximum %RH value was attained, another set of output was obtained by
decreasing the %RH values from the maximum to the ambient. In this way, the
humidity response of the coated LPG along with its hysteresis loss was obtained.
The resonant wavelengths for increasing and decreasing values of %RH are listed in

Table 6.2

Table 6.2 LPG_1 Wavelength response for increasing and decreasing values of RH

Relative Humidity Wavelength (increasing) Wavelength (decreasing)

(%) (nm) (nm)

35 1543.7 1543.6

40 1543.7 1543.3

45 1542.8 1542.4

50 1542 1541.8

55 1539.7 1539.4

60 1538.2 1538.3

65 1537.2 1537.3
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70 1537 1537

75 1536.9 1536.7
80 1536 1536.3
85 1535.5 1535.8

By having a look at Table 6.2, one can easily observe that the humidity response of
LPG_1 upto 50% RH level is feeble, beyond which a considerable shift in resonant
wavelength is seen. It can be inferred that the overlay material does not behave
actively at low RH values; therefore no major changes occur in the overlay structure
and RI. As observed by Russell and Fletcher [40], there is little or no water absorbed
by CoClz/gelatine material when the relative humidity is less than 57.6%, hence the

sensor shows negligible response in terms of shift in resonant wavelength.

CoClz/gelatine coated LPG based humidity sensor shows a negative shift in resonant
wavelength as the humidity level is raised i.e. the wavelength shift towards the left
side of the base value of the resonant wavelength. This decrease in resonant
wavelength toward the negative direction is termed as “blue shift”. The

phenomenon is clearly evident in Figure 6.8.

It has been theoretically and experimentally demonstrated that [238] a blue shift in
the resonant wavelength of the LPG takes place when it is coated with a low RI
overlay than that of cladding. The RI of the overlay in our case is measured to be
1.34146 which is less than the cladding mode RI of LPG (which is 1.445 for LPG_1).
As the RH level increases, the overlay material being hygroscopic in nature, absorbs
more water molecules, become less dense and hence exhibit even lower RI. But in
addition to this factor, there is another contributing element that adds to the

observed red shift.
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Figure 6.8 Plot of LPG_1 when subjected to 35% to 90% RH depicting blue shift
The presence of gelatine plays a major role in blue shift. As RH values increase,
swelling of the gelatine material occurs which bring about morphological changes in
the grating structure. This induces tension on the LPG, reducing the grating period
and effecting the coupling strength. Hence the resonant wavelength further
experiences a shift in the negative direction. In effect, both reduction in RI and
swelling of the overlay coating are responsible for the observed blue shift in the
transmission of LPG when it is subjected to rising levels of RH. A reverse
phenomenon is seen during the downward shift of RH level. The open and
fluctuating structure of gelatine matrix enables the coating to lose the adsorbed
water molecules gradually. The LPG-based sensor shows slight changes in output
when subjected to reverse cycle of RH. This can be attributed to the hysteresis loss of
the sensor. Similar experiments were conducted with LPG_2 (575 um) to confirm the

pattern of wavelength shift and study the effect of grating period on the sensitivity
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of the sensor. Table 6.3 shows the humidity response of the LPG_2 with overlay

coating, both in the upward and downward directions.

Table 6.3 Wavelength response for increasing and decreasing values of RH

Relative Humidity Wavelength (increasing) Wavelength (decreasing)

(%) (nm) (nm)

50 1588 1588.8

55 1587.2 1588.1

60 1587 1587.6

65 1587 1587.1

70 1586.2 1586.4

75 1585.7 1585.6

80 1585.1 1585.2

85 1584.7 1584.1

6.5 Sensor Performance

Experimental demonstration has given enough evidence on the performance of
coated LPG based humidity sensor. Every sensor is characterized by its sensitivity,
accuracy, repeatability, hysteresis and stability. In Figure 6.9 are shown the plots of
differential wavelength shift versus RH level for LPG_1 and LPG_2 respectively.
Both the curves are fitted with their best fit line through the least squares fit
method.Interesting results were obtained during sensitivity analysis of both the
LPGs. While the LPG_1 showed a sensitivity of 0.18 nm/%RH with an error of
+1.45%, LPG_2 gave a sensitivity of 0.09 nm/%RH along with an error of just 0.54%.
The error is the percentage error that is calculated by using the statistical features of
software OriginPro 7.5.The error bars are the deviation of obtained experimental
reading from the linear fit values. In Figure 6.9 (a) & (b) at humidity value 70%RH

no error bar is present as the experimental value is same as expected from the linear
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tit. The above discussion presents a clear case of trade-off between sensitivity and
accuracy. Also, it can be interpreted that LPGs with a lower grating period have
better dynamic response as compared with higher ones. It even turned out that the

hysteresis response of LPG_1 was better than the other one.
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Figure 6.9 (a) & (b) Actual and linear fits of humidity response of both the LPGs
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The hysteresis loss of the LPG_1 based sensor was evaluated by comparing the
values of the increasing cycle of RH with the corresponding values of the decreasing

cycle. Figure 6.10 shows the hysteresis curve of LPG_1.
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Figure 6.10 Hysteresis response of LPG_1
The sensor hysteresis loss was calculated to be +0.18%. This value can be obtained by
measuring the slope of the graph shown in Figure 6.10. The accuracy is determined
by calculating coefficient of regression from linear fit of the same graph. If we see the
variation pattern, from 35 to 50% RH little water is taken by the coating beyond 50%
RH there is considerable shift in the resonant wavelength .The Figure 6.10 shows a
decrease in resonant wavelength as RH level is increased from 35% to 90%. This
“blue shift” is explained as follows.The overlay material being hygroscopic in nature
absorbs more water molecules as RH levels are increased thereby resulting in
decrease of the coating RI. The sensitivity of LPG sensor to external index of

refraction is governed by [114]:

dAres
dngyr

= Ares-V-Isur (6.5)

where v is the waveguide dispersion and I'sur is the surrounding RI dependency of

the waveguide dispersion. The value of y for cladding modes m<8 remains positive

[94]. This condition was satisfied for our fabricated LPG which was calculated by
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OptiGrating 4.2.2 software. The value of I'swr in Equation 6.5 always remains negative
for nsu<na [8]. This is true in our case as the RI of the overlay solution was found to
be 1.34146 using refractometry and it keeps on decreasing as RH levels increase
further. This confirms the obtained blue shift. The nature of graph reported by [137]
highlighted that there was little or no water taken up from 30-50% RH, while about 6
mol of water is taken up beyond 50% RH by same combination. The nonlinearly
mentioned in Figure 6.10, is primarily due to light source fluctuations and over a
large humidity change this can be avoided. Dual source techniques can be used to

overcome this non linearity.

Sensitivity will increase with decrease in period as reported by Tan et al. We have
also verified the fact in this work by using LPGs of two different periods 525um and
575um. Experimental results show that LPGs having lower period have high
sensitivity for RI. The reason for such a trend is that each of the cladding modes of
LPG can be characterized by rays whose angle with the fiber normal decreases with
increase in cladding mode number (m). For the same index of refraction of external
medium, lower order cladding modes save well confined modal power. Thus, they
have less interaction with the external medium. As the order of the cladding mode
increases, a larger portion of the modal field interacts with the external medium.
This leads to the LPG spectrum being more sensitive to change in index of refraction
of the external medium. Our LPF fabrication system allowed writing LPGs with a
minimum period of 500 um. Hence experiments have been performed on 525um and

575um period gratings.

For stability check both the LPGs were kept in the humidity control chamber one at a
time at 70% RH level for 300 minutes and the transmission spectrum of LPG was
monitored after every 10 minutes. The response of the sensor subject to the same

humidity level for an elongated duration is shown in Figure 6.11.
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Figure 6.11 Plot depicting wavelength response of LPG_2 at 70% RH for a duration
of 300 minutes

It follows from the above experiment that the stability error of the sensor is about
0.056%. The stability error is calculated by linear fit of graph between wavelength
shift and time. The other method used, is the ratio of the difference between
maximum and minimum obtained values divided by original value. Thus the

designed sensor shows appreciable stability.

6.6 Humidity Sensing using Gelatin & Cobalt Chloride Coating on
ITO coated LPG

Humidity sensor using gelatin & cobalt chloride on ITO coated LPG was also
proposed and demonstrated. LPG firstly coated with ITO, then with a combination
of gelatin-cobalt chloride. This sensor expands range up to 95% RH with better
stability. LPG is fabricated with a resonant wavelength of 1602.5 nm and period of
720 um over a 2.0 cm length of boron co-doped single mode photosensitive fiber by
the point-by-point writing method using an excimer KrF UV laser having a pulse

repetition rate of 200 Hz, pulse duration of ~ 15 ns and peak pulse energy of ~ 3 mJ.

To develop metal oxide coating a combination of Indium chloride (InCls) and tin
chloride (SnCl22H20) in the ratio 1:0.2 was prepared in 25 ml of ethanol in ultrasonic

cleaner and applied on LPG surface. The solution was stirred for five hours
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continuously at room temperature. 0.01% by volume of surfactant Tween 80 was
added to the prepared solution. The hygroscopic layer was prepared with a
combination of gelatin-CoCl: solution in the ratio of 2:1. Dip coating method was
adapted to form both of the overlays on LPG. The later solution was prepared using
1.5 gm powdered gelatin dissolved in 40 ml DI (de-ionized) water and heated up to
60°C for 10 minutes in ultrasonic cleaner and mixed with 0.75 gm of cobalt chloride.
An optimized, reproducible and reliable approach to the coating process was
generated with a number of trial experiments to allow a smooth and thin coating on
the LPG. The FESEM graph is shown in Figure 6.12. As described in the previous
session similarly the LPG RH sensor was placed in the humidity chamber, and the
fiber is held straight by use of two fiber holding stage to eliminate bend losses to the
LPG. The humidity was varied from 40% to 95% in the chamber to test the
performance of the proposed LPG humidity sensor. The chamber temperature was
maintained at 25 °C throughout the experiments. The chamber’s temperature
accuracy and humidity resolution was +1°C and 1% RH respectively. A commercial
hygrometer was placed inside the chamber for comparison, and to enhance the

accuracy in the measurements.

Figure 6.12 SEM graph of ITO & gelatin -CoClz coated LPG

The humidity response of the sensor for both increasing and decreasing values of

RH is shown in the Figure 6.13.
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Similarly Stability test was also carried out with sensor kept in the humidity control

chamber at 65% RH level for 300 minutes and monitoring its transmission spectrum

after every 10 minutes as shown in Figure 6.14.
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Figure 6.14 Plot depicting wavelength response of LPG at 65% RH for duration of

300 minutes

The stability error of the sensor found to be 0.031%. Thus the designed sensor

showed appreciable stability. The designed sensor shows a sensitivity of 0.12
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nm/%RH with an accuracy of 98.45%, thermal sensitivity 0.34 nm/°C and hysteresis
loss of +0.12%.

6.7 Summary

It may thus be summarized that long period grating is not just a highly sensitive
refractometer but by applying a hygroscopic coating it can be used to determine the
RH level of the ambient medium. The presented data supports the promising
performance of LPGs as humidity sensors on a commercial platform. Along with the
inherent advantages of optical fibers, LPGs can offer the flexibility of distributed
sensing system. The LPG coated with mixture demonstrated a sensitivity response of
0.18 nm/ %RH with an error of +1.45%. The design offers minimal hysteresis loss of
+0.18% and a stability error of 0.056% and repeatability of 99.7%. In addition to this,
the effect of grating period on the performance of sensor has also been studied. It is
seen that LPGs with a lower grating period have higher sensitivity of RH level
changes. The ITO and CoCly/gelatine coated LPG as humidity sensor is
demonstrated. The sensor can be used to measure the RH variation efficiently in the
range of 40% to 95% RH with sensitivity of 0.12 nm/%RH, accuracy of 98.45%,
stability error 0.031%, hysteresis error of +0.12% RH and repeatability of 98.7%.
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CHAPTER 7. INVESTIGATIVE STUDY OF FIBER BRAGG
GRATING IN MULTI MODE FIBER

7.1 Introduction

In its simplest form, a fiber Bragg grating consists of a periodic modulation of the
index of refraction in the core of an optical fiber. The basic structure of FBG is shown
in Figure 7.1. These kind of uniform fiber gratings, where the phase fronts are
perpendicular to the fiber longitudinal axis and the grating planes are of a constant
period, are regarded as the elementary building blocks for most Bragg grating
structures. Light guided along the core of an optical fiber will be scattered by each
grating plane. If the Bragg condition is not satisfied which is given by Equation 7.1,
the reflected light from each of the subsequent planes becomes progressively out of
phase and will ultimately cancel out [239]. Where the Bragg condition is fulfilled, the
involvement of reflected light from each grating plane adds constructively in the
backward direction to form a back-reflected peak with a center wavelength defined

by the grating parameters.
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Figure 7.1 Structure of fiber Bragg grating [240]
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The simplified first-order Bragg condition is given by:

where the Bragg grating wavelength, A is the free-space center wavelength of the
input light that will be back reflected from the Bragg grating, n.ss is the effective
refractive  index of the  fiber core at the  free-space-center

wavelength and A is the grating period.

7.2 Uniform Bragg Grating Reflectivity

Consider a uniform Bragg grating formed within the core of an optical fiber with an

average refractive index ny. The index of refractive profile can be expressed as [239] :
n(x) = ny + An cos (%) (7.2)

where An is the amplitude of the induced refractive-index perturbation typically10-
to 102and x is the distance along the fiber longitudinal axis. Using the coupled-mode
theory analytical description of the reflection properties of Bragg gratings may be
obtained. The reflectivity of a grating with constant modulation amplitude and
period is given by the following expression [1]:

_ k?sinh?(sl)
" I2sinh2(sl)+s2cosh? (s

(7.3)

where R(I ,A) is the reflectivity, which is a function of the grating length [, and

2Ny .
% is

wavelength A. k is the coupling coefficient, I' is the detuning wave vector, k=

the propagation constant as described in Chapter 2.

7.2.1 Coupling coefficient for contra directional coupling

As described in Chapter 3, for contra directional coupling between two LPo: modes

propagating in opposite directions, ¢;=¢, and coupling coefficient becomes [73]:

k=22 ff An?(x,y)|p|? (7.4)
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If we use the Gaussian approximation for ¢, then

2 ot ,—r2/0f
ol e (7.5)

where the multiplying constant will satisfy equation (7.4)

(p:

For Fiber Bragg Grating, we may assume that the periodic refractive index

perturbation is uniform inside the core and zero outside, that is:
An?(x,y) = An?; x?+y? < a?

=0; otherwise (7.6)
And equation (7.4) becomes

2 2
rdrf 7td(De_zrz/""g = koAn (1- e—2a2/w§)
0 My

WE 4 w a
ko = 250 pp2 = DHo
8 wo P Jy

If we write An? = 2nAnand assume n= n, £f » We obtain

k=T (1 — m20%/w8) (7.7)

= —/10

One can, in general, evaluate Equation (7.4) for any given perturbation An®(x,y) and

modal field profiles ¢4 (x, y)andg,(x, y).

For the sinusoidal variation of index, perturbation along the fiber axis is given by:

wAnl
k=" (7.8)

where I is given by (1 — e~24°/%6) under the Gaussian approximation and iscalled as

integral overlap. For sinusoidal variation it is given by:

I=1-= (7.9)

V2

149



a function of the fiber parameter V that represents the fraction of the integrated
fundamental-mode intensity contained in the core. At the Bragg grating center
wavelength, there is no wave-vector detuning and becomes (6 = 0) zero, therefore,

the expression for the reflectivity becomes [77, 103]
R (I,A) = tanh? (k) (7.10)

The reflectivity increases as the induced index of refraction change increases.
Similarly, as the length of the grating increases so does the resultant reflectivity. A

calculated reflection spectrum as a function of the wavelength detuning is shown in

Figure 7.2. The side lobes of the resonance are due to multiple reflections to and from
opposite ends of the grating regionand due to the non-uniform laser intensity
profile. The spectrum of experimentally fabricated FBG is shown in Figure 7.3.
Simulation of reflected spectrum has shown good agreement with the observed

spectrum.
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Figure 7.2 Calculated reflected FBG spectrum
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Figure 7.3 Experimental spectrum of FBG

7.3 Fabrication of FBG

There are only a few externally written fabrication techniques, namely, the
interferometric technique and the phase mask technique. In house grating system
provides the advantage to write gratings in both modes. Next section will describe

the phase mask technique for FBG writing.

7.3.1 Phase mask technique

One of the most effective methods for inscribing Bragg gratings in photosensitive
fiber is the phase mask technique. KrF excimer lasers are the most common UV
sources used to fabricate Bragg gratings with a phase mask. This method employs a
diffractive optical element phase mask to spatially modulate the UV writing beam.
Phase masks may be produced holographically or by electron-beam lithography
[241]. Holographically induced phase masks have no stitch error, which is normally
present in the electron-beam phase masks. In spite of this, complicated patterns can
be written into the electron beams fabricated masks quadratic chirps, Moire patterns,
etc. The phase-mask grating has a one-dimension surface-relief structure fabricated

in a high-quality fused silica flat transparent to the UV writing beam. The profile of
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the periodic gratings is selected such that when an UV beam is incident on the phase
mask, the zero-order diffracted beam is suppressed to less than a few percent
typically, less than 5% of the transmitted power as described in Figure 7.4. In
addition, the diffracted plus and minus first orders are maximized; each containing,

typically, more than 35% of the transmitted power [242].

A near-field fringe pattern is produced by the interference of the plus and minus
tirst-order diffracted beams. Experimental setup is of an excimer pump dye laser
with a frequency doubled BBO crystal for generating UV light at 245 nm for
inscribing Bragg gratings in an interferometer minus first-order diffracted beams.
The period of the fringes is one-half that of the mask. The interference pattern
photoimprints a refractive-index modulation in the core of a photosensitive optical
fiber placed in contact with or in close proximity immediately behind the phase
mask. A cylindrical lens may be used to focus the fringe pattern along the fiber core.
The phase mask greatly reduces the complexity of the fiber grating fabrication
system. The simplicity of using only one optical element provides a robust and an
inherently stable method for reproducing Fiber Bragg Gratings. Since the fiber is
usually placed directly behind the phase mask in the near field of the diffracting UV
beams, sensitivity to mechanical vibrations and, therefore, stability problems are
reduced. Low temporal coherence does not affect the writing capability as opposed
to the interferometric technique due to the geometry of the problem. KrF excimer
lasers are the most common UV sources used to fabricate Bragg gratings with a
phase mask as they have low spatial and temporal coherence. The low spatial
coherence requires the fiber to be placed in near contact to the grating corrugations
on the phase mask in order to induce maximum modulation in the index of
refraction. The separation of the fiber from the phase mask is a critical parameter in
producing quality gratings. Conversely, placing the fiber in contact with the fine
grating corrugations is not desirable due to possible damage to the phase mask.

Improving the spatial coherence of the UV writing beam not only get better the
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strength and quality of the gratings inscribed by the phase-mask technique, it also

relaxes the requirement that the fiber has to be in contact with the phase mask.

Incident Ultraviolet Laser Beam

Grating
Corrugations

Silica Glass
Phase Mask

Diffracted Beams

Fringe pattern -1 order ¢ +1 order

Zero order
(<3% of throughput)

Figure 7.4 Phase Mask fiber Bragg grating inscribing method

For writing FBG static mode of operation in TeraXion grating station is used. This
method of fabrication is based upon the phase mask technique, which is described in

above section.

7.4 Investigative Study of FBG in Multimode Fibers

When a multimode fiber (MMF) is subject to axial periodic index modulation with a
spatial period of A, the phase matching or Bragg reflection condition for a specific

spatial mode is [161]

Br— B =27/ (7.11)
where 8; and f,are the propagation constants of the forward and backward mode.
The standard multimode fiber can guide hundreds of modes for the wavelengths
around 1310 or 1550 nm. While some of them have almost identical propagation
constants, they manifest themselves as a number of degenerated principal modes

[165], corresponding to a series of different Bragg reflection wavelengths. In
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multimode fiber, the propagation constant for the N* principal mode, Sy can be

described by [161]:
__2mnq . 4A(N+1)
By =—— |1 " (7.12)

where n: is the core refractive index, A the maximum relative index difference,

V=2maNA/A normalized frequency, a core radius, and NA numerical aperture.

The phase matching conditions can be satisfied for both i.e between reflection of the
same modes as well as the neighboring modes. For the reflection between the same

Nt principal mode, the Bragg wavelength is determined by:

A=2n,A 1- D (7.13)

For the matching conditions between the N and the (N+1)" reflection modes, the
Bragg wavelength is determined by the average value of the two neighboring

propagation constants.

B =bBu +Bra (7:14)

Hence the peak reflection will fall between the N and (N+1)* reflection modes.

The number of principal modes or Bragg wavelengths depends on the how many
modes have been excited in the fiber. Light from broadband white light sources can
excite all the fiber modes hence all the principal modes. More than 20 Bragg
wavelengths can be observed for multimode excitation. From the Figure 7.5 it is clear
that multiple small peaks are coming along with main peaks, because of large value

of diameter carrying more number of modes.

The simulated spectrum for MMF FBG with Bragg wavelength 1586 nm, core and
cladding radii 25 & 62.5 pm and refractive indices 1.46, 1.45 and grating period 0.543
um is shown in the Figure 7.5. The simulation is done by software package

Optigrating 4.2.2.
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Figure 7.5 Simulated spectrum of MMF FBG with Bragg wavelength 1586 nm
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ly observed spectrum on OSA is shown in Figure 7.6. The spectrum

contains two major peaks as expected from the simulated spectrum.
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Figure 7.6 Spectrum of fabricated FBG in multimode fiber at wavelength 1586 nm

7.4.1 Characterization of FBG

To characterize the RI sensitivity of MM FBG, glycerol solutions of different

concentration are used as an external media. The Figure 7.7 shows its response to
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different concentration of glycerol solutions varying from (0 to 100%). The
experiment is performed by MM FBG with major peak at 1550 nm. The theoretical
result obtained by Optigrating 4.2.2 showed more variation than that of
experimentally observed results. In order to increase the sensitivity chemical etching
can be performed. Xinzhu Sang [170] reported the chemical sensitivity enhancement

by chemical etching the FBG written in MMF.
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Figure 7.7 MM FBG response to different concentration of glycerol solution
7.4.2 Strain and temperature effect on Fiber Bragg Grating in MMF
Similar to single mode fiber FBGs, the reflection wavelengths of the multimode FBGs
can be modulated by both the ambient temperature and axial strain. The core
effective index of refraction and the periodicity of the grating determine its center
wavelength so that the change of fiber with strain and temperature will affect its core
refractive index. The shift in the Bragg grating center wavelength due to strain and

temperature changes is given by [243]
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Bp =2 (AT 4 nppp 20) AL+ 2(A S + mpp SHAT (7.15)

0

where T is temperature. The first term in Equation (7.15) represents the strain effect
on an optical fiber. The change of grating length Al, which is caused by a strain on
the fiber, will also affect the period of grating and the strain-optic induced refractive

index.
The strain effect term could also be defined as:
AAB(S) = Ag(1 — pe)e; (7.16)

where ¢, is the applied strain on the fiber grating longitudinal axis, and p, is an

effective strain optic constant defined by:

2
ne

Pe = fo (P12 — v(P11 + P12)) (7.17)

where p;;and p;, are components of the strain-optic tensor, n.sf is the index of the
core, and v is Poisson’s ratio. The second term in Equation (7.15) represents the
temperature effect on an optical fiber. There is a shift in the fiber Bragg grating
center wavelength because the thermal expansion changes the grating period and

the index of refraction. This fractional wavelength shift for a temperature change (&

T) could be written as:

Mgy = Ag(a + QAT (7.16)
1\ 9A, . . . .
where = (Z) >7), is the thermal expansion coefficient for the fiber and ¢ =

1 Onefr . s e : -
(@) (6_T) represents the thermo-optic coefficient. For a typical MMF p;,= 0.121,

P12 = 0.27, v=0.17 and n.s; = 1.4532, length of grating 5 cm, index modulation 0.0001,
thermal expansion coefficient = 5.5 e-007 °C! and thermo optic coefficient = 8.3e-006

°C-L. By using these parameters and the above equations, the sensitivity of the fiber
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Bragg grating at 1550 nm is about 1 pm of the wavelength shift for 1 um applied to

the grating and temperature sensitivity approximately 13.7 pm/°C.

The effects of strain and temperature on FBG written in multi-mode fiber have been
theoretically analyzed and investigated using Optigrating 4.2.2. FBG is taken with
parameter Bragg wavelength 1550 nm, core and cladding radii 50 & 125 um and core
refractive indices 1.46, 1.45 respectively and period 0.5308 pum. The Figure 7.8 shows
the simulated results of Bragg wavelength variation with temperature vary from 25
to 90°C with zero strain applied on it. Similarly Figure 7.9 depicts the simulated
results of stain effect on Bragg wavelength on varying value from 0 to 1200 pe

keeping temperature constant at 25°C.
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Figure 7.8 The simulated results of Bragg wavelength variation with temperature
vary from 25 to 90 °C with zero strain applied on it
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Figure 7.9 The simulated results of stain effect on Bragg wavelength on varying
value from 0 to 1200 pe keeping constant temperature 25 °C

7.5 FBG as Current Sensor

Conventional optical fiber sensors for electric current measurement are based upon
Faraday effect that uses magnetostrictive alloy and metal coatings [244]. Recently
optical fiber based sensors are being investigated as an alternative to conventional
current sensors because of their advantages such as freedom from Electromagnetic
interference(EMI), wide bandwidth, compactness, geometric versatility, and cost
effectiveness. Optical fibers based on birefringence characteristics have been utilized
to measure current in which the polarization state of the light that propagates along
the fiber is detected by polarimetric or interferometric system [245-247]. In another
approach, Fiber Fabry—Perot interferometer (FFPI) has also been reported where a
metal (Au and Ni-Cr) is plated onto the optical fiber as a heater to measure the AC
electrical current. Amongst various FO (Fiber Optic) techniques, fiber Bragg grating

technology has generated much interest as a sensor for strain, temperature, and
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other physical parameters. Moreover recently [248] the study revealing the
relationship between relative displacement of interference pattern with surface
temperature has also been successfully demonstrated. Chin-Hsing Cheng et al. [249]
also measured wavelength as a function of the applied current from 0 Amp to 2
Amp resulting Bragg wavelength increased from 1547.837 to 1547.912 nm utilizing

the Faraday Effect.

Here a current sensor was designed and studied using temperature sensitivity of
FBG. In our case, current changes from 0.05 Amp to 1 Amp results Bragg wavelength
shift from 151.009 to 1553.461 nm (without housing setup). And with the housing
setup, change of 1 Amp to 4 Amp current shifts Bragg wavelength from 1547.99 nm
to 1550.682 nm. It is known that when FBG is subjected to change in temperature or
strain shows shift in the Bragg wavelength. Thus by monitoring the change in the
Bragg wavelength, we can calculate the temperature of the surroundings when no
strain is applied to the FBG. The design of the sensor was inspired by this idea.
Nichrome coil was used as the heating element with strain-free FBG kept at its center
in the experiment. This coil is also used in various heating appliances such as hair
dryer etc. FBG was strain free because it was not surface mounted, it is just passed
through the current carrying coil. So there was no mechanical or any residual
stain/stress present. When Alternating current (AC) current was passed through this
coil, it heated up, thus shifting the Bragg wavelength. This kind of sensing technique

is simple in structure and low in cost.

75.1 Theory and experimental details

In an FBG light is coupled between forward propagating mode to backward
propagating mode and the reflected Bragg wavelength is given by Equation 7.1. The

heat produced in the Nichrome coil is proportional to the current supplied [236]:

H = P*Rai (7.17)
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where H is the heat produced, I the value of current and R is the resistance of the
coil. When the coil is heated there is a shift in the Bragg wavelength of the FBG kept
inside because the thermal expansion changes the grating period and the index of

refraction.

In the first step, the nichrome coil was calibrated with respect to the current and
temperature using available thermometer. Coil was subjected to known value of
current through a current source and corresponding temperature was noted for each

value with normal thermometer. The calibration curve is as shown in Figure 7.10
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Figure 7.10 The curve fit of the experimental values of current versus temperature.
Two FBGs were fabricated by using phase mask method as mentioned in Section 7.3
with resonance wavelengths of 1550.85 nm and 1547.95 nm. The calibration curve for
Bragg wavelength and temperature variation was observed. For this, FBG fiber was
inserted inside the coiled nichrome wire. The temperature was varied from 20 to 80

°C. For each value of current, corresponding Bragg wavelength was recorded using
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Micron Optics Si425 interrogator (Micron Optics Inc. Atlanta, GA). The Bragg

wavelength and temperature variation is shown in the Figure 7.11.
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Figure 7.11 Experimental value of variation of Bragg wavelength with increasing
value of temperature

75.2 Housing and without housing

To perform the current sensing an electric current from AC current source was
passed through this coil, generating heat and there was a temperature rise in the
surroundings of sensing FBG resulting in a shift in its Bragg wavelength. This
arrangement was without housing setup. The variation of Bragg wavelength with
increasing and decreasing values of applied current is tabulated in Table 7.1 and
shown in Figure 7.12. In this setup there were fluctuations in the Bragg wavelength
for constant value of current observed in the readings. The cause of these
fluctuations was air currents produced due to temperature variation. FBGs used in
our experiment were of very high reflectivity and very narrow bandwidth. Therefore
second setup is used in which housing has been provided to get more accurate

readings.
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Table 7.1 Bragg Wavelength vs. Current (without housing setup)

Current in Amperes Wavelength in nm

0 1551.009
0.05 1551.015
0.1 1551.041
0.15 1551.082
0.2 1551.132
0.25 1551.211
0.3 1551.281
0.35 1551.368
0.4 1551.47
0.45 1551.588
0.5 1551.699
0.55 1551.847
0.6 1551.99
0.65 1552.156
0.7 1552.334
0.75 1552.482
0.8 1552.671
0.85 1552.876
0.9 1553.081
0.95 1553.282
1 1553.461
0.95 1553.231
0.9 1553.016

163




0.85 1552.813
0.8 1552.64
0.75 1552.463
0.7 1552.26
0.65 1552.095
0.6 1551.95
0.55 1551.801
0.5 1551.661
0.45 1551.536
0.4 1551.419
0.35 1551.315
0.3 1551.213
0.2 1551.062
0.1 1550.947

0 1550.925

To overcome the above mentioned limitations setup was modified with providing
housing. Housing was basically used to put the setup inside a metallic chamber and
cover whole setup with thick thermocol sheets. The need of housing was to make the
system isothermal and to avoid the cross-sensitivity with ambient temperature,
moreover to make heat concentrated near the vicinity of the fiber. The experiment
was repeated with increasing as well as decreasing values of current. The schematic

of housing setup is shown in Figure 7.13.
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Figure 7.12 Graph showing the variation of resonant wavelength with the increasing
and decreasing value of applied current (without housing)

Metallic tube Nichrome wire

/

Fiber

4) 4) Ceramic plate

Voltage

Figure 7.13 Schematic of the experimental setup (with housing)

The Figure 7.14 shows the experimental setup, where the interrogator, FBG and

current source were shown in with housing configuration. The whole experimental
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setup was covered with hard thermocol sheets so that there should be minimum

effect of surrounding fluctuations.

Figure 7.14 Experimental set up of with housing configuration

Figure 7.15 shows the hysteresis curve for with housing setup i.e. the variation of
Bragg wavelength w.r.t increasing and deceasing value of applied current. To reduce
the surrounding effect and to make heat concentrated near the fiber, nichrome wire
with less diameter and closed metallic chamber was used in the setup. The metallic
housing did result in improved performance. It resulted in decreasing the hysteresis
as temperature variation in surrounding was comparatively lesser as shown in
Figure 7.15 and values are summed up in the Table 7.2. The peak wavelength varies
in accordance with temperature change. Further resonant wavelength increases and

decreases consistently as current varies in the same manner.
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Table 7.2 Bragg Wavelength vs. Current (with housing setup)

Current (amperes) Center Wavelength (nm)
0 1547.99
1 1548.196
2 1548.718
3 1549.63
4 1550.682
3 1549.702
2 1548.79
1 1548.227
0 1547.99
1551
_ A
€ 1550.5 /
=
= 1550
ey
£ 1549.5
2 ) —4—Increasing current
-]
z 1549 value
i 1548.5 =i~ Decreasing current
& value
@ 1548
1547.5 | | | !
0 1 2 3 4
Current (Amp)

Figure 7.15 Graph showing the variation of resonant wavelength with the increasing
and decreasing value of applied current (with housing).

The design of the sensor is very simple. The experiment was repeated three times
and the results were found consistent. The minimum and maximum values of

current measured without housing is 0.05 Amp and 1 Amp and with the housing
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setup it is 1 Amp and 4 Amp. A current sensor based on FBG has been designed,

developed, and investigated.

7.6 Summary

The chapter investigated and analyzed study of FBG written in multi-mode fibers.
The fabrication and characterization was covered. The effect of temperature and
strain was studied theoretically. FBG as a current sensor was demonstrated
successfully. The designed sensor has accuracy 0.05 Amp and repeatability 95%. As
the current sensor is in initial stages, it is far from being a commercial product. This
sensor is different from available current sensors in terms of its new and simple
design, low cost and ability to withstand harsh environment. This type of sensor has

a great scope in electrical industries and labs.
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CHAPTER 8. CONCLUSIONS, RECOMMENDATION
AND FUTURE SCOPE

8.1 Conclusions

This thesis presented the investigation on long period grating for Fiber Optic sensing
systems. The motivation and objective of this thesis is to do an in-depth analysis of
the properties-characteristics, fabrication, characterization and experimental
demonstration of LPG in sensing. The work presented in this thesis deals with two
major areas: refractive index sensitivity enhancement and relative humidity sensing.
The simulation of long period grating has been carried out and the results presented
have been validated using theoretical and experimental work. The development of
long-period gratings, the state-of-the-art for applications and associated fabrication
technology are reviewed. The concept of mode coupling is extended to investigation
of the fundamental characteristics of long-period gratings. An analytical model is
presented to explain the spectral modulation offered by these devices. It is shown
that the multiple loss bands in a long-period grating result from coupling to discrete
forward-propagating cladding modes. The periodicity of the refractive index
modulation characterizes the spectral properties of long-period gratings through
phase-matching condition. Characteristic curves that predict the resonant
wavelengths for different grating periods are obtained. It is observed that locations
of bands are strong functions of properties of the host fiber, grating period, and

effective refractive indices.

In this work, coupled mode theory is employed to investigate the coupling between
modes in a perturbed system. This method assumes that modal fields of waveguide
remain unchanged in the presence of weak perturbation. The phenomenon of
photosensitivity is reviewed. Theoretical models are discussed for the concept of

photosensitivity in optical fibers. There are many different methods of fabricating
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long-period gratings, which have been discussed. The experiments for fabricating
long-period gratings include: experimental set-up, experimental procedure and
measurements of transmission spectra of the gratings fabricated. The various
components and modes for writing of grating writing station are discussed in length.
Finally, the simulation results are also shown for the above mentioned. The work
includes experimental characterization of fabricated LPG with available standard RI
solutions. Wavelength dependency of LPG on strain and temperature is also

discussed.

The properties of long period grating have been investigated with conducting metal
oxide coating, followed by the investigative study on rearrangement of modes due
to deposition of higher refractive index value overlay on it. The utilization of ITO as
coatings material allows the fabrication of sensitive, highly reproducible and easy to
implement refractive index sensors. For the purpose dip coating method has been
used for thin film deposition of ITO. The coating structure and its properties had
been investigated using SEM, FTIR and Raman spectroscopy analysis. The RI
sensitivities of the uncoated as well as ITO coated LPG are monitored with glycerol
solutions of varying concentration with different RI. A comparison of both uncoated
and ITO coated LPGs demonstrated that the sensitivity has been enhanced by 2-3
times because of coating. This factor can be improved by further optimizing the
coating methods. This approach has given a better understanding about the coated
LPG behavior. If the thickness and refractive index of the overlay are fixed, the
sensitivity to specific ambient refractive index ranges can be optimized by adequate
selection of the other two variables that are fixed. One example has been shown for

the RI sensor.

It is demonstrated that long period grating is not just a highly sensitive refractometer
but it can also be used to determine RH level of the ambient medium, by applying a
hygroscopic coating over it. We designed and experimentally demonstrated for the

very first time, a sensor probe based on LPG coated with gelatin-Cobalt Chloride
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(CoClz) that covers a reasonably large range of RH from 35 to 90%. The presented
data supports the promising performance of LPGs as humidity sensors on a
commercial platform. Along with the inherent advantages of optical fibers, LPGs can
offer the flexibility of distributed sensing system. The LPG coated with mixture
gelatin-Cobalt Chloride (CoCl2) demonstrated a sensitivity response of 0.18 nm/
%RH with an error of #1.45%. The designed sensor offers minimal hysteresis loss of
+(0.18%, stability error of 0.056%, repeatability of 99.7% and response time of 24
seconds. The overlay coating is found to be durable for a period of 3 months. In
addition to this, the effect of grating period on the performance of sensor has also
been studied. It is seen that LPGs with a lower grating period have higher sensitivity

of RH level changes.

The ITO and CoClz/gelatine coated LPG as humidity sensor is demonstrated very
tirst time. The sensor can be used to measure RH variation efficiently in the range of
40% to 95% RH with sensitivity of 0.12 nm/%RH, accuracy of 98.45%, stability error
0.031%, hysteresis error of +0.12% RH and repeatability of 98.7%

Also, investigated and analyzed FBG written in multi-mode fibers. The fabrication
and characterization by taking different concentration of glycerol solutions has also
been discussed. The effect of temperature and strain is studied theoretically. Bragg
gratings in multimode or few-mode fibers can be used for bending or displacement

Sensors.

FBG as a current sensor is demonstrated successfully. The designed sensor has
resolution 0.05 Amp, accuracy 95%, and repeatability 5 pm. The sensor will work for
both alternating current and direct current. The design of the sensor is very simple.
The experiment was repeated three times and results were found consistent. The
minimum and maximum value of current measured without housing is 0.05 Amp
and 1 Amp and with the housing setup it is 1 Amp and 4 Amp. This sensor is

different from available current sensors in terms of its new and simple design, low
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cost and ability to withstand harsh environment. The study of this type of sensor has

a great scope in electrical industries and labs.

8.2 Recommendations

> It is recommended to implement humidity sensors for moisture measurement
in food storage systems. As the light does not leave the fiber and light
modulation takes place inside the fiber, this kind of sensor presents the major
benefit to have the ability to reach otherwise inaccessible places and without
the need of electrical energy at the sensing location.

> LPG sensors are passive and require no electrical power. Because of this, they
are totally immune to interference from electrostatic or radio frequency
sources. Furthermore, they are intrinsically safe and can be used to
instrument the most hazardous explosive environments. For monitoring and
controlling corrosion in structures, this study can be beneficial for exploring
LPG as pH sensor.

» The two Long Period grating sensors are presented in this thesis work i.e.
refractive index and moisture sensors. In chemical industries, where bulk of
chemical solutions are used every day, fiber based refractive index sensing
can be very beneficial in performing fast purity & quality checks.
Nevertheless, both the sensors can contribute in the fields like agriculture,
food processing, medicines, bio sensing and structure health monitoring.

» FBG based current sensor presented here is different from available current
sensors in terms of its new and simple design, low cost and ability to
withstand harsh environment. This type of sensor has a great scope in

electrical industries and labs.

8.3 Future Scope

» Towards future scope, rigorous simulation studies have to be carried out on

the coated long period gratings. It is clear that higher-order resonances permit
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to obtain wider wavelength shifts as function of the different ambient
refractive indices. Other applications like detection of gases and detection of
oils can also be explored.

The RH sensor coated with gelatin-Cobalt Chloride (CoCl2) is experimentally
demonstrated with sensitivity 0.18 nm/%RH and covers a reasonably large
range of RH from 35 to 90%. More sensitive sensor can be designed by etching
the cladding of the LPG. The gelatin-Cobalt Chloride (CoCl2) amalgamation
on etched LPG will surely give much more sensitive RH sensor.

Simulation studies can be further carried out on the LPG directly inscribed
into the Erbium doped fiber (EDF) and Photonic Crystal Fiber (PCF), this is
currently being investigated by many research groups and characteristics can
be further worked out for some novel applications [250—251].

The new combination of hygroscopic materials should be explored for
covering much wider range of humidity.

This study of humidity sensing can also be helpful for exploring for the
possibility of pH sensors particularly in applications of corrosion monitoring

and early corrosion detection.
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APPENDIX-I

The simple schematic of the optical system is illustrated in Figure 4.6.The main

components are identified and discussed in further detail in the following section.

Optical components

1. Laser
The laser used in the system is an excimer set with a krypton fluorine transition for a

central lasing wavelength of 248 nm (Excimer laser).

2. PDL Unit
The PDL control unit consists of a high power polarizing beam splitter cube (PBS)
which serves to split the S & P polarizations. P polarization is used to ensure low

PDL gratings.

3. Beam Tap
The beam tap (BS) is used to tap a small portion of the UV unwanted S polarization

beam in order to provide a feedback loop for preservation of the laser beam position.

4. Beam Feedback Control
(M1) also serves as an actively controlled redirecting mirror and thus is mounted on
a double axis tilting mount which can be controlled by the feedback received from

the UV beam analyzer (BA). The feedback loop is controlled entirely by the software.

5. Beam Dump
The beam dump (BD) captures all the unwanted S radiation from the PDL unit and

disposes of it safely.

6. Optical Shutter
The computer controlled optical shutter (OS) allows for the rapid triggering of the

UV laser beam for grating writing.
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7. Power control unit

The power control unit (PCU) allows for precise control of the power of the laser
beam incident on the fiber during the grating writing process. The power control
unit utilizes a high power laser polarizing cube beam splitter which is mounted in a
computer controlled rotation stage. The laser beam power can be varied anywhere

from 0 to 100% simply by turning the cube over a 90°range.

8. 450 mm Translation Stage (Main Axis)
The 450 mm translation stage allows for long gratings to be written using the
scanning or stepping modes. The stage is set to fix when static or interferometer

mode is deployed.

9. First Flipper Mirror

The state mode of the first flipper mirror (FM1) defines whether the grating writing
station is in static or not. If the mirror is in the optical path, then the system is in
static mode. This flipper is activated when the ‘Lens axis’ module is moved in OUT

position.

10. Beam Expander Lens Arrangement

If static writing mode is chosen, then the laser beam passes through a 5X beam
expander which is essential in ensuring that the beam is large and uniform enough
for writing good wideband filters. The beam expander lens arrangement consists of a
Plano-concave lens (L3) with a focal length of 25 mm in series with a Plano-convex

lens (L4) with a focal length of 125 mm.

11. Cylindrical Focusing Lens

The cylindrical focusing lens focuses the UV laser beam into the plane of the fiber
and permits efficient grating writing. In this system two focusing lenses are needed.
In interferometric mode the cylindrical lens (LF2) has a focal length of 200 mm. In
static, scanning and stepping mode the cylindrical lens (LF1) has a focal length of 100

mm.
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12. Amplitude Mask
The amplitude masks permits the user to reproduce a variable index change as a
function of physical position in the fiber. The position of the amplitude mask can be

controlled by software using amplitude mask axis.

13. Phase Mask
The phase mask (PMI1) generates the interference pattern which is necessary to
produce fiber gratings. In interferometric mode a phase mask (PM2) is used to split

the beam in two parts.

14. Second Flipper Mirror

The state of the second mirror (FM2) defines whether the system is in interferometric
mode or scanning/stepping (LPG) mode. If this mirror is in the ON position then the
system is in interferometric mode. If the mirror is in the OFF position then the

system is in scanning mode or stepping mode.

15. Aperture
The aperture (S1) is used to remove any unwanted portions of the UV beam prior to

grating writing using the interferometric mode.

16. UV Beam Analyzer
The beam analyzer (BA) is used to monitor the quality and absolute position of the

UV laser beam both before and during grating writing.

17. Variable Slit/Aperture
The aperture (52) encountered in the optical path serves to further reduce the beam

width down to values of 1.0 mm prior to incidence on the fringe control unit.

18. Fringe Control Unit
The fringe control unit consists of a Plano-convex lens (L1) with a focal length of 100
mm in series with a Plano-convex lens (L2) with a focal length of 25 mm. The fringe

control unit also includes an automated 100 mm translation stage which allows for
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modification of the 100 mm lens position and thus wavelength modification. The
Fringe Control Unit must be in “IN” position for Scanning, Interferometric and LPG

mode and ‘OUT’ position for Static Mode.

Non optical components

There are also a number of complementary features which are not shown in the

optical schematic. The main non optical components are listed as follows:

1. Phase Mask Mount
The phase mask mount is fabricated from titanium. It has three degrees of freedom

and can accept phase masks up to 150 mm in length.

2. Fiber Mount
The fiber mount has been specifically designed for the writing station and consists of
a mount fabricated from aluminum. The approach of the fiber to the phase mask is

motor powered, as is the alignment in all other axes.

3. Vision System
The vision system consists of two cameras and high intensity LEDs. This module is
an essential tool for motorized alignment of the fiber optic with respect to the phase

mask and laser beam.

4. Tension System

The tension system is separate from the fiber mount. The fiber is first clamped on the
right side of the fiber mount and then on the tension system. The load cell thus
directly measures the tension on the fiber. The load cell tension level is read by an
indicator and fed directly to the grating writing software. Once the tension is
adjusted, the left clamp on the fiber mount is closed and the tension clamp is

opened.
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5. Light Sources

TeraXion system is equipped with three light sources.

»> A broadband C+L Light Source (FL-7002) from Thorlabs which has a
wavelength range of 1530 nm to 1610 nm.
» A broadband source at 1480 nm (BLS1480) from Electro Photonics

Corporation.

» A broadband source at 980 nm (FLS-2200) from EXFO

6. Optical Spectrum Analyzer
The main functions of the OSA have also been incorporated into the software for the
writing station thus allowing the user to operate the OSA directly from the provided

PC with loaded software.

7. Piezo and Controller

The piezo and controller arrangement permits the user to produce fiber gratings
with a variety of apodization profiles. Two distinct system are used, one for the
Interferometric Mode and the other for Scanning/Static mode. Dynamic dithering of

the phase mask is the mechanism used to achieve apodization.

8. Housing
The housing is fabricated from aluminum with Perspex panels. The front panel is

mounted on sliding rails.
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