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ABSTRACT
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Optical fibers are used for sensing applications by continuously monitoring the changes in
physical, chemical and biological parameters. Fiber optic sensors (FOS) provide the possibility to
measure various parameters like temperature, strain, liquid sensing with simple sensor design.
The sensing information is transferred by optical sensors through modulation in intensity, phase,
polarization. Optical fiber sensors have advantages compared to conventional sensors due to
absence of electromagnetic interference, ability to sense in harsh environmental condition and
remote sensing. This class of sensors are widely usable due to various simple sensor designs
and measurement techniques available which improves the sensing capability of the sensor.
The aim of this master thesis is to explore new areas of evanescent wave effect-based fiber
sensor using a specialty optical fiber. A novel D-shaped optical fiber is developed with
homogenous asymmetric cross-section along its whole length. This type of fiber is utilized
throughout the course of the thesis to enhance the evanescent wave effect for sensing. Different
geometrical configurations of the optical fiber are utilized to study the improvement in the sensing
performance. Refractive index sensing of liquids is the major focus of the experimental work.
Isopropanol and distilled water are the optical media under test for liquid sensing . A D-shaped
fiber with a length of 20 cm is utilized with 4-cm long uncoated region in the central part of the
fiber acting as the sensing region. The asymmetrically positioned thin cladding enhances
interaction of evanescent field with the external environment. The sensing performance ex-
pressed polarization dependence with vertical polarization being prone to more losses due to the
enhanced evanescent wave effect.

Spectral measurements revealed significant changes by varying the physical parameter:
refractive index. Sensing liquids like distilled water and isopropanol helps to quantify the content
of such kinds of compound in their mixture. Distilled water, being a non-reactive and miscible
liquid in most chemicals, can easily be a source of contamination in isopropanol. A simple ap-
proach based on D-shaped fiber sensing provides a method to measure such contamination by
studying the spectral intensity changes at different proportions of the two liquids in a mixture. The
evanescent wave interaction and hence the sensitivity of FOS is further improved by the
implementation of U-bend geometry. U-bend geometry offers higher sensitivity due to mode
displacement that occurs with the bending of the fiber. The ambition of the work is to offer new
approaches for fiber-based sensing of materials that are industrially important.
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1. INTRODUCTION

Fiber optic sensors (FOS) are a class of sensors that are used in various applications
ranging from structural health monitoring [1], biosensing [2] and chemical sensing [3].
FOS are widely used in the real time monitoring of various analytes with different ap-
proaches to improve the sensing performance. FOS are widely acceptable due to their
small size, light weight, resistance against harsh conditions, low electromagnetic inter-
ference (EMI). This makes FOS usable in any kind of environment and still provide effi-
cient sensing. Their non-conductive and non-corrosive behavior also makes them suita-
ble for various industrial applications that are not possible using conventional sensors.
This makes optical sensors far more convenient than their electrical counterparts (ther-
mocouples, strain gauges) which can be proven as inefficient in certain conditions. Dif-
ferent FOS techniques can be implemented depending on the applications and the pa-
rameters sensed. Starting from 1960s the usage of FOS in the medical industry became
one of the major approaches [4] due to their inert nature, immunity to EMI and non-
invasiveness by removing physical contact with the organs and tissues. Also, information
from the human body can be accessed using fiber optic sensors in multiple fiber bundles

as a single probe.

Chemical sensing is being researched extensively in various industries including for
monitoring the environment, examination of organic liquids, medicine and chemical anal-
ysis [5]. Fiber based sensors have gained attention in chemical sensing due to their abil-
ity of remote measurement and system compactness. FOS can be either intrinsic or ex-
trinsic. Refractive index-based sensors are demonstrated using various approaches.
Conventional refractive index (RI) sensors includes interferometric sensors technology
[6], [7] (like Fabry-Perot, Mach Zehnder) which measures small changes in R, intrinsic
methods using photonic crystal fibers [8], fiber Bragg grating [9] etc. Evanescent wave-
based sensing which is a recently progressed sensing design, falls under the extrinsic
sensor category for chemical sensing [10]. It allows simpler fabrication method compared
to other RI sensors with high efficiency and robustness. Evanescent wave sensing can
be based either on RI sensing or evanescent absorption- based sensor (EWA). Other

design characteristics also plays an important role in controlling and establishing the



sensing capability. In particular, fiber core diameter, length of fiber, and fiber probe ge-
ometry are important parameters for the design of such sensors [11]. Moreover, various
geometrical approaches have been proposed to enhance sensing capability as tapering,
etching, U-bend. For liquid sensing, it is important to understand the RI or absorbance
of liquids to find out the wavelength at which maximum signal change occurs. Evanes-
cent wave effect enhances with increasing wavelength [11]. For example, it was noticed

that in the infrared region, there is higher RI and absorbance for certain liquids [11].

The main aim of the thesis is to demonstrate Rl sensing based on the evanescent wave
effect. This is accomplished using a D-shaped optical fiber such that the flat surface of
D-shaped fiber is exposed to the interaction between evanescent wave and external en-
vironment. Rl sensing is demonstrated where the evanescent wave interacts with the
liquid under test. Distilled water and isopropanol, which are common and industrially rel-
evant liquids are used to demonstrate Rl sensing. Detection of liquids that are commer-
cially and industrially important solvents with low-cost and easily fabricated sensor sys-
tem provides an added advantage. Geometrical configuration of the fiber and other de-
sign parameters (e,g. Straight fiber geometry U-bend geometry, tapered fiber) are de-
scribed to establish and investigate the sensing capability of D-shaped fiber. Sensing
performance was monitored by spectral measurements where the change in spectral
characteristics was evaluated to understand the sensing performance. Sensing perfor-
mance can be depicted in terms of spectral changes that occurs after the optical signal
interacts with the external medium. The changes in spectrum due to liquid detection were

examined to study the stability, reliability and repeatability of the sensor.

The rest of the thesis is organized as follows. Chapter 2 describes the theoretical back-
ground about the principles of light propagation through the fiber, evanescent wave sens-
ing and related useful parameters. The geometrical configuration involved in improving
the sensitivity of the sensor will also be discussed. These are needed to understand the
light interaction with the external environment for sensing and help interpret the experi-
mental results. Chapter 3 focuses on the methodology and experimental work carried
out to design the sensor system. The results obtained from sensing experiment is dis-
cussed in detail in Chapter 4 which ensures the validation of sensor design for future
applications. Finally, Chapter 5 gives an outlook and insight of the thesis in the conclu-

sion.



2. THEORETICAL BACKGROUND

This chapter presents the fundamental concepts that are useful to understand the work-
ing principle of evanescent wave-based fiber optic sensor. The chapter starts with the
basics of light propagation through optical fiber, followed by discussion of evanescent

wave sensor and a brief description on femtosecond laser.

2.1 Light propagation along an optical fiber

Optical fiber [12] is a dielectric waveguide with circular symmetry of its cross section
enabling the transmission optical fields to large distances with a relatively low loss.
Standardly it consists of a circular central core surrounded by cladding. The core has a
higher RI than the cladding, which allows optical field propagation along the fiber based
on the phenomenon called total internal reflection (TIR). The principle of TIR originates
from the ray theory and it can occur when the light propagates from a medium of high RI
(n+) to a medium of low RI (n2). In this case, if the incident angle is greater than the critical
angle (6.), the rays are reflected totally back to the medium of high RI. Thus, TIR enables
field preservation and low loss propagation in the high refractive index core of the fiber,
when it is illuminated in an accurate way. The common fiber material is fused silica [13],
which is doped by other oxides in the core area to increase the Rl in that region. The
simplest fiber structure, called step-index fiber, has two discrete Rl levels: nsand nzde-
voted to the core and cladding respectively. However, besides the core and cladding of
the optical fiber, mostly it has around the cladding an outer layer called coating, made of
acrylate, which acts as a non-optical media protecting the glass-made part of the wave-

guide.

There are two types of rays propagating through the optical fiber: meridional and skew
rays [14]. Meridional rays regularly cross the propagation axis of the fiber and they en-
sure the transmission of the major part of the optical power. Whereas, skew rays propa-
gate without passing through the axis of optical fiber because they are confined close to
the boundary of the core. Figure 2.1 depicts a typical scenario of meridional and skews
rays imping and propagating in an optical fiber. In sensing applications, only meridional
rays are considered for analysis and simplicity. Ray theory provides acceptable predic-
tions for fiber dimensions much larger than wavelength of light. Thus, it cannot be used
in the case of dimensions comparable to the applied wavelength. Also, certain intricacies

of the propagation character cannot be demonstrated using ray theory. Importantly, the



dominance of some discrete transversal modes and their effect beyond the fiber core is
not explained with the ray theory. The description and evaluation of such aspects require

the consideration of the wave theory of the optical field.

a.

cladding

core )

cladding

\.Fiberaxis "

A

Figure 2.1. Propagation of a light ray along an optical fiber a). Meridional rays cross
the fiber axis. b). Skew rays do not cross the fiber axis but propagate close to the core-

cladding boundary.

2.1.1 Wave theory

The wave theory explains the propagation of optical radiation based on electromagnetic
wave behavior. The elementary unit of such a description is a plane wave, which means
wavefront perpendicular to the direction of propagation with identical phase in the whole
plane. However, in the fiber more complex waveforms are formed and all of them express
deterministic transversal intensity patterns depending on the character of the incident
EM field. Certain intensity patterns are preserved along the whole fiber length as super-
position of multiple plane waves. When a part of the plane wave undergoes a shift in
phase due to reflection, it interferes with its other parts thereby resulting in destructive or
constructive effect. Thus, only the intensity patterns, which are outcomes of such con-
structively interference will be preserved and propagate along the fiber. Each intensity
field pattern, termed as modes has a different profile, different effective Rl and propaga-
tion constant, determining its propagation velocity. Also, the mode structure of the fiber

and their mentioned characteristics depend on the wavelength of the incident field.

In the case of propagation along an optical fiber, there cannot be both electric and mag-
netic field vectors that are perpendicular to the direction of propagation. Therefore, stand-
ardly the modes are classified under the assumption that the electric field vector fulfills
this condition and termed as TE modes. When the fiber is assumed to be weakly guiding,
the modes propagating through them are termed as linearly polarized (LP) modes. In

case of stronger guidance, either the transverse electric (TE) or transverse magnetic



(TM) modes propagate. The various field patterns correspond to orders of the mode. The
order depends on the number of intensity maxima in the field pattern of fiber core. For
example, there is one field maxima for the TEywhich is the fundamental mode. The order
of modes increases with the increase in the number of field maxima. Figure 2.2 shows
the various modes propagating through the fiber. For a given n2 and ns and wavelength
A, the number of modes become smaller if the core radius is decreased. Also, fibers with

low numerical aperture (NA) have less modes propagating inside the fiber.

LP01 LP11a LP11b
LPgy LP21a LP21p

Figure 2.2. Transversal intensity patterns of the lower modes propagating inside the
fiber (adapted from [15])

Modes that can propagate at a shorter wavelength may be not guided in the fiber at
longer wavelengths. Some modes are not available at a fixed wavelength i.e., there is a
highest order mode limit for each particular wavelength. Similarly, beyond a limiting long
wavelength only one mode is guided in the fiber. This mode is termed as the fundamental
mode of the fiber. Wavelength that can accommodate only the fundamental mode and
not any other further modes is known as the cutoff wavelength. Thus, based on the mode
structure of the fiber at a given wavelength, it is classified as single or multi-mode. In the
following section, the basic mathematical relations will be presented, which characterize
the mode structure of the fiber in the case of a step-index fiber type at known structure

parameters.

2.2 Basic parameters of optical fibers

Numerical aperture: NA is defined as the sine function of the maximum incidence angle
of ray, which the fiber can possess to obey TIR. The NA defines the range of acceptable
angles allowing propagation through the fiber at reduced losses. Angles beyond the NA
will lead to propagation with significant radiative losses. The NA can be expressed via

Rl as shown by equation (2.1)



2.1
NA=sin® = |n% —n2 @1

where ns and n; are the core and cladding RI, @ is the half acceptance angle [14].

V parameter: It is also termed as normalized optical frequency which helps to determine
the number of the modes guided by the fiber. It is a dimensionless quantity. It depends
on the wavelength of light in (A), core radius (a), and the numerical aperture (NA) of the

fiber as expressed by equation (2.2).

2 2 2.2
VZTaNAZTa/n%—n% 22)

The number of modes in a step-index multimode fiber is estimated by M ~ V; which is

usable for high V parameter values. For a single-mode operation, the V parameter should
be less than 2.405.

Cutoff wavelength: It is the shortest A at which the fiber acts like a single-mode wave-
guide. At even shorter wavelengths more than one mode is guided by the fiber. As the

wavelength increases, the modes propagating through it reduces as seen in equation

(2.3).
2 2.3
AC=V—na/ni—n% (2:3)
(4

where a is the core radius of fiber, n; and n2 are the core and cladding RI respectively,
Ac is the cutoff wavelength and V. is the cutoff V parameter (2.405).

Above a certain wavelength, only the fundamental mode can traverse through the fiber
and this wavelength is termed in as the cutoff wavelength. In this case only the LPy
modes can propagate through the core. Whereas, below the cutoff wavelength also
higher-order modes like LP;s can propagate.

There are two types of fiber based on the mode structures propagating through it: single
mode fiber and multi-mode fiber. Single-mode fiber guides only the fundamental mode.
The core is small with core diameter around 8-10 pym in the case of standard telecom
fibers designed for the wavelength of 1560 nm [14] . The normalized frequency or the V
number for a single-mode fiber is less than or equal to 2.405. When the value of V pa-
rameter is higher, the power fraction propagating in the cladding exceeds 10%. Usually,

single mode fiber has a relatively low loss and high transmission capability.



Multimode fiber, as the name suggests, is a type of fiber that allows large number of
modes to propagate inside the fiber at a given wavelength. NA and core size are the
main parameters that affects the normalized frequency and therefore the number of
modes as seen in equation (2.2). Higher number of modes propagate through the fiber
with increasing values of NA and core size. The core size of a strongly multimode fiber
is typically 50-100 um and the NA is 0.20-0.29 [14]. Such values of the basic parameters
support efficient in-coupling of the optical radiation. On the other hand, the multimode
fibers exhibit enhanced dispersion effect. The multimode fiber undergoes intermodal dis-

persion because different modes express different propagation constants.

2.3 Factors affecting fiber optic transmission

Transmission of light through optical fiber is an aspect to be discussed while introducing
the working principle of fiber optic sensors. The propagation of light is affected due to
various factors including attenuation, dispersion etc. It is necessary to analyze the effect

of such factors in area of optical sensor development and application.

2.3.1 Attenuation

Attenuation is about the loss of optical signal that arises due to physical properties of
fiber which reduce the power of the initial signal. Attenuation of optical signal through
fiber is given by equation (2.4)

a= E lo & (24)
=1 d1o P,

where a is the attenuation through the fiber, L is the length of the fiber, P; the initial power
at the input of the fiber and P, is the output power at the end of propagation through fiber.
Attenuation in fibers is dependent on wavelength, fiber structural properties and on the
material with which the fiber is fabricated. Loss of power occurs due to various physical

phenomena and some of them are described as follows.

Absorption: Attenuation through fiber can take place due to absorption of light in the fiber
material. Absorption occurs when optical signal is absorbed by some intrinsic or extrinsic
material feature leading to loss of power at the output end of fiber. It is one of the main
causes of losses in the optical fiber. Some of the reasons that can lead to reduction in
optical power are related to fiber's material properties or its atomic structure. Absorption
can also occur due to impurities present in the fiber or any external material which ab-
sorbs the light energy [14]. Based on this, absorption can further be classified into two

types: intrinsic and extrinsic absorption.



Intrinsic absorption occurs due to the presence of small changes in the fiber material
properties which cannot be avoided during manufacturing of glass. Silica fiber has low
intrinsic absorption compared to other fiber materials which makes it suitable for reduced
absorption effect. The absorption in the infrared wavelength occurs due to vibration of
atomic bonds. The electromagnetic field of the optical signal interacts with the vibration
frequency of silicon - oxygen bonds transferring light energy and causing absorption [14].
Extrinsic absorption occurs due to impurities or defects present in the material. This in-
cludes metal impurities or even presence of OH bond due to traces of water in silica
glasses [14]. Such bonds have a fundamental absorption at a wavelength of 2700 nm
[14]. Thus, it is important to reduce the traces of water impurities in the fiber to avoid

absorption.

Scattering: Attenuation of optical signal can also be caused through elastic scattering of
light. Scattering occurs due to changes in the material density throughout the fiber. The
density changes arise due to dopants or structural defects present in glass that was
formed during the manufacturing of glass material or the fiber itself. When the optical
signal propagates through the fiber, it scatters light in all direction due to density changes
in the material. Elastic scattering basically occurs in two types known as the Rayleigh
scattering and Mie scattering.

Rayleigh scattering takes place when the density fluctuations present in the material
have sub-microscopic dimensions. This is one of the major loss mechanisms that occurs
for the wavelength range of 700 nm to 1600 nm for commercial fibers [14]. This type of
scattering occurs when the fluctuations size is less than one-tenth of wavelength of
source being used. It is also known that Rayleigh scattering is inversely proportional to
fourth power of wavelength (1/A4%). Thus, longer wavelengths show significantly lower
Rayleigh scattering effects than shorter wavelengths.

On the other hand, Mie scattering occurs when the fiber defects are larger in size. When
the size of fluctuations exceeds one-tenth of the wavelength of source then the scattering
mechanism is governed by Mie scattering. The scattering occurs also outside of the core

region due to defects of larger size.

Bending loss: Bending of the fiber can also reduce the optical power propagating in the
fiber core. Fiber bend can transfer the modes from the core more towards the cladding
reducing the modes propagating in the core. When the bend radius exceeds a critical
limit (or radius at which the losses increase exponentially), there are higher losses due
to optical power radiated out of the fiber core in the form of higher-order modes. Bending

loss can be reduced by decreasing the sensitivity of fiber. This can be either achieved



by increasing the RI of core and also by increasing the overall diameter of fiber [14].
Bending losses are also dependent to some extent on wavelength of light being used.
Longer wavelength tends to have higher losses mostly when it propagates through sin-
gle-mode fiber. Apart from the macro bending losses, micro bending losses can take
place when micro bends are present in the fiber. This type of bending loss emerges due

to geometrical defects in the fiber fabrication.

2.3.2 Dispersion

Dispersion of light can be explained as the spreading of optical signal in time when prop-
agating along the optical fiber. There are two types of dispersion, intermodal and in-
tramodal. Intermodal dispersion occurs mainly in multimode fibers where large NA allows
different modes to guide through the fiber at different angles. This makes the modes to
traverse different path lengths at the same span of time leading to spreading of the pulse
in time. The increase of the fiber length can lead to enhancement of intermodal disper-
sion. Whereas, intermodal dispersion is not relevant in single-mode fiber due to only the

fundamental mode propagating through the fiber.

Intramodal dispersion mainly occurs in single mode fiber where it mainly consists of two
major types called the material dispersion and waveguide dispersion. Material dispersion
arises due to the dependence of Rl on the wavelength. All laser sources have a finite
bandwidth and this range of laser wavelengths propagate with different speed in the fiber
and exit the fiber at different times leading to broadening of an input pulse [16]. At longer

wavelengths, material dispersion is weaker.

Waveguide dispersion is caused by the structure of waveguide, which is considered
mostly in single mode fiber, because it is even weaker than the intermodal dispersion.
Optical signal in the cladding expresses higher velocity due to lower RI of the cladding
in comparison to Rl of core causing broadening of the pulse. The broadening of pulse
due to chromatic dispersion is the combined effect of material and waveguide dispersion.
The linewidth of source plays an important role for this type of dispersion in addition to V
parameter, fiber core size and wavelength of light source [16]. Waveguide dispersion in
multimode fiber is negligible compared to material dispersion due to higher core size and

weaker cladding effect on the propagation.

2.3.3 Laser beam diameter

Beam diameter is a key factor to be analyzed in the case of fiber optic sensing. It is

necessary to check if the whole laser beam is in-coupled to the fiber without any portion
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being clipped. The beam diameter should be about 2/3 portion of core diameter of fiber
in order to ensure optimal coupling into the fiber. In general, a lens is used to focus the
beam to express such beam size in the focal plane. Thus, it is important to use lens with
appropriate focal length taking into consideration also the wavelength of the laser source.
We can calculate beam diameter in the focal plane using equation (2.5).
AM?Af (2.5)
W, =
D

where w, is the beam radius, M? is the beam quality factor, A is the wavelength of light, f
is the focal length of lens and D is the diameter of beam at the lens.

The beam diameter or spot size is defined as transversal distance at which the irradiance
is 1/e? times fraction of the irradiance at the center of the beam. In order to ensure effec-
tive in-coupling, the lens diameter should be at least two times the value of beam diam-
eter in order to avoid the clipping of a Gaussian beam [17]. It is also better to have a lens
that does not have strong aberrations. The last parameter is the M? which is the beam
quality factor determining the quality of laser beam. It gives the ratio of divergence of a
real beam to the divergence of ideal (diffraction-limited) beam which has a Gaussian

profile and the smallest possible waist radius [18].

2.4 Fiber optic sensing

Optical fibers were developed and utilized initially for communication purposes. Later,
fiber optics emerged among others as a promising tool for sensing applications. There
has been massive advancement of the fiber optics sector during the last decades leading
to increased production of optical fibers. The utilization of FOS has exponentially in-
creased due to its advantages. It involves aspects like remote sensing and application in
harsh environment conditions like high temperature, or highly corrosive environment [4].
The other important advantages are its electrical passiveness and small size, light weight
and compactness which makes it useable without any external factors. Fibers are im-
mune to EMI and provides higher sensitivity and resolution which leads to better sensing
performance [4]. Thus, FOS are preferred over electronic devices which led to increasing
demand of FOS in various applications from military to medical industry. Wide range of
physical properties such as temperature, strain, humidity, pressure and also chemical
sensing are applicable using optical fibers [4].

Possible parameters of optical signal that affect the sensor performance are the change

in intensity, amplitude in the spectrum or the signal power, phase and polarization con-



11

ditions. The FOS system consists of various components which together makes it a us-
able device as shown in Figure 2.3. It includes an optical source (e.g LED or laser),
optical fiber which can be either single-mode or multi-mode, a transducer which converts
a physical quantity to signal, a signal detector and finally a circuitry which can process
the optical signal to obtain data in feasible form.

Measurand

| 1]
(@EREG) .
Light source —| Transducer — Detector — —  Circuitry

Figure 2.3. Structure of FOS (adapted from [4])

Fiber optic sensors can be classified based on the modulation caused in the optical sig-
nal. The following parameters that influence the signal are

Modulation of Intensity: Change in physical quantities such as strain, temperature can
be depicted as function of intensity variation in sensing experiments. The changes in
intensity can be measured at the operating wavelength as transmission, absorption, re-
flection or even with micro bending [4]. Dependence on polarization orientation can also
be analyzed using modulation of intensity. Intensity monitoring can be utilized for study-
ing the perturbation of a physical quantity which is a direct measure of sensing effect. It
is important to have high illumination available for intensity modulated sensor than for

phase modulated sensor [4].

Modulation of phase: Phase of the electromagnetic field can be used as a medium of
measurement through the technique of interferometry which includes a reference fiber
that is compared to the sensing fiber to measure the phase difference. The perturbation
from the physical quantity can be realized when there is a phase shift between the sens-
ing and the reference fiber [4]. The change in phase is a measure of the change in sens-
ing parameter. Usually, modulation based on phase is more accurate than modulation

from intensity [4].

There are two ways in which fiber sensing can work. One is the extrinsic sensing where
the fiber acts as the path between the source and the sensor. The modulation due to
change in parameter occurs externally by a transducer [4]. Another is the intrinsic sens-
ing where the fiber itself acts as a sensor. The modulation that occurs due to perturbation
of parameter happens in the fiber itself. A brief discussion on these sensor types are as

follows
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Intrinsic sensor: Fiber acts like a sensor in this kind of sensing technique and it is easier
to employ them for remote sensing. In addition, it can also be used for distributed sensing
up to a distance of 1m [4]. Usually, multimode fibers are employed for modulation of
intensity, whereas other parameters are preferably modulated using single-mode fiber.
It is important to vary the optical fiber characteristics to modulate the optical signal prop-
agating through it. Various arrangements of optical fiber for intrinsic sensors are optical
fiber grating and the hollow core fiber which are sensitive to perturbations. The modula-
tion in intensity is widely used due to its simple configuration. The output signal attained

from the end of the fiber is utilized for interpreting the perturbations from environment.

Extrinsic sensor: An external sensor head is used for sensing physical parameters. Op-
tical fiber is used to transfer information through the sensing region. Optical signal from
the sensing region is measured in terms of intensity or phase modulation. This type of
sensing helps to measure physical quantities that is difficult to be accessible for sensing
purposes using other conventional sensors. Noise protection can also be achieved in

this sensing technique which helps to attain accurate results.

Design of a fiber optic sensor depends on numerous factors. It is important to achieve
high sensitivity and accuracy from the sensing target to acquire better performance.
Apart from the optical fiber, the source and the detector also play an important role in
improving the results. Source and detector are always chosen based on the application
for which sensing is performed. There are various physical measurands like temperature,
vibration, strain, humidity, liquid level and chemical sensing that optical fibers can meas-
ure. Usually, intensity modulation techniques are the simplest configuration in which the
spectral transmission or absorption changes are noticed as a result of change in the
measurands. The phase-modulated technique as mentioned above is also used for

measuring extrinsic sensors using interferometric based principle.

Fiber optic sensing based on RI modulation was established in 1970s through simple
measurements techniques such as fiber Bragg grating [19] where the periodic distance
between the grating and effective refractive index depends on the spectrum that is re-
flected back as seen in Figure 2.4. for strain sensing. Other approaches of sensing were
investigated using the interferometric technique. One such example is the investigation
of Sagnac interferometer for the design of accelerometer for railway purposes using PCF
fiber as seen in [20]. Also, sensing with Mach Zehnder interferometer using PCF fiber
involved for Rl measurement was a widely used approach for sensing. Recently, there

has been new approaches for sensing Rl changes. It is sensing based on evanescent
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wave effect which can be viewed as the interaction between electromagnetic field prop-
agating through the fiber with the surrounding medium. The RI difference between ex-

ternal region and the fiber can cause absorption or scattering of light.
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Figure 2.4. Sensing with a). Fiber Bragg grating (adapted from [19]) and b). Sagnac in-
terferometer (adapted from [20] ).

These recent work shows improvised techniques to measure and sense physical param-
eters. Different sensing approaches have been carried out like the evanescent wave
sensing [21], surface plasmon resonance (SPR) [22]. Optical sensing based on SPR
described by Shevchenko et al. [22] uses gold coated optical fiber that can excite surface
plasmon resonance using tilted fiber Bragg grating (TFBG). TFBG acts like the resonant
element which leads to scattering of light from the core to the surface of fiber. The change
in SPR is correlated with the change in physical quantity to be measured. For the course
of the thesis, we would be focusing on evanescent wave effect-based sensing. A meas-
urement system for optical sensing consists of signal condition component, a sensing

element and a signal processing component.

2.5 Sensors based on evanescent wave effect

Evanescent wave effect-based sensing focusses on interaction of electromagnetic en-
ergy with the surrounding medium due to leakage of light energy at the core cladding
interface during total internal reflection [11]. Evanescent wave effect can be understood
using the ray theory approach with phenomena of TIR. As seen in Figure 2.5. the pen-
etration of evanescent wave at the core cladding interface occurs at each point of TIR in

the fiber and a small amount of energy is radiated at the interface. The phase shifts and
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the electromagnetic field that decays can be understood with the wave theory. The wave
equation given in equation (2.6) [23] shows that the energy from the evanescent wave is
exponentially decreasing as it propagates away from the fiber.

-Z 2.6
E,=Ege % (2.6)
where z is radial distance from the core, E; is the field amplitude at distance z, Eo is the

maximum field amplitude and d, is the penetration depth of evanescent field.
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Figure 2.5. Evanescent wave absorption where the light energy propagates at the core

cladding interface (adapted from [11]).

The decaying electromagnetic field at the interface penetrates into the surrounding me-
dium and hence it is also important to understand the boundary conditions of these
waves from the fiber. Rl of core and cladding plays a significant role in the design and
operation of these sensors. Mostly for theoretical analysis of evanescent wave sensor,
only meridional rays are considered and often skew rays are neglected for simplification.
This leads to simpler calculations and also in the thesis, we also do not take into account
the skews rays. The principal factors that need to be considered for design of optical
sensors are the type of source of light used, fiber geometry (e.g., straight fiber, U-bend
fiber, tapered fiber), the length of fiber used for sensing, the Rl contrast and also the
angle at which light is launched [23]. The next section focusses on the parameters that

are important to enhance the evanescent wave for sensing application.

2.5.1 Evanescent wave parameters

Parameters that mainly affect evanescent based sensing are the penetration depth and
the fractional power [11]. These sensing parameters can be improved through investiga-
tion of physical, optical and geometrical aspect of fibers. The modifications in the fiber
are implemented to enhance the evanescence in order to improve the sensitivity of the

Sensor.
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Penetration depth: The penetration depth of the evanescent wave can be defined as the
distance at which the amplitude of electric field reduces to 1/e its value at the interface
[11]. The penetration depth is given by equation (2.7).

A A (2.7)

d, = =
P - .
2nn?,/sin2@; — sin%0,

2m [n%sin%0; — n2

where d, is known as the penetration depth, A is the wavelength of light, n; and n are
the RI of core and cladding respectively, 6;is the incident angle and 6. is the critical angle.
It is clear from equation(2.7) that penetration depth increases as the contrast of refractive
indices at the core-cladding interface decreases [11]. Evanescent wave can interact with
the molecules from the surrounding medium at a distance that is detectable by the mol-
ecules, this distance which is generally very small is termed as the penetration depth.
This leads to reduction in the output power from the fiber end and the light energy leaked
in the form of evanescent field can be utilized for efficient sensing. The output power of
a multimode fiber can be given by equation (2.8) [23] which shows the relation with the

length of uncoated portion to the output power.

Pirans = Poexp (_YeffL/D) (2.8)

where P, is the reference power with no changes in the fiber, D being the core diameter
of the fiber, L is the active length which is uncoated and is used for sensing. Pyansis the
power obtained at the fiber end, Yer is the evanescent wave absorption coefficient. The
number of reflections per unit length undergone by a guided ray propagating through the
fiber and also the Fresnel's transmission coefficient at the core uncoated interface de-
termines the value of Yer[24]. The change in output power can be used in sensing ap-
plications as a method of measurement, for example, it can be used in fiber optic eva-
nescent wave spectroscopy [25] where the output intensity varies depending upon the
analyte which measures the change in RI. Rl being a function of parameters like temper-
ature, humidity acts as an optical property useful for sensing application. Thus, penetra-
tion depth of evanescent wave affects weaker cladding modes that radiate out, uncoating
the fiber helps to capture these waves more efficiently leading to improvement of fiber

sensitivity.

Evanescent power: The fractional power in the cladding plays an important role to un-

derstand the evanescent field power. This can be given as shown in equation (2.9)
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Pladgaing 4 42 (2.9)
P 3yM 3V

where Pgaading is the optical power in the cladding and P being the optical power in the
fiber including the core and cladding, M is the number of modes in the fiber and V is the
normalized frequency.

From the equation above, it is clear that increase in the normalized frequency will lead

to decrease in fractional power in the cladding.

V number mismatch: Another loss that fibers can encounter while used for sensing ap-
plication is the V number mismatch. When fiber with higher NA; propagates to a fiber
with smaller NA,, in this case the higher-order modes from the first fiber are not sup-
ported by the receiving fiber which leads to loss of higher-order modes. The power lost

(PL) can be given as shown in the equation (2.10).

N4, ,
P; =—10log (—>)
N4, (2.10)
V number mismatch occurs in the fiber when used for sensing applications. The fiber is
uncoated which leads to mismatch in V number between uncoated and the other region

of fiber as shown in Figure 2.6.
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Figure 2.6. V number mismatch due to dissimilarity in cladding material leading to dif-

ference in the modes propagating through the fiber.

2.5.2 Factors affecting sensitivity of fiber optic sensor

Penetration depth and fractional power are two important factors that affect sensing per-
formance. There are different optical parameters which control these factors. The varia-
tions in these optical parameters are investigated to improve the sensing performance.
The parameters include the adjustment of incident angle, incident wavelength of light

source and sometimes also the fiber characteristics like the geometry of fiber.
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Incident angle: Penetration depth of evanescent field can be increased by increasing
incident angle. The penetration depth is highest when the incident angle is near the crit-
ical angle. This can be achieved by changing the launching angle such that incident

angle is closer to critical angle.

Wavelength of light source: The next parameter that affects evanescence is the input
wavelength of light source. Penetration depth can be increased with longer wavelength.

Thus, it is preferred to use IR laser sources for evanescent wave effect-based sensors.

2.5.3 Geometry of evanescent wave sensing

Straight geometry fiber sensing: The next factor that can affect the penetration depth is
the geometry of optical fibers. Geometry of fiber sensing can vary from straight fiber to
U-bend fiber and tapered fiber. Straight fibers are the simplest design for sensing appli-
cation with robust performance. The sensing capability can be improved by increasing
the length of uncoated region such that more evanescent wave interaction can occur
with the surrounding medium as in this case there are more TIR points during propaga-
tion of light. A simple model was proposed by Wu et al. [26] where theoretical analysis
was performed to study the effect of core diameter, the conditions for launching the light
and the RI of the surrounding medium. These factors help to calculate the penetration
depth of the evanescent wave. Fractional power was also investigated theoretically in
order to understand the limit for sensing a particular analyte. Sensing of water level was
investigated by Golnabi et al. [27] where the main focus was to check the stability of the
designed sensor and to improve the efficiency of the device. Analytes which serve as
surrounding medium to fibers have an effective RI, the change in effective RI leads to
modulation of intensity which can be measured to understand the sensing effect. In these
fiber designs, the fiber is uncoated and the nature of light transmission is studied. Light
propagating through fiber around air has a different condition for TIR compared to light
propagating through fiber which is surrounded by a liquid of different RI than air. In this
case, the energy loss is measured to understand sensor’s response. The losses encoun-
tered during propagation and coupling needs to be considered for analysis of sensing.
Various sensors are designed using straight geometry for liquid sensing. Another exam-
ple was developed by Xiong et al. [28] to measure concentration of nitrite in sample
water. Nitrite concentration was considered as a measure of evanescent wave absorp-

tion. It was a linear relation with a limit of detection as 0.02 mgL™" [28].

It is also important to choose a cladding material for fabrication of fiber as it effects the

evanescent wave propagation through the cladding. There are certain requirements
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which needs to be satisfied while selection of cladding material for fiber sensing. The
cladding material at wavelength of propagation should be transparent such that there is
no damage. Adequate thickness is also an important factor as it helps to allow evanes-
cent wave to decay to a level such that it is not exposed out of the cladding. This helps
to preserve the light through the fiber in the remaining part where there is no sensing.
Thus, core and cladding are fabricated from glass to give a better performance than

cladding made from other materials.

U-bend geometry: The next type of fiber geometry is U-bend geometry where the sensing
part is bent in form of U shape so that the penetration depth increases and improves
sensing performance. This geometry gives better performance as it increases the eva-
nescent wave effect in the bend region. The bending causes the modes to shift outward
of fiber leading to higher evanescence and better sensitivity as seen in Figure 2.7b.
There is also possibility that some modes are lost when the fiber is bend, this depends
on the bend radius and fiber width. When modes are lost, it does not help in sensing
performance whereas it is the modes shifting outwards which helps to improve the pen-
etration depth as seen in Figure 2.7a. The ray theory explains the improvement of sen-
sitivity as the total internal reflection points increase in the bend region guiding light to
cladding and thus increasing the evanescent field in comparison to straight fiber geom-
etry. U-bend sensor is widely used due to its higher sensitivity. Some of the recent ap-
plications with U-bend fiber are sensing parameters like strain [29], humidity where
higher range of humidity was sensed efficiently with U-bend structure [30]. Gas sensing
with SnO; coating provided an accurate sensor response for H, gas detection in high
temperature conditions [31]. It also was used for sensing heavy metal ions [32] and even
Covid-19 [33].

a. » b. mode displacement
Figure 2.7. a). U-bend fiber exhibits higher losses and thus has evanescent field inten-
sity. U-bend increases the TIR points in the fiber. b). The modes shift outward in the U-

bend region of the fiber increasing the evanescent field effect.

U-bend sensing unlike straight fiber sensing also involves the need to analyze the elec-

tromagnetic field propagating through the inner bend radius or the outer bend radius.
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With decrease in bend radius, there is increase in penetration depth as seen in few ex-
amples [34]. Below the optimum radius, there is possibility of cross coupling [35] which
leads to lower the sensitivity of evanescence absorption [36]. Optimum radius can be
achieved by controlling NA and core diameter of fiber. The importance of core diameter
for sensing performance was demonstrated by Ruddy et al. [37] where evanescence was
better for a multimode fiber having diameter 200 um with length of 20.5 cm for uncladded
fiber compared to fiber diameter 600 pm with length 22 cm for measurement of methyl
blue concentration. Another parameter that needs to be analyzed is the NA since it is
different in U-bend part of fiber. Also, coating of fiber can alter the sensing performance.
The change in the light propagation that occurs with coating the fiber has influence on
the evanescent wave effect. Thus, there should be an optimum estimation for these pa-
rameters to obtain a maximum possible sensing performance. In the study of U-bend
structure, it is equally important to include the analysis from skew rays which are mostly
neglected. There are examples [38], [39] where skew rays are included as it covers large
range of incident angle and helps in improving evanescent wave effect. This leads to

efficient investigation of sensing performance.

Tapered geometry: Tapering of fiber increases evanescent wave effect and helps to at-
tain greater sensitivity compared to straight fiber geometry. Tapering of fiber leads to
increase in electromagnetic energy in the cladding region. Adiabatic tapering is the pro-
cess carried out to avoid coupling of higher-order modes by keeping the taper angle
small. The phenomena of TIR increases with tapering and increasing evanescent power.
This type of sensing is advantageous in itself as it reduces the V number mismatch and
helps to build the sensor performance. The penetration depth of evanescent field with
tapered geometry is high as seen in Figure 2.8.due to reduction in the fiber diameter in
the sensing region. Light guided in this region with reduced waist diameter encounters

larger interaction with the analyte.

Figure 2.8. Tapered geometry to improve sensing performance in fiber optic sensor.

Tapering is basically performed by pulling the fiber during heating in such a way that the
resulting diameter is less than the actual core diameter of fiber. It also depends on the
length to which tapering is performed and the effect of coating which can influence the

sensing performance. It is generally difficult to fabricate and the process makes it fragile
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when the tapered fiber is formed from uncoated fiber. Some examples are when tapering
is performed with fibers that is coated with nanolayers of poly R-478 and poly diallyldime-
thyl which can sense humidity for the range from 75% to 100% [40]. These coated layers
help to trap water which can help in sensing humidity. The length and tapered diameter
were optimized to obtain highest sensitivity. Another example of tapered geometry is
sensing of methylene blue for different concentration such that the absorbance is in-
creased with decrease in tapered diameter [41]. The RI of analyte was regulated to ob-

tain high interaction of light with surrounding medium.

Different materials used for fabricating fibers also affect to an extent the sensing perfor-
mance. Mainly used materials are glass or plastic fibers. It is noticed in various applica-
tions that usage of plastic fiber leads to high robustness and mechanical stability, more
flexible in use, has lower bend radius while used in U-bend geometry [38]. Also, with high
NA of plastic fibers, it is easier to couple light into it as this enhances sensor sensitivity.
But plastics fibers have lower glass transition and melting temperatures that can range
between 80°C to 100°C. If these fibers are subjected to constant high temperature, it can
make fibers turn brittle and not useable for sensing purposes. There are optical trans-
mission losses as these fibers also absorbs moisture from the surrounding [35]. On the
other hand, glass fibers are brittle and have lower mechanical strength which affects its
performance. But it has higher melting temperatures and are not subjected to any kind
of external disturbances. Since humidity and temperature influence sensor performance,
it is important to study the effect of these parameters on fiber to understand the materials

suitable for various application.

2.6 Femtosecond lasers

Femtosecond lasers were developed in early 1964 where the need to have short pulse
duration for different applications became the driving force to generate it [42]. The first-
generation pulsed lasers were generated with mode-locked technique from lamp solid
state lasers, dye lasers or gas lasers to form pulses less than 100 picoseconds. Later,
the discovery of continuous-wave (CW) organic dye laser [43] led to the beginning of
second-generation mode-locked lasers produced as a tunable broadband laser. Also,
the use of slow saturable absorber in passive mode-locking created an advancement in
the development. With intense research on the pulses formation and pulse shaping
mechanism from mode locking led to development of ultrashort pulses up to 100 femto-

seconds. Later semiconductor lasers were utilized for the same purpose and these were
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the basis for the revolution to the third-generation femtosecond lasers. The major break-
through for the third-generation mode locked laser was the utilization of optical Kerr effect
where Kerr lens was used as a saturable absorber, which is a transparent medium gen-
erating instantaneous short pulses. The other breakthrough was the development of la-
ser media like Ti:sapphire which is a tunable laser [44]. There were further more devel-
opments in order to reduce the complexity and improve the performance of ultrafast la-
ser. The exploitation of ultrafast lasers makes it widely acceptable due to its reliability,
high reproducibility in its performance. The design and development of ultrafast lasers
leads to its effective usage in various applications. They are used to probe ultrafast pro-
cesses that occurs in nature like chemical reactions where one can excite chemical
bonds and control the molecular vibrations and lead to formation of desired compounds.
It can be used in the medical field for vision correction [18], for optogenetics where the
neurological signals can be controlled using light signal for different activation or inhibi-

tion of genes [45].

Ultrashort laser pulses are of interest due to generation of laser pulses with durations
ranging from picosecond (107'?) to femtoseconds (10-'%). Pulsed lasers can either be
short or long pulse depending on the time duration of pulse generated as seen in Figure
2.9. Short pulses have broader spectrum and long pulse have narrow spectrum which is
explained with the Fourier transform. The uncertainty principle says that the product of
temporal and spectral width is great than ~1. Pulsed lasers are generated using the tech-

nique of mode-locking.
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Figure 2.9. Short pulse ranges from time scale of picosecond to femtosecond and long

pulse range from nanosecond to few picosecond

Femtosecond lasers are generated through mode-locking technique. Lasers have a finite

spectral bandwidth, let's say Av but it is present in discrete frequencies or so-called
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modes v in laser cavity. Each mode in the cavity is separated by mode spacing dv which

is given in equation (2.11).
c
617 = = —

2L (2.11)

N =

where T is the cavity round trip time, c is the speed of light and L is optical cavity length.
In general, the laser spectrum has its frequencies oscillating in random phase resulting
in an incoherent output in the form of random fluctuations having no temporally defined
structure. At certain timescale when the modes of laser oscillate in phase, there is a
sudden increase in intensity due to constructive interference between the modes leading
to the formation of a coherent spike. Thus, locking of modes together can help to create
pulsed lasing with short time duration as seen in Figure 2.10. Ultrashort pulses can be
created by increasing the number of modes in the cavity. From equation (2.12). Itis clear

that increasing the number of modes can reduce the pulse duration of the output pulse.
1

tp = ——
név (2.12)

where fp is the pulse duration of output pulse, n is the number of modes. The number of
modes can be given by equation (2.12).
Av

" ov (2.13)

n

Figure 2.10. Schematic of mode locked laser pulse

The output pulse generated from mode-locking ideally is described as transform limited
pulse. The time bandwidth product of mode locked output pulse is the product of time
duration of pulse (tp) and the spectral bandwidth (Av) at full width half maximum (FWHM)
which is equivalent to a constant k that depends on the shape of pulse. For a gaussian
shape, k is 0.441 and for secant square pulse it is 0.316 [44]. It helps in identifying a
transform limited pulse from other forms of pulses as the constant k value increase when

the pulse is not transform limited.
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There are two types of mode locking known as the active mode-locking and passive
mode-locking. Active mode-locking uses an external signal to modulate the signal from
laser source to get the modes locked. Whereas in passive mode-locking, the laser source
itself generates a modulation through a nonlinear material forming mode locked pulses

which matches with the cavity round trip frequency.

Active mode-locking: Active mode-locking can be achieved through modulation in differ-
ent ways such as the amplitude mode-locking and the phase mode-locking. This can be
done with coupling the modes externally and stimulating oscillation that are in phase.
Coupling of modes can be done for example using an acoustic optic modulator which
causes time-varying amplitude change or an electro optic modulator which produces
time-varying phase modulation. The active modulator with a modulation frequency Q
generates sides bands on the laser modes such that it is equal to the laser cavity mode
spacing. The mode-locking condition can be achieved using equation (2.14). Thus, the
modes are now coupled together and can oscillate in same phase as seen in Figure
2.11.

(2.14)

Amplifier Modulator

Figure 2.11. Active mode-locking

Passive mode locking: This type of mode-locking can be achieved when the laser can
itself modulate the signal to cause locking of modes as seen in Figure 2.12. It is also
referred to as self mode-locking due to the amplitude modulation that is incurred by the
laser itself without any external element. This is mostly carried out by saturable absorb-
ers. Saturable absorbers for example are made of cyanide dyes. The saturable absorber
material absorbs the photons from laser into the material until a stage reaches that it can
no longer absorb. At this stage, the population at the ground state of the material will be
equal to the population of excited state. Thus, this condition makes the material to be-
have like a bleached system or a transparent system in which the light will pass through
the saturable absorber without any absorption. Finally, we can say that the saturable
absorber behaves opaque when the intensity of light passing through it is low and be-
haves like a transparent material in case when intensity is high. But phase correlation is

achieved when the gain is more than the losses and this occurs when the saturable



24

absorber is bleached and allows light to pass through without losses. Also, it is important
to note that the pulses generated from passive mode locking is shorter than active mode

locking.

Amplifier Saturable absorber

Figure 2.12 Passive mode-locking

Another category of femtosecond lasers that has widely grown over the years is the fiber
laser technology. Ultrafast processes have been utilized in optical fiber way long back
before the start of laser fiber technology. 20 years before the beginning of fiber laser,
ultrafast lasers which were huge in size were exploited in optical fibers making the whole
system bulky and not portable. In recent years, with the discovery of fiber lasers, it is
now possible to have it as a compact system which is used for wide range of applications.
Additionally, fiber lasers eliminate the thermal lensing problems which leads to added
advantages. Beam quality can be improved based on fiber core design and does not
involve the dependence of other parameters. The first type of fiber lasers were the single-
mode rare-earth doped fibers [46] and diode pumped single mode fiber lasers [47]. With
the usage of semiconductor lasers, there is increase in average power levels that can be
achieved from fiber laser [48]. Thus, the discovery of fiber laser technology has led to

exploitation of a robust large-bandwidth and optically integrated solid state laser device.
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3. METHODOLOGY

This chapter describes the methodology of sensing physical parameters via a specialty
optical fiber. It also presents the design and the optical properties of the applied extrinsic
sensor system. Extrinsic fiber optic sensor has gained significant importance in the last
few years due to its ability of distributed sensing and high sensitivity. Generally extrinsic
sensing is performed with standard fibers used for telecommunication, however we used

a D-shaped fiber which was specially designed for sensing applications.

3.1 Laser source

The guidance of electromagnetic field in coherent sources through optical fibers is stand-
ardly ensured at high transmission levels and beam quality. Lasers are typical repre-
sentants of such sources which provide stable output allowing to establish the necessary
signal sensitivity. Laser with infrared operation wavelength was chosen for this work be-

cause the evanescence wave effect improves with wavelength.

We used a femtosecond Ytterbium-based fiber laser source at near infrared wavelength
(NIR) with 1030 nm center wavelength, 100 MHz repetition rate and 100 fs pulse dura-
tion. The average power of such source is 10 mW at 0.24 A current level of the pumping
laser diode. The main objective to use a femtosecond laser was to study the sensing
potential in a broader spectral range. Figure 3.1. shows the spectrum of laser source at
different laser diode current. The narrow band extraordinary peak of the spectral curve
in Figure 3.1. at 0.19 A indicates unstable operation with partial continuous wave (CW)
effect. However, this transient imperfectness disappeared at slightly higher pumping

powers enabling stable operation at 0.24 A.
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Figure 3.1. Spectrum of ultrafast laser source depending on the pumping laser diode

current.
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Some laser beam parameters were measured in order to ensure its efficient coupling
into the fiber for proper sensing performance. An important parameter is the laser beam
size, which besides the wavelength determines the optimal focal length of the in-coupling
optics. The beam size of laser was found out by beam profiler camera allowing real time
monitoring of the diameter giving value 1 mm at 1/ e? level with negligible ellipticity as

seen in Figure 3.2.

Running #1 ccd_12.7

Crosshair 0.0 deg.
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Figure 3.2. Beam profiler measurement output of the laser beam together with the

identified beam geometry parameters.

Another essential parameter to be considered for sensing purpose is the polarization
status and it has LP character with electric field vector orientation of 54 deg in relation to
the laboratory vertical axis. Thus, the output has a mixed polarization having a vertical
and horizontal component. A/2 waveplate was used to rotate the existing polarization
orientation of the field to horizontal or to vertical polarization direction, because the ani-

sotropic fiber input facet was oriented also in relation to the main laboratory axis.

3.2 D-shaped optical fiber

A specialty D-shaped optical fiber was used in the sensing application experiments de-
veloped and manufactured by group of prof. Buczynski in Lukasiewicz Research Center-
Institute of Microelectronics and Photonics in Warsaw. It is important to stress that the
fiber cross section in form of letter D was achieved not via post processing of a standard
spherical shape. A new technology approach was applied by which the fiber expresses
homogeneous D-shape cross section along the whole length after the drawing process.

In Figure 3.3. scanning electron microscope (SEM) image of the fiber cross section is
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presented expressing 106 um diameter of the spherical shape part and 54 pym thickness
of the cladding along the symmetry axis crossing the fiber core. The core exhibits slight
ellipticity with dimension 8 ym and 7 um along the symmetry axis and in direction per-
pendicularly on them, respectively. The evanescent wave effect is ensured by the thin

cladding towards the flattened surface of the cladding with dimension about 2 um.

Mag= 55K X EHT=10001V ol A=QBS0 SagestT= 00"
10 m Wo=108mm  SampleID=SF7B-3_4 Esacna- OV, (Lo WO=109mm  SamplelD=SF7B-3 4 EssGad= a0V,

EHT=1000KkV Signal A= 0BSD StageatT= 00

Figure 3.3. Scanning electron microscope images of the D-shaped fiber cross section

together with dimensions of main geometrical parameters.

The parameters of the fiber play an important role in determining the optical sensing
effect. The cladding is made of a silica glass and has a Rl of 1.45 at 1030 nm. The core
is made of germanium doped silica glass with a RI of about 1.453 at 1030 nm. During
sensing experiments, fiber samples with length 20 cm and 50 cm were used in straight
configuration and the longer samples were arranged for U-bend geometry. The fiber was
uncoated in the center region along length of 4 cm in order to ensure direct contact with
the surrounding liquid medium which was the analyte under study. The uncoated process
was performed by placing the central region of the fiber into acetone for 1 hour to soak
the acrylate coating material before its mechanical removal. The fiber ends were also
soaked and uncoated in order to clean and cleave them. The careful cleaving process
was necessary to ensure effective in-coupling of the laser radiation and its out-coupling
towards the detection technique. In-coupling was managed for the experiment with the
free beam and lens configuration. Whereas, the outcoupling was from lens or through
direct contact with butt coupling technique. Direct contact was incorporated for spectral
measurements using a multimode collection fiber with core size of 200 ym or 400 pm

connected to the spectrometer.

The focal length of lens used for effective in-coupling of the free laser is calculated using
equation (2.5) at assumption that the beam diameter at the fiber input should be 66% of
the core diameter. Taking A=1030 nm, beam quality factor M?>=1 and average core diam-

eter 7.5 um, the optimal focal length with f= 4 mm was used for in-coupling.
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The output lens was used for monitoring of the spatial field distribution at the output fiber
facet using Wincam silica-based beam profiler. The image distance and object distance
were adjusted in order to ensure sufficient magnification of the image in relation of the
camera chip pixel resolution. After proper alignment of the in-coupling and out-coupling
geometry a slightly elliptically shaped field distribution image with symmetric and single

peak character was observed as presented in Figure 3.4.

Figure 3.4. Electric field intensity spatial distribution at the output facet of a D-shaped
fiber.

Due to the fiber core ellipticity and thin cladding situated only towards one direction from
the core it expresses anisotropic character, which ensures polarization maintaining func-
tionality. The core of this fiber is at 2 ym distance to the flat edge of D-shaped cladding.
We oriented the fiber ends both at the input and output to ensure that the cross-section
symmetry axis of D-shaped fiber coincides with the laboratory vertical direction. It means,
that in case of vertical and horizontal laboratory polarization settings, this polarization
orientation was preserved during the whole propagation length regardless of the twisting
deviations. The electric field vectors for both horizontal and vertical polarizations is
shown in Figure 3.5. The diagram above is schematic representation of the results ob-
tained via the camera (below). Such polarization maintaining character allowed to ana-

lyze the polarization effect during the sensing experiments as well.
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Figure 3.5. Polarization through D-shaped fiber with electric field vector direction as

a). vertical polarization b). horizontal polarization.

The sensing experiment was carried out in two main geometrical arrangements of the
optical fiber

o Straight fiber geometry is the simplest arrangement that can be exploited
for sensing experiments with potential Rl sensitivity. The change of RI
around the cladding of fiber to higher values than related to air has poten-
tial effect on the transmission characteristics. Sensing can be studied in
this case by collecting the transmission signal and can be improved by
controlling the fiber length immersed into the liquid analyte.

e Further, U-bend geometry is used for sensing experiments, because the
modes propagating in the U-bend region are deformed due to the en-
hanced evanescent wave effect. But U-bend region forms often a fragile
geometrical setup which makes difficulties in the signal stability and repro-
ducibility. Sensing with U-bend geometry can be an improved by decreas-
ing the U-bend radius to ensure enhanced penetration of the field beyond

the fiber cladding.

The D-shaped fiber due to its asymmetry does not have uniform width causing a
difference in sensing performance. Standardly in straight fiber geometry, the whole
sensing region is immersed into the analyte. This does not affect the orientation of
the D-shaped fiber used for sensing. Whereas, in case of U-bend, it is important to
check the orientation of the fiber such that higher evanescent field is exhibited at
particular orientation. Figure 3.6. shows the fiber’s longitudinal section under optical

microscope with illumination from the top to understand the asymmetry of D-shaped
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fiber. The core was orientated towards through manual rotation of the fiber and con-
stant inspection with microscope to check the amount of rotation until the desired
orientation was achieved. The main drawback in this case is that fiber has tendency
to revert back to a position with core in the inner surface due to tension created in
the fiber.

Figure 3.6. Longitudinal section of a D-shaped fiber in the U-bend region at different

curvature position under optical microscope.

Both the geometrical arrangements were studied to compare their effect on the spec-
tral sensitivity of different analytes. This fiber acts like a multimode fiber below the
cutoff wavelength.

The V parameter for the D-shaped fiber is given by equation (2.2)

2
V= - @ fn%—n% =427
VZ

Number of modes, M = 5 = 9.36 = 9 modes
The cutoff wavelength is given by equation (2.3)
Ao = f/—’;a,/ng —nZ =1.840 pm

Thus, the cutoff wavelength is 1840 nm showing that D-shaped fiber behaves like a

multimode fiber at 1030 nm.

3.3 Experimental Setup

Analytes studied for the sensing experiment were distilled water and isopropanol. Dis-
tilled water is (chemical formula H2O) free from suspended particles and other impurities

through the process of distillation and has high importance in laboratory experiments. It
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is odorless, tasteless and is transparent in nature. The RI of distilled water is 1.327 at
1.0 ym. Isopropanol also known as isopropyl alcohol (IPA) has its chemical formula
((CH3)2.CHOH) is a commercially important solvent in many industries. It is mainly used
as solvent to extract natural products like gums and oils. The RI of isopropanol is 1.370
at 1.0 ym and is miscible in water. The absorption spectrum of both the liquids were also
studied (isopropanol and distilled water) and is shown in Figure 3.7. Significant absorp-
tion was observed in the infrared wavelength region above 1.1 um. At wavelength 1030
nm only weak absorption was measured with absorbance values 0.024 and 0.0030 for

water and IPA, respectively, in the case of 5 mm cuvette.
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Figure 3.7. Measured absorption spectrum of the used a). isopropanol and b). distilled

water material using 5 mm cuvette.

Experiments were carried out to study the sensing effect using D-shaped fiber. Chemical
sensing was the main goal of experiment which was enabled via interaction of evanes-
cent wave with the surrounding medium. High evanescent field effect under propagation
through D-shaped fiber was achieved due to asymmetric cladding structure presented
above. During the first experimental series the fiber length 20 cm and its 4 cm part was
uncoated in the central area. The sensing measurements were carried out with an ex-
perimental setup as shown in Figure 3.8. The 10-mW average power beam of the fiber
laser source is in-coupled into the core of the D-shaped fiber using a lens placed in a 3D
micrometric positioning stage. A/2 waveplate controls the orientation of beam polarization
that enters the fiber. The in-coupling alignment was realized by monitoring of the output
fiber facet field distribution using the beam profiler camera. The magnified image of the
output facet was enabled by a second short focal length lens placed on a second 3D

micrometric positioning stage.
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Figure 3.8. Basic experimental setup used for the optimization of the in-coupling geom-

etry.

Figure 3.8. shows the input and output orientation of D-shaped fiber facet situated in the
transversal plane of the beam propagation. It was rotated around the main fiber axis to
have a parallel status of the flat surface of the fiber with the surface of optical bench. The
multimode effect of the fibers was analyzed by misaligning the in-coupling geometry from
the optimized position in the transversal plane. Figure 3.9 presents the change of the
near field image of the fiber output under simultaneous shift of the two transversal align-
ment screws to left-right and up-down directions. The images express slight change of
the output beam profile. The analysis was done for both horizontal and vertical polariza-
tion under the same registration conditions. Thus, the lower intensities in the case of
vertical polarization unveil higher losses in comparison to the horizontal one. After beam
profile analysis, the spectrum of the outcoupled optical radiation was registered by a high
resolution spectrometer (Ocean Optics, HR USB 4000, 940nm-1100nm) for both polari-

zations.
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Figure 3.9. Registration of the input misalignment effect on the output beam profile

both for a). horizontal and b). vertical input polarization.

The above presented registration was performed in dry status of the sensing region, i.e.,
surrounded by air (RI=1). In the case of liquid spectral sensing, the output lens was ex-
changed with the spectrometer collection fiber butt-coupled to the D-shaped fibers output
end. Then the uncoated region of the fiber was merged to the analytes. Firstly, distilled
water was examined, which did not cause any changes in the output spectrum. In con-
trast, the isopropanol as analyte caused significant homogeneous increase of the spec-
tral intensity in comparison to the original spectrum. The second experimental series was
devoted to the increase of analyte in the sensing region of the fiber through step-by-step
addition of higher volume of the analyte liquids as seen in Figure 3.10. It presents the
changes of the output spectra under monotonous increase of the length of the uncoated
sensing region with step 0 cm,1 cm, 2 cm, 4 cm and the final drying of the uncoated

region.
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Figure 3.10. Experimental setup of filling isopropanol in the sensing region through

step-by-step addition of higher volume of isopropanol.

The dropping experiments examined the dependence on the measure of isopropanol
surrounded in the sensing region. Isopropanol is considered to be an important chemical
in various industry which also makes it important to investigate its purity and any kind of

contamination. Distilled water being a non-reactive and miscible liquid can easily be a
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source of contamination in isopropanol. Thus, sensing with evanescent based sensor
can be a simple method to identify such impurities. Mixture of isopropanol and water was
tested for sensing with D-shaped fiber. The mixture was prepared starting with 1 propor-
tion of isopropanol (volume of 100um) with 9 proportion of distilled water (volume of 900
pm). Later, the proportion of isopropanol was increased until finally there were 9 propor-
tion of isopropanol (volume of 900um) with 1 proportion of distilled water (volume of 100
pm). Spectral measurements helped to understand the intensity changes in each case

and to identify the measure of contamination with water.

Improvement of sensing performance is an important aspect for efficient working of sen-
sor devices. This can be enhanced by changing the geometrical configuration of the
sensing region. U-bend geometry was examined in order to improve the current sensing
effect. Another fiber specimen with length 50 cm was taken to study the sensing effect
with the same liquids. The length of the uncoated region was preserved to be 4 cm. All
above described measurements were performed at laser diode current of 0.24 A and the
output collection fiber of spectrometer with core diameter of 200 m was constantly moved
in order to smear out the interference spectral peaks. U-bend geometry was inspected
to study its effect on sensing performance comparing the obtained results to the straight
fiber geometry one. U-bend was prepared manually to have the sensing region bended
in the shape of U and held it in the same position while performing experiments for sens-
ing. The experimental setup is shown in Figure 3.11. where the orientation of transversal
position of D-shaped fiber and other parameters are kept the same as mentioned above,
only the geometrical structure of the fiber was changed to study the consequence of

geometry on sensing performance.
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Figure 3.11. Experimental setup with U-bend geometry of fiber.

o




o

Spectral Intensity (a.u)

36

4. RESULT AND DISCUSSION

The sensoric experiment was carried out using several fiber samples from the same
fabrication series with cross section geometry presented in Figure 3.3. The fiber length
effect was examined testing 20 cm and 50 cm samples and beside the straight fiber
arrangement also the U-bend geometry was exploited in the case of the longer samples.
The output signal was registered mainly using spectrometer and, in some cases, also
via camera in configurations described above. In the next part of the thesis the obtained

results are presented together with appropriate discussions.

4.1 Straight fiber geometry

At first, the outcomes obtained using 20 cm sample in straight geometry with 4 cm un-
coated area immersed in the test liquids are listed. Intensity changes in the spectrum
were observed through contact of the D-shaped fiber with water or isopropanol medium.
The sensing performance expressed polarization dependence, which is presented on
spectra registered for both horizontal and vertical input polarization in case of isopropa-

nol medium as seen in Figure 4.1.
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Figure 4.1. Output spectra registered with input beam having a). horizontal polarization
b). vertical polarization in the case of 20 cm length fiber in straight geometry with IPA in

the external medium.

It was observed experimentally that horizontally polarized optical light exhibited higher
intensity compared to vertically polarized one as shown in Figure 4.1.This implies that
vertical polarization is prone to more losses due to the enhanced evanescent wave effect

in the case of electric field vector oriented towards the thin glass region of the cladding.
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Figure 4.2. shows the spectrum before and after immersing the sensing region into dis-
tiled water for both polarization orientation. The horizontal polarization results do not
express any integral changes in the signal transmission, only the positions of the inter-
ference extremes were shifted after distilled water filling. In contrast, the vertical polari-
zation results express also integral transmission changes with increasing character after

filling of the tank.
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Figure 4.2. Output spectra registered with input beam having a). horizontal polarization
b). vertical polarization in case of 20 cm length fiber in straight geometry in case of air

vs. distilled water as surrounding medium.

These results indicate, the vertical polarization field is more advantageous for the liquid
sensing application. Figure 4.2. expresses just moderate decrease of the transmission
in case of vertical polarization, however the distilled water medium caused transmission
improvement which exceeded both the levels (only air medium and distilled water me-
dium) obtained at horizontal polarization. The registered change reveals the potential of
the analyzed approach for liquid sensing and therefore it was further examined after re-
alignment of the in-coupling and out-coupling geometry. The subsequent results con-
firmed the effect of transmission increase when applying liquid medium instead of air,
both in the case of water and isopropanol (for both the polarization orientations).

In the case of water medium, the spectral intensity changes are moderate as shown in
Figure 4.3. Whereas in Figure 4.3., it is observable that, isopropanol causes an increase
of the transmitted spectral intensity up to one order of magnitude level. Similarly, to the
outcomes of the water medium analysis, the vertical polarization of IPA medium ex-
presses lower transmission and at the same time it has more pronounced changes com-

paring to the air.
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Figure 4.3. Output spectra registered with input beam having a). horizontal polarization
b). vertical polarization with distilled water and also with IPA having c). horizontal and

d). vertical polarization in case of 20 cm length fiber in straight geometry.

The next experimental investigation was devoted to IPA expressing higher transmission
sensitivity. Under unchanged configuration the amount of the liquid was increased to
subsequently fill the sensing region of the fiber in discrete steps. Figure 4.4. shows the
spectral registrations results by increasing the length of the sensing region immersed

into isopropanol with values 1 cm, 2 cm and 4 cm.
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Figure 4.4. Output spectra registered with input beam having a). horizontal polarization
and b). vertical polarization in case of 20 cm length fiber in straight geometry in case of

air vs. isopropanol as surrounding medium.

The same behavior was observed as in the case of previous experiment focusing only
on the spectral curves acquired from homogenous air vs IPA media: lower transmission
and higher sensitivity on the surrounding media at vertical polarization. Moreover, the
subsequent filling of the sensing volume resulted in monotonic increase of the transmis-
sion for the both polarization orientation. It is worth mentioning that in both the cases the
removal of IPA and its complete evaporation brought again decrease of the transmission,
however to lower level as the initial spectral registration in identical conditions. These
observations invoke question about the reversibility of such sensing approach. The same
behavior was observed registering the output radiation by the beam profiler camera ex-
hibiting also monotonic increase of the intensity in the core region of the D-shaped fiber.
The series of near field images in Figure 4.5 unveil the gradual change of the output

beam shape and integral intensity increasing with the amount of liquid along the sensing

region.

Only air 1cm IPA 2cm IPA 4cm IPA
Integration time Integration time Integration time Integration time
398.1 ms 398.1 ms 290.4ms 225.4 ms

Figure 4.5 Gradual change of the output beam shape and integral intensity increasing

with the amount of liquid along the sensing region together with camera integration time.
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The image series expresses continuous change of the beam shape from elliptical to-
wards spherical one and its effect was evaluated by calculating the ratio between the
beam diameter in the two directions representing the orthogonal beam axis. The diame-
ters towards the horizontal and vertical direction were acquired from the in-built image
processing function of the beam profiler software as wa and ws respectively. The de-
crease of the ratio uncovers the transition of the beam shape towards spherical one.

Table 4.1 presents the diameter values taken at the 1/e? intensity level and their ratio.

Table 4.1. The change of diameters towards horizontal and vertical directions depend-

ing on the increase in isopropanol amount along the sensing region.

Only air 1cm IPA 2 cm IPA 4 cm IPA

Wa 1065 um 1064 um 1067 um 835 um

W 468 um 479 uym 484 uym 484 ym
Wa/ws 2.27 2.22 2.20 1.73
Ellipticity 0.44 0.45 0.45 0.58

The possible explanation of the increasing transmission in the case of IPA medium is the
lower RI difference between the cladding and the medium comparing to water. The
higher RI difference in the case of water causes similar behavior as in the case of air-
glass interface. Due to the increasing transmission applying liquid medium around the
fiber, elimination of the Rayleigh scattering losses is probable in the case of lower RI
difference. The surface of the glass cladding has in general low optical quality especially
after the uncoating process as seen in Figure 4.6. which can express increased amount
of microcracks and residual acrylate particles. The surface roughness is generally not
important to be considered due to optical signal propagation only through the core. In
case of D-shaped fiber, the flat surface of the cladding is near the core making it im-
portant to consider surface roughness caused by cladding material. The enhanced effect
of the scattering in the case of higher RI difference causes enhanced losses of higher
order modes modifying further the mode structure of the fiber. Whereas, in the case of
scattering effect elimination due to better matching of the RI of the cladding, the original
mode structure of the fiber is preserved better, which leads to increase in the throughput

and makes the field distribution in the core more symmetrical.
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Figure 4.6. The close localization of the uneven surface of the cladding to the fiber

core can cause significant losses due to the evanescent wave effect.

The intensity of the evanescent wave at the flat surface of the cladding is strongly de-
pendent on the transversal mode under consideration. It is generally known, that the
higher-order modes experience higher losses due to their higher intensity localization at
the core-cladding interface [10] . The same is true in the case of the flat cladding surface,
the distance of it from the fiber core is just 2 ym. In order to estimate the flat surface
effect on the fiber mode structure, we calculated the number of guided modes in the D-
shaped fiber. The number of modes can be calculated using the V parameter that is
described in section 2.2 applying conditions: wavelength of laser (A =1030nm), core ra-

dius (a=7.55um), core refractive index (n+=1.453), cladding refractive index (n>=1.45)

21 ) )
V:_/l a |nf —n5 =427
V2

Number of modes, M =~ 5 = 9.36 ~ 9 modes

Figure 4.7a illustrates how the output beam shape is determined by guided modes en-
semble when superposition principle takes place. The asymmetric character of the fiber
cross section causes higher losses because among the same order modes in the fiber,
some could have higher evanescent field effect than others. This could result in a spher-
ically asymmetric beam shape. In principle, with increasing number of higher-order
modes propagating in the fiber, there is increase of the evanescence wave effect beyond
the fiber. Moreover, it has also a selective character in the case of the D-shaped fiber
due to its spherical asymmetry. For example, the LP11, mode has higher extent of eva-
nescence field localized at the flat surface than the LP11 mode as depicted in Figure
4.8. The concept of the interpretation of the obtained results is that the lower RI differ-
ence eliminates the losses caused by the Rayleigh scattering on the flat surface due to
the evanescent field. In order to have appropriateness of this concept, the reduction of
the RI difference by applying IPA medium in the sensing region, should have two ob-
servable effects. Beside the output intensity increase it should be accompanied also with

change of the beam shape from the elliptical towards the more spherical one.
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Figure 4.7. a). Superposition effect of some lower- order modes in the case of asymmet-
ric and symmetric propagation conditions b). The LP11, mode is susceptible to higher

losses due to the asymmetric character of the cross section.

The above introduced concept is in correspondence with the output beam profile regis-
tration series presented in Figure 4.5. It confirms the monotonic change of the beam
shape from elliptical to spherical character with increasing length of the sensing region
merged into IPA. The final field distribution at completely merged sensing region should
support the richest mode structure, therefore expresses the highest intensity and most
spherical beam shape. It is important to stress that immersing the sensing region into

water with higher RI difference does not cause such changes for either the intensity or
in the beam shape.
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Figure 4.8. Representative diagrams of higher order mode intensity reaching the fiber
cladding flat surface with different orientation of its intensity extremes: a) LP11aand b).
LP11p

4.2 Water content in IPA solution

The observed significant difference between the water and isopropanol effect on the

output field indicates a possibility of identification of water content in IPA- water mixture.
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Isopropanol considered to be an industrially important chemical has various uses in ap-
plications like cosmetics, sanitizers and also in car care products. Contamination of iso-
propanol with water is hard to identify because they are nearly ideally miscible, distilled
water is an odorless, tasteless liquid and the both media have negligible absorbance in
region detectable by standard silica-based devices. Our sensing approach based on rel-
atively simple fiber structure and registration devices provides a method to measure such

contamination with notable precision.

A mixture of the two liquids were prepared with different measure of water content be-
tween values 100 um and 900 pm volume in 1 ml solution. The distilled water proportion
was increased sequentially with 100 um steps, which resulted in 11 analytes including
the pure IPA and water media. The experimental setup utilized fiber with length of 20 cm
and 4 cm uncoated sensing region. The spectrum was registered for each mixture keep-
ing the sensing region straight and completely immersed into the liquid. Spectral intensity
enhancement was observed with increasing proportion of isopropanol in the sensing re-
gion. Figure 4.9. displays the IPA content dependence of the spectral intensity for both
main polarization orientations. Vertical polarization experience higher losses and higher
sensitivity on the property of the surrounding liquid medium in the case of this experi-
ment. Moreover, the vertical polarization results exhibited monotonic dependence on the
IPA content, while the horizontal polarization one experienced some discrepancy in the
case of 6:4 volume ratio of the IPA-water mixture. It is another confirmation of the previ-
ously reported experiences that the vertical polarization should be preferred in the case

of the suggested approach.

The measurements of optical signal took place in this experimental series using collec-
tion fiber of the spectrometer with 400 um core diameter instead the previously used 200
pUm core diameter one. It resulted in increase of the registered spectral intensity in the
case of pure IPA and unveiled that the differentiation between the water and IPA trans-
mission behavior is based in the integral intensity increase, without NA limitation effect
in the case of the smaller diameter collection fiber. The higher absolute value of isopro-
panol shows that the spectral registrations have a memory effect that is accumulated
from the previous spectral measurements and over time it shows higher absolute values
of the spectrum. Also, pure distilled water spectral registration has a higher absolute
intensity value when measured at the end of the experiment. This could have been due
to deposits of some residues on the uncoated fiber region resulting from longer immer-
sion time of sensing region in isopropanol. Hence, not all the sensing region was in direct

contact with water causing discrepancy in the readings. Finally, the monotonic and
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clearly distinguishable spectral curves in the case of measurement presented in Figure
4.9b indicates detection precision of the water contamination measure at least at the
level of 5%. The results achieved are not with very high precision, but it is quite cheap
technique that can be utilized for small scale measurements. A different geometrical con-

figuration like U-bend can improve the precision to a more effective level.
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Figure 4.9. D-shaped fiber transmission changes in mixture of isopropanol and distilled
water with sequential change of their volume ratio for a). horizontal and b). vertical po-

larization.
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4.3 U-bend geometry

Other geometrical configuration was investigated as well to improve the fiber sensitivity
based on evanescent wave-effect. The U-bend geometry is considered to be one of the
useful approaches to enhance sensing performance. Another D-shaped fiber sample
with 50 cm length was taken with 4 cm uncoated part in the central area, which acts as
sensing region. The experimental setup was arranged to allow the sensing region of the
fiber to be bend in the form of U and positioned in a tank which has the potential to
contain liquid. Both liquids were tested and distilled water expressed again negligible
changes of the output spectrum when the sensing region was completely immersed.
Whereas, isopropanol exhibited extraordinary higher spectral intensity changes after the
immersion process. The absolute values of intensity and the corresponding shifts were

much higher than observed in straight geometrical configuration of the fiber.

The spectral registrations applying U-bend geometry are shown in Figure 4.10. The im-
portant aspect of the U-bend geometry approach is the position of the core in relation of
the direction of bending. However, due to the asymmetric character of the fiber cross
section, the D-shaped fiber has the tendency to bend in geometry with core orientation
inside the bending circumference. It is caused by the tension reduction effect during the
bending process. The general theory of the U-bend effect on the mode propagation pre-
dict higher sensitivity effect in the case of the orientation at the outer circumference. By
this way it is possible to enhance the evanescent wave absorption effect but our ap-

proach was focused more on the Rl sensing.

According to the interpretation presented previously, the sensing effect is strongly con-
nected to the measure of the higher-order mode losses. However, the losses effect is
reduced when the core is oriented at the inner circumference due to larger angles of TIR,
therefore the U-bend geometry support higher optical signal transmission and this fea-
ture was observed during this experimental series. According to our understanding the
highest number of modes were transmitted exactly in this geometry. The transmission
effect was again even more enhanced immersing the sensing region into IPA. The mu-
tual benefit of evanescent wave effect elimination and index matching by the IPA media

resulted in the highest spectral intensity enhancements presented in Figure 4.10.
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tion b). vertical polarization in case of 50 cm length fiber in U-bend geometry in case of

isopropanol as surrounding medium.

In order to compare the results obtained in different geometrical arrangements, the con-
figuration of the experimental setup was fixed at the identical 50 cm fiber sample. Then
measurements were performed in two cases, one before the formation of U-bend
(straight geometry) another after the formation of U-bend. Finally, the ratios of the spec-
tral intensities were constructed dividing the air medium values with the IPA medium
ones.

The comparison of the results obtained in the case of straight and U-bend geometry for
both the orthogonal polarization directions is presented in Figure 4.11. Spectral intensity
ratios registered by the U-bend geometry at the vertical polarization of the input field
displays the highest intensity changes acquired by this D-shaped fiber approach. This
outcome also points out to the possibility of further enhancement of the detection preci-
sion of the water contamination in IPA, thus improving the application potential of the

analyzed technique.
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5. CONCLUSIONS

The thesis focused on study of RI sensing performance based on evanescent wave ef-
fect. D-shaped fiber was investigated through the course of the thesis designed for ap-
plications of extrinsic sensing. One side of D-shaped being flat leads to high evanescent
field localization in the external region beside the fiber. Such D-shaped fiber with length
of 20 cm and 4 cm uncoated part serving as sensing region was utilized at the beginning.
The uncoated part was situated in the middle of the fiber, which was arranged in straight
geometrical configuration. Isopropyl alcohol and distilled water were the two liquids un-
der test which were placed in the surrounding optical medium of the sensing region. Fiber
based measurements exhibited simple design approach without any external power

source required to activate the sensor system.

An interpretation of the outcomes was elaborated, based on the concept that the flat
surface of the D-shaped fiber consists of small uneven surface which are prone to Ray-
leigh scattering. If the RI between the cladding and surrounding medium is less, the ev-
anescent field experience reduced losses as in the case of isopropanol. Whereas for
water, the difference in Rl contrast is higher leading to scattering at the cladding surface,
which eliminates the higher-order mode propagation via the evanescent field effect.
Spectral and near field profile measurements were carried out to register the optical sig-
nal from the output end of the fiber. Distilled water proved to cause no changes regarding
the spectral and spatial intensity. Whereas isopropanol medium exhibited significant
difference in the transmitted intensities in comparison to the original spectrum recorded
in air as surrounding medium. The sensitivity of the developed system was ensured ac-
cording to our understanding due to reduced evanescent field based losses in the case

of isopropanol.

Based on numerous spectral measurements performed in different conditions, an over-
view about the sensitivity of both the liquids were created. It helped to understand the
water contamination in isopropanol, which is a widely utilized chemical material. Mixtures
of isopropanol and water were prepared in different proportions and tested to verify the
spectral changes observed with impure isopropanol. Contamination of isopropanol can
be detected at least at the level of 5% precision of the water content. In addition to the
results obtained, geometrical changes in the sensing region helped to improve the sens-
ing performance. U-bend geometry was examined to enhance the sensitivity. Therefore,
the thesis described a D-shaped fiber that can be used for Rl sensing. The spectral in-

crease in the transmission was an added advantage compared to the usual absorption
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obtained with evanescent wave sensors. This helped to carry out measurements even
with low signal level where detection of output signal became easier with increase in
signal intensity in comparison to the case where absorption reduces the signal. Also,
absorption can make detection of output signal harder if the initial signal level is low.
Changes in the geometrical configurations e.g., to U-bend geometry improved the sens-
ing effect. Thus, a novel chemical sensor approach was developed and tested using a

specialty optical fiber with potential of further improvement of the sensitivity.
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