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Abstrakt

N 1

Predkladana prace se zabyva problematikou detekaikapindexu lomu vySSim nez 1,45.
Je teoreticko-praktického charakteru se &&@mim na optickou detekci zaloZzenou na principu
refraktometrie se zvySenou evanescentni vinou.

Nejdtive jsou shrnuty teoretické podklady. Poté jsolize@any senzorické struktury vlaken
pro detekci kapalin v simulaim prostedi. Je navrZzeno schéma zapojeni p&geni indexu
lomu pomoci tvarovanych optickych vlaken.

7 v Z

Praktick&c¢ast prace je anovana provedeni &eni s navrZzenou senzorickou strukturou na
bézi plastového optického vidkna a vyhodnoceni Zkszach vysledi.

Klicova slova: optické vldkno, index lomu, evanescentni vindrakdometrie, detekce
kapalin, senzor, citlivost.

Abstract

This thesis deals with detection of liquids witliraetive index higher than 1,45. The project
covers both, theoretical and practical aspecthefdquestion with focus on optical sensing
based on the refractometric principle utilizing anted evanescent wave.

First, some theoretical aspects are presented. , Toetical fiber sensor structures for
detection of liquids are implemented by using autation environment. A measurement
setup is proposed for carrying out the experimecaahpaign utilizing shape-tailored optical
fibers.

The practical part presents the measurements Wwéhptoposed sensor structure based on
plastic optical fiber and evaluates the obtainedilts.

Key words: optical fiber, refractive index, evanescent waef,actometry, detection of
liquids, sensor, sensitivity.
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Introduction

Fiber-optic sensors (FOS) are devices based optaabfiber as a sensing element. They are
used to detect physical quantities like temperafnessure or, for example, mechanical strain
as well as vibrations, rotation, concentrationstadmical species etc. The idea of FOS is that
light from a source is sent through an optical fib@here it experiences changes of its

parameters, and then reaches a detector whichifiesititese changes.

FOS have some attractive advantages over othes typsensors. It makes them unique for
certain types of applications. The main advantagé<S are:

* FOS are small and lightweight, which makes it palssio use them for both embedding and
surface mounting;

* FOS consist of electrically insulating materials,teey can be safely used in high-voltage
and explosive environments (there is no risk ofteleal sparks);

* FOS are resistant to electromagnetic interfere&dél and do not themselves affect other
devices;

* FOS can operate in a wide range of temperaturebamdle extreme conditions;

» FOS are biocompatible and non-intrusive, so candeel for medical applications or in food
industry. [1]

Due to this, FOS have gained popularity in numeqdications in industries, one of which
is liquid refractive index sensing. It is widesprédr example, in food production or in

chemical and biomedical applications for detectidmmineral (or paraffin) oils. Since these
types of oils have refractive indices (RI) in tlenge from ~1,45, which is higher than the
refractive index of silica, it is necessary to asealternative to silica glass optical fiber (for
example, a plastic optical fiber).

13



1. Theoretical background

1.1. Optical fiber modes

While being guided through the fiber, the light wavexhibit so-called modes, which are
variations in the intensity of the light (both, oubke fiber cross-section and along the length
of the fiber). These modes represent certain pettef the waves formed within the fiber, as,
in a very simple sense, they determine the wayligie waves propagate through the fiber.
This set of electromagnetic fields propagating e toptical fiber is called guided (or
propagation) modes. They are defined by the optitar geometry and its material
composition (the variation of the refractive indicef the fiber core and cladding across the
cross-section). Guided modes are confined to the. cthey carry energy along the fiber,
transporting, therefore, power and information.L,

Light rays which are launched into the fiber with @ngle higher than the fiber acceptance
angle are not guided by the core region, but makietion (or unbound) modes. They carry
energy out of the core. Partially, this radiatisrirapped in the cladding and formes so-called
cladding modes. Since the core and the claddingesigutopagate along the fiber, mode
coupling can occur between them. It results inagydransfer back and forth between these
two types of modes, resulting into the core modwsqp loss.

In addition to the bound and radiation modes, &ltleategory called tunneling (or leaky)
modes is also present in optical fibers. These made only partially confined to the core
region, and are attenuated by continuously radjativeir power out of the core as they
propagate along the fiber. [3]

Light rays can propagate within the optical fibertwo distinct types: meridional rays and
skew ones.

Meridional rays (see Figure 1.1) travel in the mi@mal planes of the fiber. These planes
contain the axis of symmetry of the fiber (the caxes).

Figure 1.1 — lllustration of a meridional ray prgpéing in an optical fiber core [3].



Unlike meridional rays, which lie in a single plas&ew rays (see Figure 1.2) follow a helical
(non-planar zig-zag) path along the fiber and diocnass the fiber axis.

Figure 1.2 — lllustration of a skew ray propagatim@n optical fiber core
(transverse cross-sectional view) [3].

1.2. Evanescent wave of an optical fiber

It appears that in the situation of total interreflection (TIR) at the core-cladding interface

within the fiber, when the angle of incidence exitsedhe critical angle, there is no a
transmitted wave and the light rays (and so theggfeare totally reflected. However, the

light gets through the boundary and extends intosticond (refractive) medium as so-called
evanescent wave. The evanescent wave amplitudeades exponentially with distance away
from the interface (see Figure 1.3). [4, 5]

>0,

Wave vertor
af the inddent
plame wive

Figure 1.3 — Evanescent wave illustration [2].



The degree of evanescent wave penetration intoréifiactive medium is called the
penetration deptld,. It is defined as the distance from the core-dlagldoundary at which
the evanescent wave amplitude is df its value at the boundary:

q = A

- ; 11
 2mn2sin? 6-n? (1-1)

where/ is the wavelength of the light sourckis the angle of incidence at the core-cladding
boundary anah., andn are the refractive indices of the core and clagld@spectively. [6]

1.3. Optical fiber refractometry

Refractometry is a technique for measuring subs&iRl in order to, for example, identify
an unknown liquid compound (our case) or its pusygycomparing the measured RI to known
literature values.

The RI is a unitless number. It is dependent onptrature and the wavelength used.
Therefore, it must be taken into account in casdiféérences from reference values, which
usually are 20 °C (reference temperature) and 588\ 3reference wavelength, indicates the
sodium D line).

The Rl is typically reported as:
nZ’ (1.2)

wheren represents the refractive index, the superscnighcates the temperature in degrees
Celsius, and the subscript denotes the wavelefigth.

There are many methods for measuring RI with optibar sensors. One of them is based on
direct interaction of the substance under test tighevanescent wave of the fiber. To insure
the interaction, which is proportional to the peagbn depth, it is necessary to have the
closest possible approach to the core of the fiber.

The simpliest way how to achieve this is to remtwe protective coating of the fiber and
reduce the cladding, which in itself is non-absogband so light propagates along the fiber
with almost no energy loss due to it. Thus, theodliag substance replaces the cladding and
interacts with the evanescent field of the fibés. ihtensity is, therefore, attenuated and the
total transmitted energy in the fiber is reduc&l. [

The interaction with the evanescent field is prdpoal to its penetration depth. It is, in turn,
related to the opto-geometrical parameters of arfilwhich are generalized in the fiber’s
normalized frequency:

V="on -n? (1.3)



where/ is the light wavelength;, is the fiber core radiusi, is the refractive index of the
fiber core andney is the refractive index of the external environt@mhich replaces the
cladding). [4]

As it can be seen from Equation (1.3), the fib@dsmalized frequency is dependent on the
parametengy:. Thus, the refractive index can be monitored bpsneng the transmission loss
change resulted from the normalized frequency tiaria[9]

But in this simple configuration, when the claddiagust removed uniformly over a segment
of the fiber and replaced by analyte, the evandsiteld penetration depth is not typically
sufficient enough for efficient sensing.

To overcome this problem, so as to increase tleedation with the evanescent field, different
methods have been put forward, such as fiber bgndse of special fibers (for example, D-
fibers or microstructured fibers), fiber taperirg.46]

1.4. Tapered fiber

1.4.1. Tapered fiber structure

A tapered fiber is a structure, where an optidaifidiameter is reduced over a defined length
(see Figure 1.4). The smallest diameter segmenhisfstructure is called a taper waist.

Between the uniform untapered parts and the wagsetare so-called transition regions. The
waist diameter can vary from a few micrometerseteesal tens of micrometers (depending on
the tapered fiber application). Similarly, the tapeaist length can change from a few

millimeters to several tens of centimeters.

Tap

Untapered fiber | Taper Transition

l

' Taper Transition | Untapered fiber
i .

Wast diameter

Figure 1.4 — Schematic of a tapered fiber [10].

In the tapered part the normalized freque¥igyeris:

Ve = 22088 o2 2, (1.4



wherez is the coordinate along the optical fiber agpgis the radius of the tapered fiber as a
function ofz [9]

According to the Equation (1.4), the diameter ameltapered segment length both influence
the normalized frequency of a tapered fiber. Cousptly, the transmitted power depends on
the variation of the tapered region’s parameteos.example, for low loss tapered fibers the

adiabaticity criterion must be observed: the rettocal change of the taper diameter must be
very small (the taper is gradual). On the otherdhalifferent shape considerations take place
if tapered fibers are used as sensors.

Nowadays, there are a number of configurationseokagrs based on tapered optical fibers.
They are, for example, straight biconical tapeegpeted fiber tips, periodically tapered
structures, tapers with functionalized surfaces., etach of which best suits certain
applications. [6]

1.4.2. Tapered fiber fabrication

The most widespread way to manufacture a taper idilize the flame-heating technique to
stretch and taper an optical fiber. Figure 1.5 shewschematic illustration of tapered fiber
fabrication based on this method.

Fiber
holder
Wideband 0SA
Source
translation translation
stage stage

Figure 1.5 — A typical setup for tapered fiber faation [11].
OSA, optical spectrum analyzer

First, several centimeters of the optical fibertowpis removed (before the tapering process)
and the uncoated segment of the fiber is cleanedotighly. Then the fiber is placed
horizontally on the translation stage and held Wy fiber holders. During the tapering
process, a heating source heats the uncoatedfghg bber, while both fiber sides are being
pulled apart with constant and equal speeds so asovvide a uniform heat along the fiber
(which, in turn, determines the shape and qualitthe resulting taper). In order to monitor

16



the transmission spectrum of the fiber during thecess of tapering, a light source is used at
one end of the fiber, whereas its other end is ected to the optical spectrum analyzer
(OSA). [11, 12]

1.5. D-shaped fiber

1.5.1. D-shaped fiber structure
A D-shaped fiber is a fiber which has a D-shapephant (see Figure 1.6) along its length.

Figure 1.6 — A D-shaped segment.

A flat interface formed by this shape allows optiteld emission out of the fiber. Thus, it is

based on the same sensing principle as a tapdred finteraction of the evanescent field of
the surface of a D-shaped fiber with the extermalirenment leads to the attenuation in
optical light transmission and the refractive indéxhe external environment can, therefore,
be measured by detecting the transmitted powerggsafl3]

1.5.2. D-shaped fiber fabrication

The most common way to produce a D-shaped fibdayigolishing a side of a standard
cylindrical optical fiber. This method is relatiyesimple and fast. Also, it allows a certain
amount of flexibility as for the geometry of thedbaped fiber exposed area. On the other
hand, the possibility of some fiber deformationsr (Example, cracks, scratches or broken
regions) cannot be excluded. Thus, very carefa@nétin is required during the process of
polishing. [14]

1.6. Plastic optical fiber

Plastic optical fiber (POF) is made of polymer. Bl POF consists of a
polymethylmethacrylate (PMMA), which is also knowas acrylic or acrylic glass, core and a



fluoropolymer cladding material. Typically, theiefractive indices are ~1,49 and ~1,41
respectively (but the values can vary slightly).

Because of high attenuation, PMMA fibers are mairdgd for low-speed and short-distance
(up to 100 meters) applications in digital applesi@and networks.

Their low cost and high mechanical flexibility alldo use them for sensing purposes. POF

are robust under stretching and bending, whicheg tmain advantage over the glass optical
fibers.

18



2. Computer simulations in the BeamPROP software

Modelling of optical fiber structures for detectiohliquids with refractive index higher than
1,45 was carried out in the BeamPROP software (wisiéntegrated into the Synopsys CAD
environment). This simulation engine uses advanieide-difference beam propagation
(BPM) techniques.

Since BeamPROP does not allow to follow signal spet, the sensor is supposed to be used
for following the signal intensity. In the simulatis all fiber modes are considered. Therefore,
in the simulation model the structures were eveldiaas ten times smaller ones (in all
dimensions in order to save the ratio of the stméctcross size to its longitudinal one) to
prevent the simulation process from being excebstirae-consuming.

2.1. Tapered fiber model

Figure 2.1 illustrates a 3D structure of the bicahtaper which was studied in this computer
simulation.

Figure 2.1 — A 3D tapered fiber model.

The structure’s longitudinal section view is prdsenin Figure 2.2. A green part of the
structure represents an optical fiber core andia bhe represents its cladding.

In the simulation untapered part diameters of theding and core were 50 and g and
the taper surrounding represented liquid.

19



Figure 2.2 — A tapered fiber structure
(longitudinal section view).

The core/cladding refractive indices were 1,491 3d@5 respectively (see Figure 2.3) so as
to correspond to the RI values of the plastic @ptitber used for the sensor structure
fabrication (see 3.1.).
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Figure 2.3 — A refractive index profile within g&red fiber structure
(transverse cross-sectional view).
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The subject of interest was the size of the tapébeat along thez-axis (which was the axis
of the light propagation), i.e. the length of thenisition segment and the waist, as well as the
waist diameter.

First, a “proper” waist diameter was estimated.miéans such a diameter that insures
sufficient dynamic range of the sensor in ordett figuid samples of different refractive
indices could be distinguished. In this simulattbe taper parameters were as follows: the
transition part length and the waist length wer® pfn, the transition part shape was
exponential. The source wavelength was set to I®{which also helped in reducing the
simulation time). The waist diameter changed imtsorof 1:2, 1:3 and 1:4 to the untapered
part diameter.

The next figure shows rough estimations (the lig@ftactive index changed from 1,451 to
1,486 with a step of 0,005) of this simulation part
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Figure 2.4 — Transfer functions of the taperedrfdteucture depending on liquid refractive
index changes for different tapering ratios.

As can be observed from Figure 2.4, the best tearishction is the one which corresponds to
the tapering ratio 2:1, or to the waist diameter2bfum. This characteristic is monotonic
(with a tendency to decline with the growing RI}twim the whole range of liquid refractive
indices as the transmitted power decreases grgduall



Apparently, the structures of higher ratios coutd be used for liquid detection purposes at
the refractive index range over 1,45 because ttle@racteristics are not sensitive to the
refractive index changes.

Then rough estimations of the transfer functions different taper transition part lengths
were carried out (see Figure 2.5).

In this simulation the taper waist diameter wasu2f the taper waist length was 50, the
transition part shape was exponential. The tramsittegment length was the variable
parameter. Again, the liquid refractive index cheshgrom 1,451 to 1,486 with a step of
0,005.
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Figure 2.5 — Transfer functions of the taperedrfgieucture depending on liquid refractive
index changes for different transition segment iesg

According to the obtained results, transmissios r®ws with the increasing of the transition
part length. On the other hand, for the taper ttiams segment length of 50Qm the
characteristic is smooth within the whole rangdiauiid RI, which is good for using a taper
for sensing purposes.

The taper waist part length has the same impaet taper as for the transmission loss (see
Figure 2.6).

In this simulation the taper waist diameter wasu§ the transition part length was 506,
the transition part shape was exponential. Thetuaigith was the examined parameter. The
liquid refractive index changed from 1,451 to 1,486 a step of 0,005.
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Figure 2.6 — Transfer functions of the taperedrfdteucture depending on liquid refractive
index changes for different waist segment lengths.

Thus, the final parameters of the proposed tapidbed are as follows: the transition part and
the waist part lengths are 506 and 150Qum respectively (which corresponds to 0,5 cm and
1,5 cm for the real one — technologically, it canfébricated), the waist diameter is|28 (or
250um for the real one).

For the taper with the above-mentioned parametersansfer function was studied in more
detail. In this simulation the RI changed from 1,486 1,486 with a step of 0,0035.
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Figure 2.7 — Transfer function of the proposed tepdiber structure depending on liquid
refractive index changes.
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2.2. D-shaped fiber model
The next computer simulation part included a madel D-shaped fiber (see its 3D structure

in Figure 2.8).

Figure 2.8 — A 3D structure of a D-shaped fiber eiod
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Figure 2.9 — A refractive index profile within aghaped structure
(transverse cross-sectional view).

24



In this case the polished segment depth and lemgite the subject of interest. Similar
approach as in 2.1. was used in order to find thHérat, a polished part depth influence of the
D-shaped fiber model on the transfer function waisreated.

In this simulation part the polished segment lengdls 100Qum. The source wavelength was
set to 1550 nm. The polished segment depth wae &8, 2r/3 andR (whereR is an optical
fiber radius).

The next figure shows rough estimations (the lig@ftactive index changed from 1,451 to
1,486 with a step of 0,005) obtained in this corepstmulation.
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Figure 2.10 — Transfer functions of the D-shapbdrfstructure depending on liquid
refractive index changes for different polishedrsegt depths.

As might be seen from the obtained results, the trassfer function is the one which
corresponds to the polished segment deptiR/8f This characteristic has a sharper slope
(which increases the sensor sensitivity) in congaariwith the remaining characteristics and
it decreases more monotonously (is smoother) withen whole range of liquid refractive
indices.

Then rough estimations of the transfer functionstifie polished segment depth Rf3 and
different polished part lengths were carried oee(Bigure 2.11).
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In this simulation part the liquid refractive indekanged from 1,451 to 1,486 with a step of

0,005.

-17

p
D S
i g&_‘_f‘“x\

h’f

e e
T ST
:‘: .
M
- : \.\
: -'\

><j>< Pa

7 polished segment leneth [um]
1000

1.45 1.46 1.47
n, [-]

1.48 1.49

Figure 2.11 — Transfer functions of the D-shapbdifstructure depending on liquid
refractive index changes for different polishedmnsegt lengths.

According to expectations and similarly to the tss@rom Figure 2.6 for a tapered fiber
structure, transmission loss grows with the indrep®f the polished part length. For the
polished segment length of 300 the decrease of the characteristic is sharpeciwdgain

increases the sensor sensitivity).

The final parameters of the proposed D-shaped fiveras follows: the polished segment
depth isR/3 and the polished segment length is 3000(which corresponds to 3 cm for the
real structure).

For the D-shaped fiber model with the above-memiibparameters its transfer function was
studied in more detail (see Figure 2.12).

In this simulation the liquid refractive index clgga from 1,451 to 1,486 with a step of

0,0035.

26



-17

Figure 2.12 — Transfer function of the proposediaged fiber depending on liquid refractive

As follows from Figure 2.12, the trunsfer functiohthe proposed D-shaped fiber is similar to
the one obtained for the proposed tapered fibectire (see Figure 2.7). However, here an
obvious advantage is that the characteristic isosmavithin the whole range of liquid

1.45 1.46 1.47 1.48
n, [-]

index changes.

refractive indices.




3. A measurement setup realization

In the same way as it was in the simulations, enrtfeasurements the sensor structures were
used for following the signal intensity. A setugheme for carring out the measurements is
presented below (see Figure 3.1), as well as aluthits used for the setup are described.

light source power meter

sensor in liquid

Figure 3.1 — A measurement setup scheme.

3.1. POF chosen for the measurements

In the project a standard POF of 486/%00 core/cladding diameter by LEONI Fiber Optics,
Inc. was chosen for the measurements. This fibBexsble enough (in comparison with POF
of 980/1000um core/cladding diameter) to be used as U-shapsosatructure (see 4.2.). In
addition to it, it is thick enough to be polished ¢rder to prepare a sensor structure) under
existing (not professional) laboratory conditions.

The fiber consists of a super pure PMMA core amngriipolymer cladding. Its numerical
aperture (NA) is 0,5. [15]

With the core refractive index of ~1,491 the cladgiefractive index of the fiber is then:

Ny = /N5 — NA? =4/1497 - 057 = 1405 (3.1)

For the 9,2-meter long POF its transmission charetic as a function of wavelength was
measured (see Figure 3.2).

It approximately corresponds to the descriptionlatasheet (see [15]): the working range of
the fiber belongs to the visible wavelength one wa#ttin it the characteristic has a relative
attenuation maximum at a wavelength of ~625 nndetermines the choice of light sources
for POF.
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Figure 3.2 — Normalized transmitted power as ationof wavelength
of the 9,2-meter long POF.

Based on the obtained transmission characterigte, POF attenuatiom in dB/km was
calculated for its working range (see Figure 3.3).
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Figure 3.3 — Attenuation as a function of waveleéngftthe chosen POF.
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3.2. Alight source

HL-2000-FHSA (halogen light source with filter holder/shuttendaattenuator) by Ocean
Optics, Inc. was used as a light source. Its spketnission includes visible wavelengths,
which is appropriate for POF chosen for the measargs. [16, 17]

3.3. A power meter

So as to detect the pow@&iV1100D (Compact Power and Energy Meter Console) Wit21C
photodiode sensor/detector by Thorlabs, Inc. wasl.ugs wavelength range and power range
are 400-1100 nm and 500 nW-500 mW respectiy&8;.19]

3.4. Connectors

In order to connect the fiber with the light sourmed the power meter two Bare Fiber
TerminatorsBFT1 with B10510AMultimode SMA905 Connectors by Thorlabs, Inc. were
used. [20]

3.5. A measurement setup

Thus, when all the required units and componente \peepared, the measurement setup was
made (see Figure 3.4).

Figure 3.4 - A measﬁrement setup.
3.6. Liquid analytes

Liquids under test were prepared as mixtures oewand glycerol anhydrous (C3H803),
which is colorless, odorless and, most importamibn-toxic.
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The refractive index of glycerol was 1,47126. Asvéds the highest possible refractive index
to measure, it limited the measurements from thetpd view that not all working range of
the D-shaped fiber could be tested (not to theevalu~1,49 as it was done in the simulation
part of the work).

Three mixtures of different refractive indices werepared for the measurements so as to be
approximately of the same step within the rangé,45 to 1,47126. In two weeks, when the
liquids were mixed enough, there refractive indieese measured by a refractometer. The
results were 1,45027, 1,45721 and 1,46336.

3.7. Fabrication of a D-shaped sensor structure

Since it was not possible to fabricate a tapered FRDucture because of the available
equipment, a D-shaped one was prepared for therimmgagal part. The process of its
preparation was as follows.

A metal V-groove was used for polishing the POFRllibwed to fix the fiber position and to
prevent its rotation. In addition to it, the V-gk@is resistant to the polishing material. The
fiber was placed in the groove and held by two netégym order to fix it immovable. As the
V-groove is designed for smaller fibers than thesem POF’s thickness/diameter, upper part
of the POF was above the metal surface. Thus|otvat to polish this exposed side of the
fiber, which was done with the help of diamond lagfpolishing sheetd FxD [21] by
Thorlabs, Inc. Figure 3.5 represents the fiber teef@eft side) and after (right side) the
polishing (when some energy is radiating out ofibbshed segment). The polished part was
3 cm long.

Figure 3.5 — A D-shaped sensor structure fabrinatio

Transverse cross-sectional views of the unpolish@F and the fiber after the polishing
observed under microscope are also shown in Figuéeand 3.7 respectively.
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Figure 3.6 — An unpolished POF observed under reampe
(transverse cross-sectional view).

Figure 3.7 — A D-shaped sensor structure obseraddrumicroscope
(transverse cross-sectional view).

As the polishing process was done manually, thesipiolg was not ideal. It was not possible
to follow/regulate the polishing segment depth. réfare, it was not constant in both,
transverse and longitudinal directions. In the lardjnal direction the polished part depth



changed gradually from the value of ~d@ at the D-shaped segment edges to the value of
~135um, where the D-shaped segment was the thinnest.

On having fabricated the sensor structure, itsstrassion loss in the air was measured. For
this purpose, an unprocessed POF part of the samgéhl (60 cm) as the one with the sensor
structure was used. According to the scheme fragarEi3.1 the output power was measured
for both of the fibers (with the same power of tight source). The difference (and so the
transmission loss) was ~12,6 dB.

w
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4. Experimental campaign

All the measurements described below were carrigdfar the same measurement setup
(according to Figure 3.1). The only difference wlaes structure of the sensor used during the
measurements.

4.1. Measurements with the unbent sensor structure

First, measurements with the prepared D-shapea bbets original form (unbent) were
made. Before the measurements, the sensor wasedleaaroughly with isopropyl alcohol
(IPA) so as to remove impurities and then it waedirThe light source was tuned in such a
manner that the value of the detector was -10 dBns {/alue was considered to be the
reference one in all the measurements).

Then, the sensor was immersed into the liquid sarhglvith the refractive index of 1,45027)
and the output powelP was measured. The process was repeated ten tiorethd same
liquid sample) in order to verify the measuremepieatability.

Afterwords, the sensor was again purified with IBAd dried so as to be prepared for the
measurements with the liquid sample 2 (with theastive index of 1,45721) and the light
source was tuned for the reference value on theepoweter.

The measurement process was the same as abovie@gand for all the remaining liquid
samples). The results of this set of measuremeatgrasented in Table 4.1.

Table 4.1: Results of the measurements with themindensor structure.

liquid refractive indexn, [-]
1,45027 1,45721 \ 1,46336 \ 1,47126
measurement P, [dBm]
1 -11,38 -11,80 -12,35 -13,15
2 -11,41 -11,76 -12,28 -13,08
3 -11,35 -11,77 -12,25 -13,05
4 -11,40 -11,82 -12,30 -13,11
5 -11,36 -11,83 -12,33 -12,99
6 -11,33 -11,79 -12,27 -13,04
7 -11,41 -11,80 -12,30 -13,07
8 -11,33 -11,66 -12,34 -13,10
9 -11,42 -11,79 -12,37 -13,02
10 -11,37 -11,81 -12,42 -13,09

The results from Table 4.1 show that the outputgrovaries with the liquid refractive index
changes. According to expectations, the higherdfractive index, the less the output power
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(in other words, the transmission loss increase¢begefractive index changes from 1,45027
to 1,47126).

4.2. Measurements with U-shaped sensor structures

Then, the flexibility of POF was used to expand theasurements. In order to enhance the
evanescent wave (and so to increase the transmissig) of the sensor, its structure was bent
to make a U-shape one (see Figure 4.1).

U\J

Figure 4.1 — Examples of bent D-shaped opticak§ilp3].

These structures were used with the U-part radi® mm and 4 mm. The less radius was
again supposed to enhance the evanescent wave.

The measurement process was the same as descarided iThe results of these two sets of
measurements are presented in Tables 4.2 and 4.3.

Table 4.2: Results of the measurements with a yeshaensor structure with radius of 6 mm.

liquid refractive indexn, [-]
1,45027 1,45721 \ 1,46336 \ 1,47126
measurement P, [dBm]
1 -12,37 -13,44 -14,84 -18,47
2 -12,43 -13,39 -14,80 -18,52
3 -12,43 -13,38 -14,73 -18,58
4 -12,51 -13,41 -14,79 -18,65
5 -12,47 -13,34 -14,77 -18,60
6 -12,52 -13,39 -14,80 -18,49
7 -12,38 -13,36 -14,81 -18,61
8 -12,43 -13,42 -14,78 -18,58
9 -12,40 -13,40 -14,72 -18,56
10 -12,38 -13,35 -14,78 -18,53
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Table 4.3: Results of the measurements with a peshaensor structure with radius of 4 mm.

liquid refractive indexn, [-]
1,45027 1,45721 | 1,46336 | 1,47126
measurement P, [dBm]
1 -14,28 -14,90 -16,29 -20,18
2 -14,31 -14,88 -16,30 -20,23
3 -14,25 -14,93 -16,26 -20,21
4 -14,29 -14,91 -16,27 -20,24
5 -14,31 -14,88 -16,31 -20,20
6 -14,32 -14,87 -16,28 -20,25
7 -14,30 -14,85 -16,32 -20,22
8 -14,28 -14,88 -16,29 -20,19
9 -14,27 -14,90 -16,26 -20,21
10 -14,28 -14,87 -16,27 -20,18

As is evident from the obtained results, with thevwgng liquid refractive index the
transmission loss increase for the U-shaped sestaarture is more obvious in comparison
with the unbent one and it is higher for the swoetwith a U-part with radius of 4 mm in
comparison with the one with radius of 6 mm.

The results of all the above-mentioned measurenazatalso described and discussed in 4.4.

4.3. Evaluation of the measurement uncertainty fothe obtained data

In order to characterise the dispersion of the wugmwer as the measurand its uncertainty
was calculated. Algorithm of the uncertainty caftigdn is presented below for the set of
measurements with the unbent sensor structurelgoergl as a liquid sample. The results for
all the other sets of measurements are providéghpendix.

The initial data for finding the uncertainty areetlvaluesP; (the results of repeated
measurements of the output power estimated fi#d0 independent observations).

Table 4.4: Data for the uncertainty calculation.

i 1 2 3 4 5 6 7 8 9 10/, p
[dg‘r’n] -13,15| -13,08| -13,05 -13,11 -12,99 -13,p4 -13|073,3Q| -13,02| -13,09 -13,0F
[:\’}\’/] 48,42 | 49,20| 4955 4887 50,23 49,66 4932 48,98 8M9, 49,09| 49,32
FE;V]E)' 090 | -012| 023| -045 091 034 000 -034 057 230
n
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For the measurements carried out in the work thedstrd uncertainty is given by two
components: the type A (which is based on statiktinalysis of measurement results) and the
type B (which includes properties of means — makeriand instruments — used for
measurements).

The arithmetic mea® is defined as the average bf individual valuesP;:
P = 4932 [uW] (4.1)

The type A of the standard uncertainty, or the @rpental standard deviation of the mean, is
then [22, 23]:

10

Z(Pi -pf 4.2)
=L = 01672 [uW]
100710-1)

Unp) =

The type B of the standard uncertainty in the mesaments was given by the power meter
parameters [19]. Its value is [24]:

1 0P 1 ,003[4932
Upoy =—(——+DIR,) = —— (———=Z+4[D01) = 08773 [uW .
B(P) \/._7-7', ( 100 P) \/g( 100 D [nW] (4.3)

where P is a measurement valugjs the power meter accuracy of readiBgis the number
of digits andRp is the power meter resolution.

Then, the expanded combined standard uncertaintyhéocoverage factd=2 (which means
that the uncertainty defines a range that is exgedtb contain the true value of the
measurement result with the probability of 95%jatculated as [24, 25]:

U = K igp = 2U2p +U%p =2,/01672 + 08773 = 179 [uW] (4.4)

or the combined standard uncertainty in units ahdB [23]:

ue = [tomiog(P)]| m 1009 =105 =2 =016 [dBm]  (4.5)
c c?) P On(10) 493200n(10)

The final result is then: P=-13,1 dBm + 0,2 dBm



4.4. Results and discussion

For all three sets of measurements the normalimgolib power (with regard of the reference
value of -10 dBm) for different liquid refractivedices was calculated (see Table 4.5 and
Figure 4.2).

Table 4.5: The normalized output power for the mess sensor structures.

liquid refractive index, [-]
1,45027 1,45721 | 1,46336 | 1,47126
sensor structure Prom» [dB]
unbent -1,4 -1,8 -2,3 -3,1
U-shaped oR=6 mm -2,4 -3,4 -4,8 -8,6
U-shaped oR=4 mm -4,3 -4,9 -6,3 -10,2
Pnorm, [dB]
0
-
B ’- ........
-2 N N ...
e SN
2 S PO
° A
6 - ‘o
-8 - -
A
unbent structure
U-shaped structure wiR = 6 mm .
-10 1 U-shaped structure wilR = 4 mm *
-12
1,45 1,455 1,46 1,465 1,47 1,475

n, [-]

Figure 4.2 — Transfer functions of the measuredh&ped sensor structures depending on
liquid refractive index changes.
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As can be observed from Figure 4.2, the experinheasalts for the unbent sensor structure
approximately correspond to those obtained from #imulations (see Figure 2.12).
Transmission loss increases slowly with the reivadndex growth. A certain discrepancy in
different slopes of these two characteristics cadused by the defects of the real D-shaped
sensor structure which were mentioned in 3.2.

The U-shaped structures allowed to obtain the betasitivity of the sensor. According to

expectations, the best result was for the U-shagtedtture with radius of 4 mm: in the

refractive index range from 1,46336 to 1,47126eaahed the value of 493,7 dB/RIU (see
Table 4.6).

Table 4.6: Sensitivity of the measured sensor siras (in dB/RIU).

liquid refractive index range

sensor structure 1,45027 —1,45721 1,45721 - 1,46336 1,46336 — 2@171
unbent 57,6 81,3 101,3
U-shaped oR=6 mm 144,1 227,6 481
U-shaped oR=4 mm 86,5 227,6 493,7

The example of the sensor sensitivity calculation the U-shaped structure Bf= 4 mm and
the refractive index range of 1,46336 — 1,47126):

S= AI:)norm = |_ 10’2 B (_6’3)|

An 147126-1,46336

=~ 4937 [dB/RIU] (4.5)

There is an obvious difference between the resoultthe same sensor structures for different
refractive index ranges. It can be explained byar flinearity of the characteristics, which is

a certain disadvantage of the sensor. The trangEmi#sss increase is more rapid for higher
refractive indices.

Also, for the sensor structures their resolutiors walculated (see Table 4.7), which is the
minimum refractive index change that can be in@iddty a sensor. Resolution can be defined
as follows [26, 27]:

Res UEC (4.6)

whereuc is a standard deviation (see 4.3.) &idl the sensor sensitivity.
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Table 4.7: Resolution of the measured sensor st

liquid refractive index range
sensor structure 1,45027 — 1,4572]] 1,45721 - 1,46386 1,46336 — 28111 average
unbent 3,47-16 2,46-10° 1,97-10 2,63:10°
U-shaped oR = 6 mm 1,39-16 0,88-10° 0,42-10° 0,90-10°
U-shaped oR =4 mm 2,31-16 0,88-10° 0,41-10° 1,2.10°

Logically, the best resolution was again for theh#ped sensor structure with radius of 4 mm
for the RI range of 1,46336 — 1,47126.
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Conclusion

In this master’s thesis the detection of liquidgngsplastic optical fibers was studied. The
focus was on optical sensing based on the refrattarprinciple utilizing evanescent wave
with the emphasis on liquids of the refractive aedi higher than the refractive index of fused
silica.

The theoretical results (based on analyses in guatensimulation environment for a set of
liquids of the refractive index range over 1,4%¢luded proposed sensor structures for the
follow-up measurements.

In the practical part of the work several sensaucstires were prepared and measurements
were carried out with them. Data obtained from thgeriments confirmed theoretical
assumptions and also showed some sensor structyperpes (sensitivity, resoluton) which
could affect liquid detection.

Taking into account that the fabricated sensorctire was not perfect because of certain
defects due to the conditions under which it waden#here is room for further improvement
of the results. Nevertheless, judging from the wadnsors based on POF, could be expected
to find their applications in liquid detection owirto their low cost, high sensitivity and
reliability.
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Appendix — The results of the measurement uncertaties evaluation

T 1 2 3 4 5 6 7 8 9 10 | User | Usey | Ue@luc | PE4P,
[wW] | [uW] | [uW/dBm] | [dBm]
Lasop7| P [dBmI | 11,38 | -1141) 113§ 1140 11,36 11,33 1141133 [ -11,42| -1137 015 | 114202
o | P [nW] | 7278 | 7228| 7328 7244 7311 7362 72028 73,62 1174, 72,95| 0,17701,2849] 2,59
€ [, 4ospy P[dBM] | -1180| -1176] -1177 -1187 -1183 -1LJ9 -11/80 166 | -11,79| -1181 016 | 11802
5|7 P,[uW] | 66,07 | 66,68 6653 6577 6560 6622 6607 6823 2266, 6592 | 0,23411,1720] 2,39
E [ Josgg P[0BM] | 1235| -1228] 122§ 1230 1233 1227 -12[30234 | -1237| -12.42 0,16 | -123+0,2
g | P,[WW] | 5821 | 59,16 59,57| 5888 5848 59,20 5888 5834 9457, 57,28 | 0,21861,0381] 2,12
B P, [dBm] | -13,15| -13,08] -13,0§ -1311 -12.99 -13,04 -13/073,2a| -13,02| -13,09 0,16 | -13,1+0,2
1,47126
’ P,[nW] | 4842 | 4920| 4955 4887 50,28 49,66 4932 4898 8949, 49,09 | 0,16720,8773| 1,79
Lasopr| P [ABmI | 1237 [ 1243 1243 1252 1247 1252 1238243 | -12,40| -12,38 016 | 12402
£ ’ P,[nW] | 57,94 | 57,15| 5715 56,10 56,62 5598 5781 57,15 5451, 57,81 | 0,22091,0126] 2,07
S £ | Lo P lBM] | -1344] 1339 133§ -134] -1334 -1389 -1336342 | -1340] -13.3 0,16 | -13,4+0,2
B E |7 P,[nW] | 4529 | 4581| 4592 4560 46,3% 4581 46,13 45,50 7145, 46,24 | 0,10510,8171] 1,65
(o]
2 || Josse P 1BMI | -1484| 14,80 1474 1479 1477 -1480 -14Bl478| -1472] -1479 0,16 | -148%0,2
g% |7 P,[nW] | 3281 | 3311| 3365 3319 33,3% 3341 33D4 3327 7333, 33,27 | 0,08690,5990 1,21
> L4710 P [0BMI | -1847 | -1852| -185¢ -1865 -1880 -1849 -18/61858 | -1856] -18,53 017 | -18,6%0,2
’ P,[WW] | 1422 | 1406| 13,87] 1365 1380 14,16 13,77 13,87 9313, 14,03 | 0,05690,2645] 0,54
Lssop | PP OBMI | 1428 1431 142§ 1420 1431 1482 -14304.28 | -1427| -14.29 016 | 143202
s ’ P,[mW] | 37,33 | 37,07| 37,58] 3724 37,07 3698 37,15 37,33 4137, 37,33 | 0,05790,6683| 1,34
S £ | 4570y P 10BM | -1490| -14,88] 1493 1401 -1488 -14.87 -14[854.88 | -1490] -14,87 016 | -14.902
aE |7 P, W] | 32,36 | 3251| 32,14 3228 3251 32,38 32,73 3251 3632, 32,58 | 0,05420,5853] 1,18
S
2 1 || sesze P 19BM | 1620 | 1630 1624 -162f -1631 -1628 -165326.29 | -1626] -16.2] 016 | -163202
s |7 P,[WW] | 23,550 | 23,44| 23,66] 2360 2330 2355 2383 2350 6623, 23,60 | 0,03540,4305] 0,86
> L4710 P [0BMI | 2018 2023 -202] 2024 -2020 2095 -20220.39 | -2021] -20.1 017 | 202202
’ P.sW] | 959 | 948 | 953| 946 955 944 951 957 953  9590167|0,1882] 0,38




