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ABSTRACT 

 

In the last decades, the optical adhesives have become highly promising due to their 

widespread applications in the numerous optical fields. There are outnumbered research 

studies about them and their numerous fields of application. One of these promising 

applications is the usage of self-written waveguides (SWW) which enable a rigid and low-

loss connection between two optical components. Nevertheless, there are not enough 

research studies about the temperature dependency of the optical transmission through the 

SWW that is inspected in this study. This master’s project is devoted to study the 

transmission of a laser beam by temperature through SWW created in the NOA 68 

photopolymer medium. To verify the data from the experiment, a model is designed, 

simulated using the Multiphysics optical simulation software (COMSOL), and then, the 

simulation results are compared with the experimental data. Furthermore, the research 

studies do not propose anything for the durations of the internal- and external curing where 

the waveguide is attenuated highest that makes it very vital for the waveguide formation. 

This study removed the blurriness in the curing times and guide the scientists in 

establishing an efficient waveguide made out of NOAs. 

To achieve this goal, a thermal simulation of the waveguide is made, an SWW is formed, 

and the experimental results of the power output, and the refractive-index profile of the 

waveguide are analyzed. Then, the RIs of the SWW and its cladding are measured in the 

refractive-index profilometer and the results are used to make the simulation in the 

software. 
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Chapter 1: Introduction 

Self-written waveguides (SWWs) are waveguide-like optical channels formed as response 

of the photosensitive materials to the beam at a certain wavelength where a local 

photopolymerization process starts and a permanent change of the refractive index (RI) is 

generated which is correlated to the light intensity. It occurs when the induced RI change 

reaches to a sufficient value where the light is trapped along the propagation axis. In our 

experiment, the SWWs were formed by using Norland optical adhesive (NOA) as 

photopolymer medium. 

Different types of optical adhesives have been attracted intensive attention in the last 

decades due to their widespread applications in the numerous optical fields such as 

manufacturing of sensors for temperature [1, 2], RI [3, 4], strain [5, 6], etc. measurement, 

lasers [7], coupling structures for fiber-to-fiber and fiber-to-optical device systems [8], 

holographic data storage [9], biologically inspired microstructures [10] etc. The 

temperature change in a material or an optical device affects a lot of parameters such as 

optical loss, RI, birefringence, thermo-optic coefficient (TOC), etc. Hence, thermal change 

plays a crucial role in an optical device’s performance.  

There are outnumbered research studies about NOA 68 [11, 12, 13] and other optical 

adhesives from Norland where the parameters mentioned above were examined. 

Nevertheless, there are not enough research studies about the temperature dependency of 

the optical transmission through the SWW that is inspected in this study. This is also 

verified by an optical simulation. Furthermore, the research studies do not propose 

anything for the durations of the internal- and external curing where the waveguide is 

attenuated highest that makes it very vital for the waveguide formation. This study also 

proposes to close this gap of the previous studies [9, 12, 14, 15, etc.].  

Theoretical background helps the audiences to comprehend the literatures that underlie the 

setups and the simulation model. 

There were some challenges to accomplish the aforementioned goal. First, the real 

temperature of the SWW has to be determined. It was not possible to measure the 
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temperature directly where the SWW is located. A model for the thermal distribution was 

developed by Suar et al [16]. A new model based on Suar’s achievement is developed in 

section 3.1 corresponding to NOA 68. Moreover, the surrounding air got included to the 

new model where the approximated values for the approximated temperature of the SWW 

are accurately obtained. The optical simulation design for the waveguide is explained in 

section 3. Second, the classical setup of the SWW is provided and the setup prepared for 

the refractive index profilometer (RIPM) is explained that gives the chances to characterize 

the refracted-index profile (RIP) of the NOA in Chapter 4. Finally, the data are processed 

for the transmission through the SWW for each process of the formation and compared 

with the data obtained from the optical simulation.  
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Chapter 2: Theoretical Background 

In this chapter, the previous research and knowledge about the polymerization of SWW by 

self-trapping, RIPM measurements, and multiphysics optical simulation will be discussed. 

This will shed light on the concepts outlined in this study; as a result, it will help the 

audience understand this research better.  

2.1 Historical Background 

The research studies about light-induced self-written waveguides (LISWs) or SWWs have 

been conducted for nearly 3 decades. The first experiment has been made by Brocklesby 

et al [17] in 1992. It was conducted using the ion implantation effect and its dynamic 

characteristics which were not comprehended completely. A year later, another experiment 

was performed by Frisken et al [18] in which a 532 nm laser beam was used for curing in 

an UV sensitive resin. It was the first experiment showed that waveguides could be formed 

at this wavelength. 

Working principles of a SWW which is built on self-acting of light are similar to spatial 

solitons’. The laser beam would diffract in a planar waveguide which is made out of a 

photosensitive material as shown in Fig. 2.1. if we assume the incoming beam as a Gaussian 

one. The photosensitive material responds to the beam at the certain wavelengths where it 

undergoes a photopolymerization process and a permanent change in the refractive index 

(RI) which is corelated to the light intensity. Initially, the beam spreads out (see the top 

part of Fig. 2.1). However, a region is formed where the beam is most intense, and the RI 

increases due to the curing and the associated local density change of the material. This 

change in RI confines the beam in the artificial waveguide made by the beam itself. The 

bottom part of Fig. 2.1 shows that the beam is trapped in a certain channel which is called 

SWW where the beam diffraction is very small and the RI distribution is uniform along the 

propagation axis. 



4 

 

Figure 2.1 Diffraction of laser beam through a photosensitive medium. A laser beam diffracts at the 

beginning and then, the RI starts changing at the top and the laser beam is trapped a while later in a certain 

area as shown at the bottom [19]. 

This topic has been intensively studied during the last decades by using various 

photosensitive materials such as monomers, glasses, resins and others. Currently, the 

structure can be written by single- [20] or two-photon absorption [21, 22, 23, 24] 

techniques at various RI ranges, thicknesses, shapes, lengths, and wavelengths as it is 

needed [25, 26].  

2.2 Optical Fibers and the Classifications 

In this section, the general information about the optical fibers will be provided first and 

then, some parameters related to them will be explained detailed. 

 The optical fibers have a central unit (i.e., core) where the light passes through and it is 

surrounded by another material (i.e., cladding) whose RI is slightly lower than the core’s 

one. This structure is also known as waveguide. Thus, total internal reflection (TIR) can 

occur and the light is trapped inside it. Light is guided through with the help of TIR. The 

process is known as waveguiding. They have to be composed of low-loss material such as 

silica glass. A structure similar to optical waveguide can be also formed in an adhesive that 

is called self-written waveguide. The optical fibers are classified mainly according to their 

RIs that are the step-index fiber and graded-index (GRIN) fiber or the number of modes 

(M) that are single-mode fiber (SMF) and multi-mode fiber (MMF) as shown in Fig. 2.2. 
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RIP of GRIN fiber: GRIN MMF is a type of optical fiber where the RI is higher at the 

axis of the core and then it decreases gradually towards the core-cladding interface. It 

differs from the step-index fibers in many aspects; it has a higher bandwidth, a thinner size 

in diameter (~50 μm), relatively better performance, greatly reduced dispersion, travels 

forward in the form of sinusoidal curves (see Figure 2.2b), is used in medium-distance (10-

20 km) and relatively higher speed (between 34 to 140 Mb/s) communication systems. In 

the GRIN MMF, the phase velocity of the beam is the lowest at the center of the fiber and 

increases parabolically with the radial distance, r [27]. Their RI (n(r)) is a function of it 

from the center (see Fig 2.3). This fact is described by the power-law function formulized 

for the SWW in Eq. (2.2). 

Figure 2.2 Geometry and typical rays of the optical fibers. They are classified according to the RIP and the 

number of transmitted modes.  

                Cross-section view                Input pulse                                                                        Output pulse 

GRIN MMF 

SMF 

Step-index MMF 
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Figure 2.3 RIP of a GRIN MMF where a is the radius of the core, and n1 and n2 are the RIs of the core, and 

the cladding, respectively. The RIP of the fiber changes parabolically throughout the core and stays constant 

in the cladding.    

   𝑛(𝑟) =

{
 
 

 
 
𝑛1√1 − 2∆(

𝑟

𝑎
)
𝑔

 ,   𝑟 ≤ 𝑎                                                                          (2.1)

                                                                                                  

𝑛1√1 − 2∆ = 𝑛2 , 𝑏 ≥ 𝑟 > 𝑎,                                                                      [28]   

 

where b is the radius of the cladding and g is the exponent of the power function that 

indicates the steepness of the profile, and ∆ is found by: 

      ∆ =  
𝑛1
2 − 𝑛2

2

2𝑛1
2                                                                                                         (2.2) 

The quantity 𝑛2 (𝑟) ultimately approaches a step function where g→∞. Thus, the step-index 

fiber is a special form of the GRIN fiber. The fact is depicted in Fig. 2.4. [29] 

 

Figure 2.4 RIPs for different g values. g= 1, g=2, and g= ∞ are the profiles of a triangular profile fiber, a 

parabolic profile fiber, and a step-index profile fiber, respectively. The fiber becomes a step-index fiber 

when g goes to infinite. 

nn2

r

- r

n10

a

- a

. . 
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Numerical aperture (NA) of the fiber: The NA of a fiber is a value for its capability of 

collecting light and can be calculated as: 

𝑁𝐴 =  √𝑛1
2 2∆                                                                                                      (2.3)                                  

V and M parameters of the fiber: Commonly, V is used as normalized frequency 

parameter of a fiber. The V number is a very useful parameter to express many other 

parameters in terms of it, for instance, M at a specific wavelength, mode cut-off conditions, 

and the propagation constant. Also, it can be calculated for the GRIN fibers as follow: 

V =
πd

𝜆
𝑛1√2∆                                                                                                        (2.4) 

where d is the diameter of the SWW and 𝜆 is the wavelength of the light. M is found by 

inserting V into the eq. below. 

𝑀 = 
𝑉2

4
                                                                                                                 (2.5) 

M is a crucial parameter to simulate the beam profile. 

Confinement factor: It defines the fraction of the energy which is confined within the 

core. It can be simply calculated with the ratio of the modal gain and gain within the SWW 

at the specific wavelength (See Eq. 2.6). 

Γ =
𝑚𝑜𝑑𝑎𝑙 𝑔𝑎𝑖𝑛

𝑔𝑎𝑖𝑛
                                                                                                   (2.6) 

Practically, since the fundamental transverse mode propagates in a GRIN fiber. Also, the 

research studies showed that its polarization does not change significantly. Because of 

these reasons, TE (Transverse electric) mode should be the one, most concerned within the 

waveguide. Botez et al. [30, 31] made a generalized approximation by using this fact (see 

Eq. (2.7)). 
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Γ ≅
𝐷2

𝐷2 + 2
                                                                                                           (2.7) 

where Γ is the confinement factor and D is the normalized thickness of the core of the 

waveguide and it is calculated as follows; 

𝐷 = 2𝜋 (
𝑑

𝜆
)√(𝑛1

2 − 𝑛2
2)                                                                                         (2.8) 

2.3 SWW Formation 

SWW formation is a polymerization process and can be divided into 3 steps basically. The 

first step is the initiation where the energy is transferred to the initiators using UV-light 

and thus, the molecules inside the initiators are taken apart into 2. These unpaired, 

separated particles are named as free radicals. Here radicals play the role as reactive center. 

Monomer gets only in reaction with the reactive center instead of reacting with each other 

and form the derivatives of it such as dimer, trimer, …, and n-mer. Secondly, these radicals 

make chemical bonds with the monomers which are combined to form the chains. This 

propagation process occurs faster than the initiation process. The last step is termination 

where these monomer chains combines to form single-molecule polymer or two-molecule 

dead polymer chains. The mechanisms occur in the last step are combination and 

disproportion respectively. They take place simultaneously, but to different extents 

depending on polymer and the condition. Combination is the result of binding two 

macroradicals where they combine to form the one conjoined entity of sizes. On the other 

hand, disproportionation is also the combination of the macroradicals, but they result into 

two separate polymer chains. These polymer chains (e.g. dead polymers) are in a non-

reactive state which means that they ended the polymerization for themselves. According 

to Flory et al [32], these polymerization steps explained above are repeated themselves 

throughout the SWW many times. More details on this topic can be found in [33].  
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2.3.3 Refractive Index Modulation During the Polymerization 

In this part, a theoretical model will be used to explain how a SWW grows in a 

photosensitive medium. The polymerization process occurs relatively slow. Therefore, for 

any time given, the stationary wave formula of electric field envelope [34] can do this job 

for the light distribution which is completed by a suitable equation of RI change. A model 

by Monro et al [35] is built for SWW made with the scalar wave formula. Enveloping Ꜫ is 

used for the slowly changing field and if we make a paraxial approximation, then the 

equation can be redesigned as follow: 

                  2 𝑖 𝑘0 𝑛0  
𝜕ℇ

𝜕𝑍
+ ∇⊥

2ℇ + 2 𝑘0
2 𝑛0 ∆𝑛 ℇ + 𝑖 𝑘0 𝑛0 𝛼 ℇ = 0                                   (2.9)  

where k0 is the wave number for vacuum and calculated by 2π/λ, n0 is the RI in the 

beginning, ∇⊥
2  is the Laplace operator, α is the coefficient of attenuation, and ∆n is the 

change in RIs. This equation is a generalized parabolic equation and however, because of 

the medium’s photosensitive nature, its third term depends on time and contributes to RI 

change induced by laser beam. Additionally, the last part of the equation which defines the 

loss can also be omitted, if the loss is very small. At the end, Eq. (2.9) can be redesigned 

and normalized as [19]; 

                   𝑖
𝜕E(r, z, τ)

𝜕𝑧
+ D∇⊥

2E + υ(r, z, τ)E = 0                                                             (2.10) 

where E is the normalized complex envelope of electric field and found by ℇ/ℇ0, z is the 

distance of propagation and calculated by Z/a, 𝑟 = 𝑅/𝑎 is the spatial coordinate in the 

transverse plane, τ is the ratio of final and initial times, t and t0, D is the coefficient for the 

diffraction and calculated by (2 𝑎 𝑘0 𝑛0)
−1 where a is the width of the beam, and υ is 

∆𝑛 𝑎 𝑘0.  

P is the normalized power and can be driven from Eq. (2.9) [19]. 

                     𝑃 = ∫|𝐸2| 𝑑𝑥                                                                                                        (2.11) 
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Lam et al [36] and Hand et al [37] used the correlation between the RI change and the 

squared of power and proposed a local model for two-photon absorption, 

                    
𝜕Δ𝑛

𝜕𝑡
= 𝐴𝐼2                                                                                                              (2.12) 

where A is a coefficient and an intrinsic property, and I is the spatial intensity of light and 

calculated by 𝐼(𝑧, 𝑡) = |𝐸2|. The RI increases in the illuminated regions where 𝐴 > 0  [38]. 

If the analogy with Eq. (2.12) is used for the one-photon model, then the equation will be 

as follow: 

                    
𝜕Δ𝑛

𝜕𝑡
∝ 𝐼                                                                                                                   (2.13) 

2.3.4 Heat Effect on the SWW  

Heating the SWWs changes in two ways. Firstly, it affects the polymerization and thus, RI 

of the adhesive is employed in SWW formation. Secondly, it changes the polymerized core 

and cladding of the SWW’s dynamics and also its RI. Both effects will be explained in the 

following section.  

Heat effect during polymerization: Most of the monomers starts the polymerization 

process when they are heated even in the absence of initiators. The initiators are 

decomposed significantly at the higher temperature as well as the light-induced 

photochemical composites. Heating is the one of the main factors which affects the 

polymerization process most. An increasing temperature also increases the polymerization 

rate and decreases the molecular weight of the polymer.  

Numerous research studies have been conducted about that topic and the results indicate 

that the radicals are thermally yielded from the monomer. These radicals are the products 

of the thermo-homolysis of the identically paired molecules. The radicals are normally 

involved in the polymerization process. 
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Initiation processes for methyl methacrylate starts with the homolysis of hydrogen 

molecules and then the unpaired hydrogens, free radicals, respectively, react with two 

monomer molecules and form monoradicals [39, 40] as shown in Eq. (2.14). 

           CH3                              CH3                                  CH3                                     CH3                                  CH3 
            l                      l                       l            Rh          l                       l  
2CH2=C                     C−CH2− CH2−C                      HC−CH2− CH2−C                 (2.14) 
 l                    l                       l                        l                       l 
           COOCH3             COOCH3                COOCH3                   COOCH3                 COOCH3 

 

In the next steps (e.g. propagation and termination) which are the same as explained in 

section 2.2.2, the monoradicals end up with the polymer chains.  

Heat effect on polymers: Heat affects also SWW structure after the polymerization 

process due to it is a type of polymer. Diemeer et al. [41] made an extensive research on 

this fact and their study indicated that RI change is correlated with the T due to the change 

of density, ρ. So, TOC can be formulized as follows; 

              
dn

dt
= (

∂n

∂ρ
)
T

(
∂ρ

∂T
) + (

∂n

∂T
)
ρ
= −(

ρ∂n

∂ρ
)
T

αT + (
∂n

∂T
)
ρ
                                      (2.15) 

where n is the RI, dn/dt is the temperature-induced RI change, (ρ𝜕𝑛/𝜕ρ)𝑇 is a constant 

which is specialized for each polymer material that can be found by Lorentz-Lorenz 

equation as shown below in Eq. (2.16), t is the time, αT is the coefficient of thermal 

expansion (CTE), and (𝜕𝑛/𝜕T)ρ is the RI change for a certain density. 

              (
ρ𝜕𝑛

𝜕ρ
)
𝑇

= (1 − Λ0)
(𝑛2 + 2)(𝑛2 − 1)

6𝑛
                                                                 (2.16) 

where Λ0 is the strain polarizability constant discovered by Mueller et al [42] in 1935 and 

correlated to the change in density on atomic polarizability of the material. This value is 

too small for polymers because there are not significant interactions between the polymer 

molecules. Therefore, it has been determined as 0.15 for poly (methyl methacrylate) 

(PMMA) [43]. 

The equations can be used to estimate TOC of a polymer using CTE if n, Λ0, and 

(𝜕𝑛/𝜕T)ρare known. The measurements of all these parameters mentioned above are 
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harder than measuring TOC from the material directly. Instead of that, the correlation 

between TOC and CTE is established [44], Eq. (2.15) is employed, and make an estimation 

for TOC. Thermally induced RI change under constant density, (ρ𝜕𝑛/𝜕ρ)𝑇 for PMMA is 

about 4X10-6/oC [43]. 

2.4 RI index Measurement by RIPM 

To realize the simulation concerning the optical response of an SWW to a change of the 

temperature, the values of the RI change with the temperature were needed. These values 

were measured using a RIPM which is based on the refracted near-field method (RNF). A 

brief knowledge about the method will be provided in section 2.4.1. 

2.4.1 Refracted Near-Field Method 

This method, introduced by Stewart et al [45] is based on the light which leaves the core 

from the sides through the cladding. This defines the fiber’s RIP. This method completes 

the near-field method where the power of the trapped beam is used.  

The ray trajectory for this method is considered as in Fig. 2.5.  The method can be explained 

with this sketch. Firstly, the laser beam coming from the IML whose RI is equal to the 

cladding enters the fiber input and exits from the boundary between core and cladding. The 

relationship between the RIs and the angles in the media can be formulized by Snell’s law: 

               𝑛𝑐𝑜𝑟𝑒 cos 𝜃2 = 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 𝑐𝑜𝑠 𝜃3 [46]                                                                   (2.17) 

IML 

IML 

Figure 2.5 Ray trajectory for the laser beam in RNF method that follows the path from the index matching 

liquid (IML) through the core and the cladding of a waveguide. 
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where 𝑛𝑐𝑜𝑟𝑒 is the RI of the core and  𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔  is the cladding’s RI. Here, angles between 

core and cladding which are parallel to their interface are used instead the ones from normal 

of it.  

And Snell’s law is applied again for first and second media: 

              𝑛𝑙𝑖𝑞𝑢𝑖𝑑 sin 𝜃1 = 𝑛𝑐𝑜𝑟𝑒 sin 𝜃2                                                                                     (2.18) 

where 𝑛𝑙𝑖𝑞𝑢𝑖𝑑 is the RI of IML. We can derive the relationship between the input angle, 

𝜃1 and output angle; 𝜃3 if Equations (2.17) and (2.18) are combined.  

                𝑛𝑙𝑖𝑞𝑢𝑖𝑑 sin θ1 = √𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑙𝑖𝑞𝑢𝑖𝑑
2 + 𝑛𝑙𝑖𝑞𝑢𝑖𝑑

2  𝑠𝑖𝑛2θ3𝑚𝑖𝑛                                    (2.19) 

  

Figure 2.6 Experimental setup for RNF method. It shows the ray path from IML to the detector through the 

fiber and possible leaky modes. 

The device that we used is based on this method and schematically shown in Fig. 2.6. In 

this implementation, the beam is focused to the surface of the sample fiber. Thus, most of 

the light can be contained inside the fiber. Some of the light exists after it enters the core 

and the rest will escape from the sides of core due to the leakage due to the leaky modes. 

Due to the amount of leaky mode power which goes to the detector, the rest which stays 

inside the fiber cannot be detected. Therefore, an opaque screen is placed at the minimum 

angle in order to block the leaky modes before they reached to the detector. The angle for 

Focused beam

Fiber

               IML

Opaque 

screen

Objective lens

θ3max

θ3min
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the input beam which corresponds to this angle can be found by the Eq. (2.19). 

Nevertheless, all the light which leaves the core and hits the detector where θ1 is greater 

than θ1min should be observed carefully. In order to form this situation, the fiber should be 

immersed in to IML. This will block the reflection from cladding through the liquid. 

In this step, the correlation between power at the detector and the distribution of the RI can 

be derived easily. The formula can be written as follows: 

              𝑃 = 𝑆∫ 𝑑𝜙 ∫ sin θ 𝑑θ
θ1max

θ1min

 
2π

0

                                                                              (2.20) 

If the formula is solved. The formula will be: 

              𝑃 = 2πS(cos θ1𝑚𝑖𝑛 − cos θ1𝑚𝑎𝑥)                                                                           (2.21) 

where P is the power reached to the detector and S is the light intensity at the input.  

The formula above is expressed with the angle, θ3min by the help of Eq. (2.19). This angle 

is determined by opaque screen that reduces the light hitting the detector. 

              𝑃 = 2πS [√cos2 θ3𝑚𝑖𝑛 −
𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑙𝑖𝑞𝑢𝑖𝑑

2

𝑛𝑐𝑜𝑟𝑒2
− cos θ1𝑚𝑎𝑥]                                   (2.22) 

Since ncore - nliquid is small. Thus, the formula can be approximated as [47]: 

              𝑃 = 2πS [𝑐𝑜𝑠 θ3𝑚𝑖𝑛 − 𝑐𝑜𝑠 θ1𝑚𝑎𝑥 −
𝑛𝑐𝑜𝑟𝑒 − 𝑛𝑙𝑖𝑞𝑢𝑖𝑑

𝑛𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑠 θ3𝑚𝑖𝑛
]                                    (2.23) 

This method works most efficient and gives maximum power at the detector if the beam 

can be directed to the cladding. The minimum angle in the cladding, θ3𝑚𝑖𝑛, that can be 

found by placing the circular screen to the front of the detector. The maximum value of 

cone shaped light incident at the input, θ1𝑚𝑎𝑥  and it can be arranged by focusing or other 

apertures. The cladding’s RI are the parameters should be measured to find the fiber core’s 
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RI. It is noted that P of light measured must be as a function of distance of the input beam, 

r that is measured from the laser source to the sample fiber. 

2.5 Numerical Modeling of the Optical Simulation 

In this section, I would like to introduce the theoretical foundation of the algorithms that 

are utilized to simulate the SWW that was created experimentally. Maxwell equations are 

the fundamental basis, they describe the characteristic and the interaction of EM (Electro-

magnetic) waves with the materials. First, I will introduce the equations and subsequently, 

the beam propagation method (BPM) will be explained. 

2.5.1 Maxwell’s Equations 

Throughout the simulations are all made in the spectral domain where monochromatic light 

is linked with the angular velocity ω. The spectral formulation, the subsequent notations, 

and discussions of Maxwell’s Equations are based on the standard textbooks [48, 49, 27].  

The modes of propagation for circular waveguides are generally a mixture of TE and 

transverse magnetic (TM) waves which are classified as hybrid modes (EH and HE modes) 

[50]. Since the solutions of their wave equations are very complicated, cylindrical 

coordinates are required to solve them. The TE and TM field components of the 

monochromatic light obey the Helmholtz equation shown in Eq. (2.24). 

∂2U

∂r2
 +  

1

r
 
∂U

∂r
+
1

r2
 
∂2U

∂φ2
+
∂2U

∂z2
+ n2 k2 U = 0                                            (2.24) 

where U = U(r, φ, z) represents the scalar wave function of one of the guided modes which 

propagates in the z-direction with the propagation constant, β. That is why the z 

dependence of the wave function is found in the form of e−i β z. Furthermore, these are the 

periodic wave functions within the angle, φ with a period, 2π which can be illustrated as 

a harmonic function of e−i 𝑙 φ, where 𝑙 is an integer. Thus, the scalar wave function of any 

mode is written as follow: 
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U(r,φ, z) = u(r) e−i β z e−i 𝑙 φ,    𝑙 = 0,±1, ±2,…                                  (2.25) 

The velocity differences between the modes, material dispersion effects, and the waveguide 

dispersion limit the information bandwidth of the GRIN fibers [27]. It is difficult to carry 

out an accurate analysis of the neutral modes of a radially inhomogeneous medium. The 

issue is originated from the fourth-order differential equation while there would be a lot of 

methods for the analysis of the wave theory and the propagation characteristics of any non-

uniform core profiles of fibers. Wantzel-Kramers-Brillouin (WKB) approximation, 

Rayleigh-Ritz, Power-series expansion, finite element, and staircase-approximation 

methods are developed to solve the issue [27].  

The formulation of the problem is considered in cylindrical coordinates (𝑟, 𝜑. 𝑧) and 

electric and magnetic fields are expressed by using the axial and transverse components as,  

E⃗⃗ = (E⃗⃗ t (r, φ) + k⃗  Ez (r, φ)) e
i(ω t − β z)                                                         (2.26)  

H⃗⃗ = (H⃗⃗ t (r, φ) + k⃗  Hz(r, φ))  e
i(ω t − β z)                                                        (2.27) 

where E⃗⃗ t and H⃗⃗ t are the tangential components of electric and magnetic fields, respectively 

and Ez and Hz are the axial scalar components which k⃗  (unit vector) shows its direction.  

The equations above can be substituted into the following Maxwell’s equations. 

∇ × E⃗⃗ = −μo  
∂H⃗⃗ 

∂t
                                                                                                    (2.28) 

∇ × H⃗⃗ = ϵo k ̂
∂E⃗⃗ 

∂t
                                                                                                    (2.29) 

∇ ϵ E⃗⃗ = ρ                                                                                                                  (2.30)  

∇ μ H⃗⃗ = 0                                                                                                                (2.31) 

Where ρ is the charge density, ϵo is the permittivity, μo is the and permeability of the free 

space, and E⃗⃗   and H⃗⃗  are electric and magnetic fields of any mode, respectively. 
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Then, the four differential equations in the terms of E⃗⃗ t, H⃗⃗ t, Ez, and Hz are obtained by 

making some algebraic computations [51]. 

−μ ∇ (
1

μ
 ∇ × E⃗⃗ t) + (ω

2 ϵ μ − β2) E⃗⃗ t + ∇ (
1

ϵ
 ∇ × (ϵ E⃗⃗ t)) = 0                 (2.32) 

−ϵ ∇ (
1

ϵ
 ∇ × H⃗⃗ t) + (ω

2 ϵ μ − β2) H⃗⃗ t + ∇ (
1

μ
 ∇ × (μ H⃗⃗ t)) = 0                (2.33) 

ω2 ϵ μ − β2

ϵ
 ∇ (

ϵ ∇ × Ez
ω2 ϵ μ − β2

) + (ω2 ϵ μ − β2) Ez                                                     

− ∇ (log10 (
ϵ ∙ μ

ω2 ∙ ϵ ∙ μ − β2
) ) (k⃗  

ω μ

β
 ∇ × Hz) = 0                             (2.34) 

ω2 ε μ − β2

ε
 ∇ (

μ ∇ × Hz
ω2 ε μ − β2

) + (ω2 ε μ − β2) Hz                                                                    

− ∇ (log10 (
ε μ

ω2 ε μ − β2
) ) (k⃗  

ω μ

β
 ∇ × Ez) = 0                                (2.35) 

The transverse and axial components of electric and magnetic fields are obtained by 

using the above equations [51]. 

E⃗⃗ t = −i 
β

ω2 ε μ −  β2
 (∇ × Ez −

ω μ

β
 k⃗ × ∇ Hz)                                      (2.36) 

H⃗⃗ t = −i 
β

ω2 ε μ − β2
 (∇ × Hz −

ω ε

β
 k⃗  ∇ × Ez)                                       (2.37) 
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2.5.2 Vectoral and Scalar Wave Equations 

The RI changes parabolically in the core and stays constant in the cladding for a GRIN 

MMF and it is written as; 

𝑛 = √
ϵ 𝜇

ϵ𝑜 𝜇𝑜
                                                                                                      (2.38) 

Although, the equality, 𝜇𝑜 = 𝜇 in the fiber materials and the spatial change of RIs (𝑛) come 

from ϵ. Therefore, the dielectric constant (ϵ) can be written as a function of the position 

(i.e., ϵ (x, y, z)). The equations would be as follows if some vector identities are used. 

∇2E⃗⃗ t + (ω
2 ϵ μ − β2) E⃗⃗⃗  t  + ∇ (

∇ϵ

ϵ
E⃗⃗ t) = 0                                                (2.39) 

∇2�⃗⃗� 𝑡 + (𝜔
2 ϵ 𝜇 − 𝛽2) �⃗⃗� 𝑡 +

∇ε

𝜀
 (∇ × �⃗⃗� 𝑡) = 0                                          (2.40) 

The equations above are known as vectoral wave equations and they are divided into 2 

scalar components. Moreover, every equation has 2 simultaneous transverse parts (i.e., Ex, 

Ey, Hx, Hy or Er, Eφ, Hr, Hφ) due to the existence of the third terms. However, the term is 

missing for the uniform-core fibers. Therefore, two transverse field components can be 

separated. The scalar wave equation is obtained if only the approximation is implemented. 

[51]. The equations are transformed into the ones below if the term is neglected and the 

ratio of ∇ε/ε is taken as very small. This approximation is named as ‘small index gradient’ 

or ‘weakly guiding approximation’.  

∇2E⃗⃗ t + (ω
2 ϵ μ − β2) E⃗⃗ t = 0,                                                                        (2.41) 

∇2H⃗⃗ t + (ω
2 ϵ μ − β2) H⃗⃗ t = 0                                                                        (2.42)  

Ultimately, scalar wave equations are obtained by dividing these equations into x and y 

components.  

∇2Ea + (ω
2 ϵ μ − β2) Ea = 0,         (Ea = Ex,  Ey)                                   (2.43) 

∇2Ha + (ω
2 ϵ μ − β2) Ha = 0         (Ha = Hx,  Hy)                                 (2.44) 
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Now, these equations are needed to be written in the cylindrical coordinate system where 

electric field is only considered.  

∇2Er −
1

𝑟2
 Er − 

2

𝑟2
 
∂𝐸𝜑

∂𝜑
+ (ω2 ϵ(𝑟) μ0 − β

2) Er = 0                           (2.45) 

∇2E𝜑 −
1

𝑟2
 E𝜑 − 

2

𝑟2
 
∂𝐸𝜑

∂𝜑
+ (ω2 ϵ(𝑟) μ0 − β

2) E𝜑 = 0                       (2.46) 

The equations will turn into as follows if the coordinate system is changed and they are 

rewritten as indivisible [51]. 

Er
(j)
= ± i R(j)(r) e−i m φ                                                                               (2.47) 

Eφ
(j)
= R(j)(r) e−i m φ                                                                                     (2.48) 

where R(r) relates to the cross-section of the cylinder as function of its radius r, Z (z) to the 

axes z of the cylinder, V (φ) to the azimuth angle φ, and T(t) stands for the time dependence 

where j takes the values of 1or 2. Lastly, two linearly independent solutions are obtained 

where the upper and lower signs provide j=1 and j=2, respectively, if the new variable is 

substituted into the equations (see Eq. (2.45) and (2.46)).  

1

r
 
d

dr
(r 

dR(j)

dr
) + (ω2 ϵ(r) μo − β

2 −
(m∓ 1)2

r2
) R(i) = 0                     (2.49) 

The scalar wave equation could be written as follows if the components of the electric field 

(i.e., Ex and Ey) are rewritten with the new variable, R. 

1

𝑟
 
𝑑

𝑑𝑟
(𝑟 

𝑑𝑅

𝑑𝑟
) + (𝜔2 ϵ(𝑟) 𝜇𝑜 − 𝛽

2 −
𝑚2

𝑟2
)  𝑅 = 0                                       (2.50) 

Gradient-index terms and the solutions of the modes can be included into the equations. 

Thus, the equations can be rewritten for the graded-index fiber. The approximations are 

revealed and the arbitrary permittivity distribution is assumed [52] as: 
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ϵ(r) = {
ϵ1 (1 − h(r)),         r ≤ a and h(r) ≥ 0
ϵ2,                               r > a                           

}                                      (2.51) 

where, 𝑎 is the radius of the fiber core and 𝜀1 and 𝜀2 are the permittivity of cladding and 

the core where the RI of the core peaks in it, respectively.  The RIs are written by: 

n1 = √
ϵ1
ϵ2
  and n2 = √

ϵ2
ϵ0
                                                                                 (2.52) 

where ϵ0 is the dielectric permittivity in vacuum.  

Initially, the axial components are solved from the differential equations (2.34) and (2.35). 

The transverse field components (i.e., Ez and Hz) are acquired by using the equations (2.53) 

and (2.54). 

𝐸𝑧 =
𝜔2 ϵ1  𝜇𝑜

𝛽
 𝛷(𝑟) 𝑒𝑖 (𝑛 𝜑+𝜃)                                                                   (2.53)  

𝐻𝑧 = 𝜔 ϵ1 𝛹(𝑟) 𝑒
𝑖 (𝑛 𝜑+𝜃−

𝜋

2
)                                                                        (2.54)  

where n is the integer and 𝜃 is either 0 or 𝜋/2. Furthermore, 𝛷(𝑟) and 𝛹(𝑟) are functions 

of 𝑟. The following equations are obtained if they are substituted into the equations (2.34) 

and (2.35): 

χ − h

1 − h
 
1

r
 
d

dr
((
1 − h

χ − h
)  r 

dΦ

dr
) + (ω2 ϵ1 μo (χ − h) −

n2

r2
)Φ                                

+
n

r
 Ψ (

χ − h

1 − h
) 
d

dr
 (
1 − h

χ − h
) = 0                                                                 (2.55) 

(𝜒 − ℎ) 
1

𝑟
 
𝑑

𝑑𝑟
((

1

𝜒 − ℎ
) 𝑟 

𝑑𝛹

𝑑𝑟
) + (𝜔2 ϵ1 𝜇𝑜 (𝜒 − ℎ) −

𝑛2

𝑟2
)                              

+
𝑛

𝑟
 𝛷 (𝜒 − ℎ) 

𝑑

𝑑𝑟
 (

1

𝜒 − ℎ
) = 0                                                              (2.56) 
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On the other hand, the transverse field components in the terms of Φ and Ψ can be 

expressed as follows if the Equations (2.55) and (2.56) are inserted into (2.36) and (2.37): 

𝐸𝑟 = −𝑖 
1

𝜒 − ℎ
 (
𝑑𝛷

𝑑𝑟
+
𝑛

𝑟
 𝛹) 𝑒𝑖 (𝑛 𝜑 + 𝜃)                                                             (2.57) 

𝐸𝜑 = 𝑖 
1

𝜒 − ℎ
 (
𝑑𝛹

𝑑𝑟
+
𝑛

𝑟
 𝛷) 𝑒𝑖 (𝑛 𝜑 + 𝜃 − 

𝜋
2
)                                                         (2.58) 

𝐻𝑟 = −𝑖 
𝛽

𝜔 𝜇𝑜
 
1

𝜒 − ℎ
 (
𝑑𝛹

𝑑𝑟
+ (

1 − ℎ

1 − 𝜒
) 
𝑛

𝑟
 𝛷) 𝑒𝑖 (𝑛 𝜑 + 𝜃 − 

𝜋
2
)                          (2.59) 

𝐻𝜑 = −𝑖 
𝛽

𝜔 𝜇𝑜
 
1

𝜒 − ℎ
 ((

1 − ℎ

1 − 𝜒
) 
𝑑𝛷

𝑑𝑟
 
𝑛

𝑟
 𝛹) ∙ 𝑒𝑖 (𝑛 𝜑 + 𝜃)                                 (2.60) 

Now, the equations turned into much simpler ones and they are the solutions that are 

grouped and corresponds to the TE, TM, EH, and HE. EH and HE are the hybrid modes 

where the TM and TE components dominate, respectively. n = 0 is the result of the linear 

combination of TE and TM. Hybrid modes correspond to all the cases where n ≠ 0. 

2.5.3 Beam Propagation Methods 

The algorithms of the BPMs for the simulation enable us to make the analysis of the 

integrated photonic devices such as waveguides, SWWs, etc. Over the years, many 

methods have been proposed that emerge the different types of formulations [53, 54]. 

Further details can be obtained from the book of Kawano et al. [55] 

The BPMs were correctly established for the waveguides. They solve the electric field 

based on the time-harmonic equation for devices and systems where it is defined as the 

product of changing envelope function in a slow manner and changing phase function 

quickly [56]. The approximation which was developed for this purpose is called slowly 

varying envelope approximation (SVEA). It can be implemented where the forward-

propagating wave envelope changes slowly during its travel. The time-harmonic field for 

the longitudinally constant structures can be stated with the product of slowly changing 

envelope ψ and rapid oscillatory phase term e -i β z as: 
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E(x, y, z, t) = Ψ(x, y)e−i (ω t − β z )                                                                                   (2.61) 

where  β = k nref is the propagation constant and nref is the reference RI. The field can be 

directed either x or y (i.e., E(x, y, z) = Ψ(x, y)e−i β z). The substitution of Equation (2.61) 

into the equations for the semi-vectorial wave equations [57] results in the semi-vectorial 

wave equations for x-directed component as: 

2 i β 
∂Ψ

∂z
=
∂

∂x
[
1

nr
2
 
∂

∂x
(nr

2Ψ)] +
∂2Ψ

∂y2
+
∂2Ψ

∂z2
+ (k2 nr

2 − β2)Ψ            2.62 

The second order derivation in the equation is very small, so it can be neglected if the 

envelope Ψ changes slowly with respect to the propagation axes, z. 

2 i β |
∂Ψ

∂z
| ≫ |

∂2Ψ

∂z2
|                                                                                            2.63 

After the calculation above, the Eq. (2.62) transforms into the paraxial approximation as 

follows: 

2 i β 
∂Ψ

∂z
=
∂

∂x
[
1

nr2
 
∂

∂x
(nr

2Ψ)] +
∂2Ψ

∂y2
+ (k2 nr

2 − β2)Ψ                         2.64 

This equation becomes simpler for the weakly guiding structure with the low index contrast 

by neglecting the term, 
∂

∂x
[
1

nr
2  
∂

∂x
(nr

2Ψ)]. In this case, the propagating field can be assumed 

as a scalar wave and a more simplified version of the equation is: 

2 i β 
∂Ψ

∂z
=
∂2Ψ

∂x2
+
∂2Ψ

∂y2
+ (𝑘2 nr

2 − β2)Ψ                                               2.65 
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Chapter 3: Multiphysics Simulation 

The Finite Element Method (FEM) has been developed as an indispensable key technology 

for the modeling and the simulation of advanced engineering systems in various fields like 

housing, transportation, communications, mechanical stress, etc... 

In building such complex systems, engineers and designers go through a sophisticated 

process of modeling, simulation, visualization, analysis, designing, prototyping, testing, 

and fabrication. To minimize faults during the process chain, a detailed simulation at the 

beginning of this process is necessary. This is to ensure the workability of the completed 

product, as well as the cost-effectiveness. The process is illustrated as a flowchart in Fig. 

3.1. This process is often iterative in nature, meaning that some of the procedures are 

repeated based on the results obtained at a current stage to achieve an optimal performance 

at the lowest cost for the system to be built. Therefore, the techniques related to modeling 

and simulation in a rapidly and effectively play an increasingly important role, resulting in 

the application of the FEM being multiplied numerous times because of this.   

Figure 3.1 Processes leading to the fabrication of advanced engineering systems. Hereby, it is seen that 

simulation is the first step that helps the production [56]. 
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Multiphysics software packages such as FEATOOL and COMSOL are used in this project 

that contain physics, finite element analysis (FEA) and partial differential equation (PDE) 

simulation toolbox. The simulations from the numerous fields in physics such as heat 

transfer, fluid dynamics, chemical engineering, structural mechanics, fluid-structure 

interaction (FSI), and electromagnetics can be fully modeled. The software packages were 

employed and used by the academic research studies for teaching [59, 60] and also in the 

industrial engineering simulation works [61, 62]. The physics modules embedded in the 

software can be used or a PDE equation can be customized via the softwares in 1D, 2D, or 

3D. The steps implemented in the software are illustrated in Fig. 3.2. 

Figure 3.2 Typical data and methods in the procedure of FEA modeling. All the steps followed for the 

simulation are listed [58]. 

3.1 Thermal Simulation Design 

In this chapter, the simulation steps of the thermal simulation will be explained, 

respectively. The steps differ for the heating and cooling processes only in the definition 

of the equations and the boundary conditions which are explained in section 3.1.4 and 3.1.5. 

The explanations of the processes are made separately for each module. FEATOOL Heat 

transfer module is employed and additionally, its technical details such as the dimension, 

the geometrical design, the mesh/grid size, the definition of the equation, the boundary 
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conditions, solving/computing of the problem, visualization/postprocessing of the result of 

the numerical modeling of thermal simulation will be provided in this chapter. 

A thermal simulation for the SWW was required to verify the experimental data and to 

understand the internal processes. Therefore, it is a crucial part of the project to get more 

accurate results. FEATOOL Multiphysics software is very effective when building a 

scientific model, provides the data for any point for the parameters such as temperature, 

stress, etc. from the model as it is required.  

FEATOOL Multiphysics is a fully integrated physics and PDE simulation environment 

where the modeling process is subdivided into six steps; preprocessing (CAD and geometry 

modeling), mesh and grid generation, physics and PDE specification, boundary condition 

specification, solution, post-processing, and visualization. Now, those steps that were made 

before running the simulations will be explained. 

3.1.1 Dimension Selection 

The model is designed 2-dimensional (2D) to minimize the required computing power. 

3.1.2 Geometrical Design 

In this step, the shape of the model is created (see Fig. 3.3) so that it becomes so similar to 

the real experimental setup shown in Fig. 4.4. The SWW, the claddings, and the aluminum 

plate are represented by domains 4, 3 and 5, and 2 respectively and determined as 50 μm 

thick for each as shown in Fig. 3.3. Domain 1 is the combined subject which is obtained 

by subtracting/extracting domains 2, 3, 4, and 5 from the area that covers the whole area in 

Fig. 3.3 and represents the air, it surrounds the inner domains by a 50 μm thickness layer. 

The aluminum plate under the experimental setup of SWW is assumed as a heater. The 

coordinate system starts from the bottom left corner which is taken as (0, 0) for the x- and 

z-axes. The shorter side is taken as the x-axis and the longer side where also the light 

propagates is the z-axis. 
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Figure 3.3 Geometry of the model for the domains. It is designed as similar as possible to the real 

experimental setup.  

3.1.3 Mesh Generation for the Domains 

The meshes are the small parts of the materials. The simulation is run for each. To get the 

most accurate results for the parameters needed (e.g. temperature, stress, strain, 

deformation), the meshes should be as small as possible. The grid size of the model is 

chosen as 3.1 μm as shown in Fig. 3.4. This is the minimum value provided by the software. 

Since the change of the temperature from one grid to another is very small, this mesh size 

would be sufficient to get the accurate results.  

 
Figure 3.4 Mesh of the model for the domains. They are divided into the small parts called meshes and 

then, the thermal simulation is made for each mesh separately.  
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3.1.4 Definition of the Equation of the Domains 

The equations and coefficients are defined for the domains of the model. Also, FEATool 

allows us to describe and enter the customized equations manually. Equations (PDEs) and 

model coefficients are specified in subdomain/equation mode to describe the physical 

phenomena to be modeled. Equations are pre-defined for many types of physical 

phenomena such as heat transfer, structural strains and stresses, and fluid flow. Moreover, 

FEATool also allows arbitrary and custom systems of PDE equations to be described and 

entered [63]. In the following section, the equations that were used for the simulations in 

this project will be explained detailed. 

Heat is transferred by the conduction for our case. Therefore, we extracted the parts for 

convection and radiation from the equation. The mathematical equation that we used in the 

thermal simulation is; 

𝜌 𝐶𝑝 𝑇
′ + ∇ (−𝑘 ∇𝑇) = 𝑄                                                                                 (3.1) 

where T is the temperature, ρ is the density, Cp is the specific heat, and k is the thermal 

conductivity. The parameters used in the simulation are as follows; 

Table 3.1: The parameters used in the thermal simulation [16] 

 ρ [kg/m3] Cp [J/kg °C] k [W/m °C] 

Cured NOA 68 1156 1890 0.147 

SWW 1190 1500 0.25 

Heater 2700 940 222 

Air 1.184 1007 0.02551 

Cp and k of heater do not change significantly by T as indicated in the research studies [64]. 

The densities depend on the CTEs of the materials as it is formulized below: 

                 𝜌 =
𝜌0

1 + 𝛼 Δ𝑇
                                                                                                              (3.2) 
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Their densities were taken as constant by increasing temperature during the simulation 

since the CTEs of the materials are too low to affect the densities. The thermal 

conductivities of cured NOA 68 and SWW were extracted from the graphs [65] and their 

specific heats are calculated according to the formula developed by Pavlinov et al [66]. All 

the parameters for air were listed in [67, 68]. All the values acquired from the references 

and the calculations for ρ, Cp, and k are implemented to each temperature from 20 oC to 

60 oC by 5 oC steps.  

3.1.5 Boundary Conditions 

The air that surrounds the waveguide and the heater are taken as the heating and the cooling 

sources.  The cooling where the air is the only heat source that changes the temperature of 

the other domains because the power supply stops providing the energy to the heater during 

the cooling. Fig. 3.5 depicts the boundaries for the domains. The boundary conditions for 

the heating are set as T= T0 for all the boundaries related to air, numbered as 1, 2, 3, and 4 

and T=Theater is taken for all the boundaries of the heater, numbered as 5, 6, 7, and 16. The 

interior boundaries of the model where claddings and SWW are located, are set as 

continuity in the simulation. These boundaries make the domains that are not the heat 

sources but they are thermally in the interactions among each other and air. They are 

represented with the numbers; 8, 9, 10, 11, 12, 13, 14, 15, and 17 in Fig. 3.5 For the cooling, 

the same model (see Fig. 3.5) is used. However, the boundaries of the heater should be set 

as continuity because it is not a heat source anymore as explained before. Therefore, 

interior boundaries for the cooling will be 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, and 17. 
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Figure 3.5 Model boundaries. They indicate if the domains behave as a heat source or any material that 

exchanges heat with the surroundings. 

3.1.6 Solving the Problem for the Domains 

In the previous steps, the problem is specified completely. Now, a suitable solver 

mentioned in the first part of this chapter can compute the discretized system and solve the 

simultaneous equations for the field variables at the nodes of the mesh. This is the most 

advanced computer hardware demanding process. Different software packages use various 

algorithms depending on the physical phenomenon to be simulated. There are two essential 

considerations while selecting an algorithm for solving a system of equations: the first one 

is the required storage, and the second one is the CPU (Central Processing Unit) time 

needed [69]. FEATool does this work either by default MATLAB linear solvers or use an 

external one such as FEniCS, SU2 CFD, or OpenFOAM solvers. 

3.1.7 Visualization/Postprocessing of the Results 

The digital data that is obtained by solving the equation in the previous section usually has 

a large volume. The results have to be visualized in such a way that it is easy to interpolate, 

analyze and present. The postprocessing of the results is accomplished through a so-called 
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post-processing, usually associated with the software. Any information such as 

temperature, deformation, etc. at any point or a 2D cut line chosen can be obtained at this 

place. The object can be displayed in the form of wire-frames, a group of elements, and 

groups of nodes. The user can rotate, translate and zoom into and out of the objects. The 

field variables mentioned above can be put into graphs on the object with assisting tools 

such as wire-frames, fringes, contours, and deformations. The other tools are also used to 

obtain the iso-surfaces or, the vector fields of variable(s). Moreover, tools are available to 

enrich the visual effects such as lighting, shading, and shrinking [69]. Some examples can 

be seen in the results of this study. 

3.2 Optical Simulation 

In this chapter, the optical simulation will be explained. The steps are ordered 

chronologically. The optical simulation is made in our project in order to compare the 

experimental and the simulation results. The designed model is based on electromagnetic 

wave propagation and can be implemented to the real laboratory conditions easily. An 

Electromagnetic Waves, Beam Envelopes (EWBE) interface/module is employed. The 

optical modeling is pretty similar at some points to the ones of thermal simulation 

explained in Chapter 3. Those general points will not be mentioned again in this section as 

detailed as before. The steps followed before starting the simulation will be provided step 

by step. 

3.2.1 Simulation Pre-settings 

The dimension of the model has to be selected first. This selection depends on complexity 

of the model. In this project, only a basic waveguide is modeled. Therefore, a 3D model is 

chosen. The simulation works flawlessly for it. In the second step, the module is chosen as 

EWBE interface/module found under the wave optics branch provided by COMSOL multi-

physics. Finally, the study type is marked as boundary mode analysis. 
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3.2.2 Geometrical Design 

The model is designed as close as possible to the one in the experimental setup. The 

domains in the inner and outer circles, which were shown in Fig. 3.6, represent the SWW 

and the cladding respectively. Their radii are determined as 25 μm which was measured 

from the experiments, and 50 μm which had a real value of ~ 1 mm. For the sake of better 

observation, this value is chosen as 50 μm. This change affects the transmission 

insignificantly that is as low as 0.02 percent. The lengths of the domains are 500 μm for 

both as in the real setup.  

 

Figure 3.6 Geometry of optical simulation model. The inner and outer domains represent the core and 

cladding and their radii are 25 μm and 50 μm, respectively. Their height is 500 μm for both. 

3.2.3 Insertion of Parameters 

The operating wavelength and frequency are entered as 638 nm and 4.7x1014 Hz, 

respectively, in the software. The frequency is calculated by the formula, f = c/λ. The other 

necessary parameters of the simulation are the RIs of the core (e.g. SWW) and the cladding 
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(e.g. the externally cured NOA 68) that are measured via RIPM by 5 oC T increments in a 

range from 25 oC to 60 oC.  

3.2.4 Settings for Electromagnetic Waves, Beam Envelopes Module 

COMSOL software employs SVEA and make the computation for the equation explained 

in section 2.4.3.  

The following settings are made under EWBE interface: 

Wave vector, k: It is chosen as ewbe.beta_1 which suits if the number of direction is 

preferred as unidirectional and the equation of E would be: 

              E(r) = E1(r) e
(−i k1 r)                                                                                                  (3.3) 

where E1 represents the electric field envelope and e(−i k1 r) is the defined quickly changing 

phase function.  

 

Ports: The ports define the input and output of the laser beam. Here, port 1 is chosen as 

the input where the wave excitation exists with 6.5 mW power input and port 2 is set as the 

output where there is no excitation. To obtain the results of Reflectance (R), Absorptance 

(A), Transmittance (T) and effective refractive index (Neff), the types of the ports are 

chosen as numeric which works well with boundary mode analysis. They were chosen as 

circular which gives the opportunity to make the simulation according to the number of 

modes. Additionally, circular port reference axes must be determined under the type of the 

port. The points of them were chosen on the periphery of the core domain shown in Fig. 

3.7 with the blue rectangular dots.  
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Boundary conditions: Scattering boundary condition is added for everything around the 

core to get rid of the reflections coming back from the cladding. Thus, the results become 

more accurate. 

3.2.5 Mesh Generation of the Domains 

The sequence type and the element size were chosen as physics-controlled mesh and were 

extremely fine shown in Fig. 3.8 which is the mesh size to obtain the best results. Physics-

controlled mesh in wave vector section under EWBE module is enabled. The mesh type is 

selected as swept mesh containing the numbers of transverse (NT) and longitudinal (NL) 

mesh elements as 10. Thus, the results are refined.  

Figure 3.7 Nodes for the circular ports where port 1 and port 2 are located on the left and the right of the 

picture, respectively. 



34 

 

 

Figure 3.8 Mesh of the 3D-model of the simulated SWW. The simulation is repeated for each mesh shown 

in the figure. 

3.2.6 Study Types and Computation 

In this section, the types of study are defined and the computation is made. Boundary mode 

analysis is set as the study type and appointed for each port besides frequency domain. 

Transform, mode search method, and search for modes around under the study settings 

section are set as effective mode index, manual and the RI of core respectively. These 

settings were the same for both of the ports. This type of study provides us the results.       

3.2.7 Obtaining the Results from the Simulation  

In order to get the results that were mentioned in the previous part, the expressions under 

the global evaluation under the results section must be preset. The settings are entered as 

ewbe.Ttotal, ewbe.Rtotal, ewbe.Atotal, and ewbe.neff_2 for R, A, T, and Neff, 

respectively. The picturized electric field can be seen in the electric field (ewbe) section 

under the results section. 
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Chapter 4: Experimental Setups of SWW and RIPM 

In this chapter, the technical details of the experimental setups for characterizing the SWW 

and measuring the RI will be provided in this chapter. They include the preferences of the 

materials used with the reasons why they were chosen, experimental designs, and the 

special techniques used to process the obtained data from the experiments. The 

explanations are supported by the original experimental pictures, research studies and the 

material specifications from their datasheets. 

4.1 Experimental Setup of SWW 

4.1.1 Adhesive Selection 

NOA 68 is an excellent adhesive that bonds from glass to glass, glass to plastic, and plastic 

to plastic and has great flexibility that enables it to possess the dimensional stability for the 

long duration and reduce the stress during the curing. This adhesive can be employed to 

make a SWW up to 65 °C and will not result in an unwanted exothermic polymerization. 

NOA 68 has a flashpoint of 175 °C which indicates that it will not exhibit a highly 

flammable behavior in our experiment’s operating temperature from 25 °C to 60°C. Also, 

the decomposition temperature that is specified at 300 °C where the polymerization process 

is reversed, is very high [70]. Other reasons to prefer this adhesive that it can be used 

unaidedly by another adhesive, doesn’t need another supportive material in a one-photon 

approach and can be cured by UV light easily. So, it can be used for the core and the 

cladding both. These features make NOA 68 suitable to be used for our project. 

4.1.2 Fiber Selection 

Waveguides can be fabricated successfully with the help of an SMF or, an MMF in a 

photopolymerizable resin. An SMF has a very small core size (i.e., <9 μm, depending on 

the used wavelength). Therefore, it results in shorter and sharper focused lightwave and 

hence, SWW. Contrary, an MMF makes a spatially larger lightwave and hence, SWW. 
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Additionally, MMFs provide stronger and finer waveguide geometries because they have 

a more diffuse input lightwave [71]. Also, according to the simulations that we made with 

both types of fibers, MMFs have a very low loss through SWW. Due to the reasons 

mentioned above, MMFs have more advantages than SMFs to be preferred. OM2 class 

MMFs are used for this project which have a 50 μm diameter core and a 125 μm diameter 

cladding through which hundreds of modes can be sent through that makes this fiber 

suitable for this study. 

4.1.3 Prebaking 

NOA 68 possesses a very good adhesivity and resistance to a solvent if it is cured entirely. 

To obtain this optimum adhesion from the adhesive, it is placed in a vacuum oven (Thermo 

Scientific™ Vacutherm) where it was heated up at 50° C for 12 hours as it is shown in Fig. 

4.1. This step is necessary to remove the remaining air which is ligated in the material to 

avoid blistering during the writing and curing steps. This is emphasized in NOA 68 material 

safety data sheet [70].  

Figure 4.1 Vacuum oven using for aging. It is used to eliminate the artificial materials such as remaining air 

trapped inside the NOA. It is important to prevent the unwanted polymerization.   
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Laser source Power meter 

25 oC 
4.52 mW 6.5 mW 15.43 mW 

4.1.4 Experimental Setup for Characterizing SWWs 

The production of an SWW between two opposing MMFs is shown in Fig. 4.2. The laser 

beam is guided by an MMF (e.g. illuminating Fiber) to the resin (e.g. NOA 68). It starts 

the polymerization process and thus, forms the SWW. The SWW carries the laser beam to 

the other MMF (e.g. collector fiber). The beam reaches the PM (power meter) by the 

collector MMF and the PO (power output) from the PM is obtained. At the final step, the 

heater is employed and the POs are recorded. 

 

 

 

 

 

Figure 4.2 Overview of the SWW experimental setup. 1) Illuminating fiber is an MMF that is connected to 

the laser source. 2), 3), and 4) are 5-axis stages. 5) Collector fiber is an MMF that is connected to the PM. 6) 

Aluminum plate where SWW was created, the thermal element and the Peltier element are attached to (see 

Fig. 4.4 for further details), 7) are the cables that connect the T controller and the sensor and the Peltier 

element. 
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SWW formation: In the first step, two MMFs are taken and their jackets and claddings 

are peeled off about 5 cm from the offsets by a special stripping tool (Ripley Cromwell). 

The residues from claddings are washed off thoroughly by a chemical, isopropanol and 

then fibers are cleaved (Ilsintech Fiber Cleaver (MAX CI-03)). The fibers exhibit the best 

optical performance after these processes. Secondly, illuminating fiber’s FC/PC connector 

is plugged into the Thorlabs' 4-Channel Fiber-Coupled Laser Source (MCLS1-638, 

Thorlabs, Newton, USA) which possess 638 nm wavelength at 15 mW output power. The 

collector fiber is connected to a PM (PM200, Thorlabs, Newton, USA). Fibers are fixed 

and positioned across to each other with a small distance apart on a 19 mm by 19 mm 

aluminum plate as shown in Fig. 4.2.  

The alignment of fibers is made with the help of a ZEISS SteREO Discovery.V8 

microscope and three multi-axis high precision stages until the PM shows the maximum 

PO at the butt coupling position of the fibers as indicated in Fig. 4.3a. Our resin, NOA 68 

is applied onto the butt coupled fibers in the third step. The fourth step is to separate the 

fibers with a defined gap size of ~750 µm, realign them, and obtain the maximum possible 

PO value from the PM again as shown in Fig. 4.3b. 

  
                             (a)                                                    (b)                                                (c)  

Figure 4.3 Steps of the SWW formation process. Fibers 1 and 2 are the illuminating and collector fibers, 

respectively. (a) Butt coupled MMFs so that laser beam transits from one fiber to another with maximum 

possible transmission, (b) Fibers are separated by a certain distance and (c) SWW is formed by 406 nm laser 

beam. 

In the fifth step, the NOA 68 will be cured using a 406 nm laser beam (MCLS1-406, 

Thorlabs, Newton, USA) which has around 5.45 mW output power and forms the SWW 

as shown in Fig. 4.3c. The formation takes place even less than 1 s. During the curing 

process the transmitted power is monitored continuously. This writing process is stopped 
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as the peak before the transmission starts decreasing. At this point, the surrounding NOA 

68 is still liquid. This liquid is not stable and might cause unwanted fluctuations in the PO. 

Therefore, in the final step, it is cured externally by a 254 nm UV lamp with 1.8 mW/cm2 

(40-VL-208 G, Bio-Budget, Krefeld, Germany). This lamp can be aligned 2 cm away from 

the NOA. 5-minute curing at this distance would be enough to make a robust cladding 

around the SWW. After obtaining an SWW, the heater is turned on and heats up the sample 

from 25 oC to 60 oC and then 60 oC to 25 oC in the reverse direction by 5 oC increments 

(see Fig. 4.4) when it reached the desirable. The experiment is repeated at least 3 times and 

the POs are recorded for each temperature.  
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Figure 4.4 Setup for characterizing the response of the SWW after changing the temperature. 1) Aluminum 

plate, 2) and 3) are the illuminating and collector fibers, respectively, 4) is the Peltier element (e.g. heater) 

which is located under the aluminum plate, 5) Supportive aluminum plate, 6) NOA 68, 7) The temperature 

sensor, and 8) are the screws which connect the upper and the lower aluminum plates which holds the Peltier 

element still. Here is the place where SWW is formed and it is heated via Peltier element. 
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4.2 Experimental Setup to Determine the RI of the SWW 

The setup shown in Fig. 4.5 was placed onto the aluminum plate. First, the illuminating 

fiber is placed on the N-BK7 glass and the collector fiber was placed on the other side of 

the sample holder. The fibers got aligned across to each other as shown in Fig. 4.6a. A 638 

nm laser beam is utilized to make the alignment. It is accomplished when the PM shows 

the maximum PO that is much weaker than the one in the formation of the SWW 

experiment because there is no contact between the fibers. It is seen that there is the glass 

of the sample holder which causes the laser beam to undergo divergence. Therefore, the 

losses are higher (See Fig. 4.6b). NOA 68 is poured to the place where the sample holder 

and the reference glass intersect in the second step of the experiment and then the SWW is 

formed by the 406 nm wavelength laser beam shown in Fig. 4.6b in which high reflection  

is seen and it indicates the reason why the PO for the curing process is low. 

 

Figure 4.5 Sample preparation for RIPM. SWW is made in this setup. At the end, fibers are removed, the 

setup is inserted into RIPM, the outcomes are processed via a software and the RIPs of the SWW are 

obtained. 

Nevertheless, the intensity of the beam is sufficient to cure NOA 68. It should be noted that 

this waveguide’s formation is required to be made perpendicular to the holder as shown in 

Fig. 4.6c and d. The experiment of the SWW formation is repeated to offer multiple sample 
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which can be used for the RI measurement (see Fig. 4.6.d).  Thereby, there is an opportunity 

to obtain the results of many SWWs from the RIPM. 

 

 

Now, the sample is ready to be examined in the RIPM. At the beginning, the 633 nm laser 

beam in the index profilometer is focused onto the area and scans it thoroughly in the x-y 

direction. This process occurs step by step. The steps were chosen in our experiment as 

1μm for both of the directions. The laser beam passes through the objective, then the 

waveguide and finally reaches the photodiode from the side of the reference glass. The 

aperture stop plays a significant role to provide better performance for all the 
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Figure 4.6 The steps of the sample preparation for RIPM. a) The fibers are aligned, b) SWW formation 

by 406 nm wavelength laser, c) SWW is formed, and d) The experiment is repeated and more SWWs are 

produced. Illuminating and collector fibers are located at the bottoms and the tops of the pictures. 

 

Figure 4.7 Overview of RIPM setup. The laser beam is focused on the sample, refracted toward the reference 

glass and captured by a photodetector at the end. RI is measured by the obtained data. 
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measurements.  The correlation between the power of light at the detector and the RI is 

established in the last step and as result, a false color image is obtained which is formed 

according to the RIs of the references and the waveguide as shown in Fig. 4.8. 

Dark blue and red colors represent the lowest and the highest RIs, respectively. The RI of 

any point in the picture can be found after the areas of the references that are glass block 

and IML are calculated and defined in the picture.  

The measured for calculating the RIs should be the same for each measurement by different 

temperatures. Otherwise, the references will not have the same values at different 

temperatures and the changes between results might not exhibit correlational behavior. It  

changes the results significantly since the RI change is as small as 10-4. 

 

 

Figure 4.8 The picture of the RIPs of the SWW samples from the experiment shown in Fig. 4.6.d obtained 

from the RIPM. The 3 SWWs are located in the red and circular regions. 
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4.3 RIP of the Waveguide 

The RIPs of the SWW are found for the heating and the cooling from 25 oC to 60 oC. 

If g is modified in the Eq. 2.1 for the GRIN MMF and is rewritten [72] it would be: 

𝑔 =  2 − 
12

5
∆                                                                                                          (4.1) 

The RIPs of the SWW for the heating and the cooling processes can be simulated by 

importing the received data from the experiments and using the Eq. 4.1 in a MATLAB 

script file. 
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Chapter 5: Results and Discussion 

In this chapter, the results from the experiments and the simulations of the study are 

presented, discussed, and compared. The correlations between them and also, between the 

previous research studies will be established. The analytical analysis made for the results 

is supported by the data that are obtained from the pictures, graphs, tables, etc. 

5.1 Thermal Distribution through the SWW 

The heater withdraws the maximum possible power from the power supply when it heats 

up the waveguide and the surrounding air. Thus, the heater increases the temperature of the 

waveguide as fast as possible. The heating process takes place swiftly, that it can be 

assumed that the heating was done before the measured data were noticed. 

Table 5.1: The temperatures at the sensor (Ts) and the center of SWW (Tsww) during the heating of the SWW. 

t is the time for the heat flow to reach the temperature of SWW. SWW is heated up from 25 oC to 60 oC. 

Ts (
oC) Tsww (

oC) t(s) 

26.463 25 1.15 

31.423 30 0.83 

36.430 35 0.83 

41.400 40 0.81 

46.385 45 0.81 

51.370 50 0.93 

56.320 55 0.79 

61.28 60 0.8 

On the other hand, the power supply stops providing the electrical energy to the heater 

during the cooling. Therefore, there is only one heat source left which changing the heat 

energy of the materials. This process does not need any electrical heating source and occurs 

much slower than the heating. The cooling takes place slower than 1.76 s which is more 

than 2 times slower than the heating as shown in Table 5.2.  
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Table 5.2: The temperatures at the sensor (Ts) and the center of the SWW (Tsww) while cooling. t is the 

time for the heat flow to reach the temperature of the SWW. The SWW is cooled up from 60 oC to 25 oC. 

Ts(
oC) Tsww(oC) t(s) 

56.320 55 1.76 

51.370 50 1.77 

46.385 45 1.78 

41.400 40 1.78 

36.430 35 1.78 

31.423 30 1.79 

26.463 25 1.79 

As seen in the tables, there is a temperature difference between the heater and the SWW in 

the range of 1.320 to 1.463 oC. This approximation made in the simulation helps us to 

predict the right temperature for the SWW and thus, we obtain more accurate results. 

The results (e.g. ≥ 0.79 s and ≥ 1.76 s) of the heating and cooling processes showed that 

the waiting time for the heating and the cooling are not significant as it was observed in 

the experiment. 

 
Figure 5.1 Contour maps of the temperature distribution along a cut line in the middle of the waveguide 

when the heater was at the maximum temperature of 61.28 oC.  
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The temperatures along the contour line is perpendicular to the z-axes obtained from the 

mid-point of the microheater. The dark red color and the dark blue color in the color scheme 

indicate the highest and the lowest temperatures, respectively.  

5.2 Transmission Measurements of SWW 

5.2.1 Curing Times 

The internal curing (INC) of the SWW and the external curing (EXC) of the NOA around 

the SWW are the processes where the laser beam is highly attenuated. The most appropriate 

times should be chosen for them in order to build a low attenuated structure.  

The internal curing: This process has to be meticulously observed. The PO value for 406 

nm beam is correlated to the PO for 638 nm beam. The process was observed for 60 minutes 

and illustrated as shown in Fig. 5.2. The PO at the beginning of this process was 1.92 mW 

(red dot in Fig. 5.2) and the black dot shows the maximum value 2.44 mW. 

Figure 5.2 INC for 60 minutes at 25 oC. PO increases at the beginning of INC until the formations of the 

small channels that bridge the illuminating and collector fibers are finished. It decreases due to the excessive 

number of the artificial channels formed around the fibers. The laser beam diffracts out due to them.  
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Here, we made a detailed investigation of the beam diffraction for 60 minutes around the 

SWW. The laser beam diffracts from the sides of the collector fiber, even in the very first 

seconds. This fact is picturized in Fig. 5.3a.  

 

 

Figure 5.3a Laser beam diffraction just after the laser source turned on (e.g. 1 second later). The lost is seen 

at the very early stage of the INC process. Nevertheless, the transmission is in an increasing trend because 

more bridging optical channels between the fibers are added. 

 

 

 

 

 

100 μm 
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This leakage gets bigger constantly over time and forms more small channels around the 

SWW and the fibers. The scale of the laser beam scattering can be observed even a minute 

later as shown in Fig. 5.3b.  

          

Figure 5.3b Laser beam diffraction, 1 minute after starting the curing. The amount of diffraction around the 

collector fiber increases constantly. However, they have not reached to the point where the PO starts 

decreasing 

The diffraction causes a loss in the PO. But the number of the bridging optical channels 

formed between the fibers is much greater in the terms of quantity than the artificial ones 

around the collector fiber. Therefore, in the beginning, there is a temporary gain due to 

those bridging optical channels between the fibers that increase the PO. It is shown in Fig. 

5.2 that the PO increases as high as 2.44 mW. It reaches this value 6 minutes after the 

process was started. After this point, the loss due to the small channels which surround the 

collector fiber overweighs the gain and thus, the PO starts decreasing.  

100 μm 
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Fig. 5.3c and d depict the fact that the leakage gets bigger constantly and spreads 

everywhere around the illuminating and collector fibers, and the SWW.  

 

Figure 5.3c Laser beam diffraction, 30 minutes after the beginning. The small artificial channels are around 

the collector fiber and the SWW and thus, the attenuation is very high. Therefore, the SWW is not suitable 

to be used. 

At the end of 60-minute INC, the laser beam diffracts out all the places and there is very 

little left which is guided through SWW. Therefore, PO decreases as little as 0.078 mW 

(see Fig. 5.2). The channels exist even around the SWW and the illuminating fiber. 

Moreover, the ones which are formed by the back-reflecting beam, are even observable 

shown in Fig. 5.3d. 

100 μm 
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Figure 5.3d Laser beam diffraction, 60 minutes later. The diffraction of the laser beam is at the maximum 

rate due to channels formed everywhere around the illuminating, the SWW, and the collector fibers.  

 

The external curing (EXC): In the previous section (INC), a certain time is defined for 

the curing where SWW has the optimum transmission. However, a definite point does not 

exist for the EXC. It should be conducted until the waveguide possesses a vigorous 

structure. To find it out, the EXC was made on the NOA 68 material separately on a 

different plate for 1, 3, 5, 10, and 15 minutes, consecutively. The outcomes showed that a 

5-minute EXC is enough to obtain a strong waveguide. Of course, longer EXC will provide 

more robust structure. But it will be associated with high attenuation. It is seen in Fig. 5.4 

that the intensity decreases to 0.64 percent at the end of 30-minute EXC. 

The EXC causes loss in the waveguide remarkably so that it might decrease the PO as high 

as 19 percent (see Fig. 5.4). 

 

100 μm 
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As a result, there are no certain times that determine when the maximum possible 

transmission of SWW is achieved. But they can be easily found out for each experiment 

when they can be acquired. The ideal curing times of INT and EXC are the time when the 

PO peaks and 5 minutes after the beginning of the curing, respectively. 

5.2.2 Thickness of SWW by Temperature and during Curing 

The change in the thickness of SWW is not remarkable to be observed when it is heated. 

This fact is also similar to the results of NOA 61 and 81 where they are as small as <10 

nm as van Gastel et al. indicates [73].  

As it is stated before in section 5.2.1 that the INC forms the SWW swiftly. This fact can be 

seen in Fig. 5.5. Also, the figure shows that the SWW which is needed is obtained at the 

very beginning of the INC process. Furthermore, there is a correlation between the PO 

during the INC and the thickness. The bridging small optical channels are formed mostly 

between the fibers. Therefore, the SWW does not get thicker until the PO peaks (see the 

red circle in Fig. 5.5). Hence, the slope of the line in Fig. 5.5 is very small. After this point, 

Figure 5.4 EXC of the SWW for 30 minutes at 25 oC. Orange dot shows the value obtained just after 

the INC, red dot indicates the value where the waveguide has a robust structure which occurs 5 minutes 

later. At the end of the experiment, the PO drops to as low as 0.64 mW that is shown by the green dot.  

Figure 5.4 EXC of the SWW for 30 minutes at 25 oC. Orange dot shows the value obtained just after 

the INC, red dot indicates the value where the waveguide has a robust structure which occurs 5 minutes 

later. At the end of the experiment, the PO drops to as low as 0.64 that is shown by the green dot.  
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the focusing effect of the fiber get weaker, thus, the PO decreases exponentially as much 

as the magnitude of the slope. 

The EXC does not affect the thickness of the SWW because the intensity of the UV laser 

beam is well distributed throughout the NOA.  

This is another factor besides INC and EXC that causes the loss in the PO.  

5.2.3 Temperature Effect on Power Output Intensity 

The POs displayed on the PM have a positive correlation with temperature. The 

experiments are repeated at least 6 times or more to observe it. The outcomes at the 

beginning of the experiments are not as accurate as compared to the end. Because the 

prepared SWW still undergoes the polymerization by the 638 nm laser beam. The 

photopolymer media also support the formation of the SWW at 638 nm [15]. The 

polymerization influences the PO significantly. Therefore, the first cycles cannot illustrate 

the temperature effect on the PO properly (see Fig. 5.6). The polymerizability of the beam 

gets faded as time passes, thus, the change in the PO between each cycle decreases as 

shown in Fig. 5.6. Therefore, the outcomes become more precise. The further experiments 

Figure 5.5 Thickness of the SWW during the 60-minute INC. The slope of the line and the PO has a negative 

correlation after the PO peaks. The red circle shows the area where more channels are added to the SWW 

that help guiding the beam. Moreover, it does change the thickness of the SWW and cause the attenuation. 
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showed that the PO difference between the cycles becomes even 0. Because the 

polymerization process is accomplished. 

5.2.4 Temperature Effect on SWW at Different Intensities 

In this step, the PO change by the temperature for different intensities/currents is examined. 

The PO was decreased from 100 % to 20 % by 20 % increment as illustrated in Fig. 5.7. 

Temperature effect on the PO has a positive correlation with the power intensity. However, 

the effect becomes very small compared to the intensities. The normalized deviations are 

also very small at all the intensities, so that they cannot be observed.  

 

 

 

 

 

 

 

Figure 5.6 Temperature effect on the transmission of the 638 nm laser beam guided by SWW. The SWW still 

undergoes a polymerization process at the beginning. Therefore, temperature dependency is not seen clearly 

(see cycle 1). It has a stable intensity after 6 cycles where temperature effect can be examined (see cycle 7, 8, 

and 9) 
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As a result, after all the processes accomplished so far, the INC and EXC are the main 

factors that cause the change in the transmission as depicted in Fig. 5.8. The first process 

where the fibers are butt-coupled shows there are coupling losses although the two fibers 

were coupled directly with each other. There is around 15% power loss during this process. 

Most of the loss is regained by adding the resin (NOA 68). The loss drops to less than 3 

percent after this process due to the higher refractive index and the change of the NA, 

respectively. Before the INC, the fibers are taken apart 500 μm that causes the loss most 

among the processes, it is approximately 43%. However, the INC compensates the loss 

because it provides a better guiding to the beam, and hence, normalized intensity increases 

up to 87 %. Subsequently, after the EXC process, it decreases the intensity to 0.837. 

Finally, it increases to 84.8 % after heating of the SWW. It is emphasized that the values 

in Fig. 5.8 are the optimum values out of the experiments. It was observed that the loss in 

the intensity level after the processes decreases to as low as 80 %. 

Figure 5.7 Temperature effect on the transmission of the 638 nm laser beam guided by SWW at the different 

intensities. The results do not show a significant difference by decreasing intensity. The fraction of the 

transmitted light stays same. 
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5.3 SWW Measurements in RIPM 

5.3.1 RIs of the Waveguide  

The parameters in Table 5.3 are obtained from the RIPM software. The RI of the uncured 

NOA 68 was 1.514. The RI change has a correlation with the intensity of the curing beam 

[74]. Therefore, the increase of the RI for the SWW is higher due to the intense laser beam. 

Another difference is the RI change of the SWW and the cladding during heating. We 

observe from the table that the RIs for core and cladding both are in the decreasing trend. 

The key point which makes the SWW stable for the temperature, is that the change in the 

RI of the cladding is ~2.2 times greater than the RI of the SWW. Here, there is a negative 

correlation between the temperature and the RI. The RI of the cladding is expected to 

decrease less because its temperature is less than the core (see Fig. 5.1). This would be 

valid if we assume that the SWW and the cured NOA 68 have the same or similar structures 

[16]. The methods how the materials are cured are crucial in the modulations of RIs of the 

core and the cladding. The NOA 68 is cured by a relatively lower intensive light that forms 

a feeble and less dense structure. Moreover, the SWW is cured by a higher intensive laser 

Figure 5.8 Waveguide formation processes. The figure shows all the processes with their normalized 

intensities throughout the waveguide formation. The normalized intensity decreases to 83.7 % when all the 

formation processes of the waveguide is completed. It increases to 84.8 % after the heating to 60 oC 
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beam that makes a robust and denser formation. This makes the biggest change in the RIs. 

The confinement factor (see section 2.1) shows us the reason of the higher transmission 

through the SWW during the heating. It increases especially from 25 oC to 30 oC. The 

values of confinement factor confirm the transmission results obtained from the 

experiments as depicted in Fig. 5.7. 

Table 5.3 SWW parameters obtained from the RIPM and the calculations. 

T(oC) nsww ncladding D Γ 

25 1.51845 1.51767 23.93505 0.9965 

30 1.51826 1.51710 29.13062 0.9976 

35 1.51819 1.51690 30.80174 0.9979 

40 1.51808 1.51674 31.42124 0.9980 

45 1.51800 1.5165 32.72522 0.9981 

50 1.51786 1.51632 33.60942 0.9982 

55 1.51777 1.51611 34.85628 0.9984 

60 1.51767 1.51590 36.05471 0.9985 

5.3.2 RIP of the SWW 

∆ and g parameters are calculated by Eq. (2.1) and (2.2) as shown in Table 5.4.  

Table 5.4 The parameters used in MATLAB to plot the graph for the RIP of SWW 

T(oC) ∆ g 

25 0.000128 1.99969 

30 0.000190 1.99954 

35 0.000212 1.99949 

40 0.000221 1.99947 

45 0.000240 1.99942 

50 0.000253 1.99939 

55 0.000272 1.99935 

60 0.000291 1.99930 

MATLAB solves the Eq. (2.1) with the help of the parameters in Table 5.4 and plots the 

curves in Fig. 5.9. The outcomes show that the SWW possesses a non-homogeneous RI 

distribution that is similar to the GRIN fiber.  
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Figure 5.9 RIPs of the SWW during the heating from 25 oC to 60 oC across the waveguide (e.g. core and 

cladding). RIs of the cladding decreases about 2.2 times faster by the temperature.  

Also, the fact can be experimentally proved by the RIPM as shown in Fig. 5.10. The picture 

only shows the experimental result of the RIP of SWW. The flat lines on the right and left 

sides belong to the RIs of N-BK7 glass and IML, repectively.  

 

Figure 5.10 RIP of the SWW at 25 oC. The picture is processed by the software of the RIPM to measure the 

RIs changing by temperature. In the red circles, it is seen that the SWW has a similar RIP as in GRIN MMF.  

As a result, the techniques used in this project to determine the RIP help us to understand 

the nature of the RIP of the SWW.  

N-BK7 
SWW 

IML 
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5.4 Optical Simulation of SWW 

5.4.1 Transmission 

The data can be obtained from the optical simulation about the reflection (R) and the 

absorption (A) of the waveguide besides the transmission (T) shown in Table 5.5. They 

show that the heating of the SWW has more influence on the transmission between 25 oC 

and 30 oC as it is seen in the experimental results. Also, it is the temperature interval where 

the beam is undergone the most absorption by the material. 

Table 5.5 R, A, and T of the SWW by temperatures. 

T (oC) T R A 

25 0.99250 0.02899 0.0075010 

30 0.99454 0.02464 0.0054532 

35 0.99506 0.02373 0.0049410 

40 0.99521 0.02357 0.0047893 

45 0.99549 0.00236 0.0045027 

50 0.99565 0.02443 0.0043479 

55 0.99572 0.00283 0.0042808 

60 0.99577 0.02784 0.0042804 

The experimental and simulation results are plotted in a graph shown in Fig. 5.11. The 

graph shows that the temperature dependency of the PO is not remarkable after 40 oC. 

There is a little difference between the changes in the normalized intensities of the 

simulation and the experiment. Because of the special features of COMSOL such as 

boundary condition, the modes coupled to the cladding are eliminated. Therefore, the 

values from the optical simulation are higher. 
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Figure 5.11 Experimental and simulation results of normalized intensity. Both of results show that the change 

in the intensity of the output beam is not significant.  

5.4.1 Beam Profile 

The temperature increases the NA and M of the SWW as shown in Table 

5.6. This change is employed and the beam profile is illustrated in Fig. 5.12. 

The electrical fields of the TE and TM modes are 1.9∙105 V/m and 1.83∙105 

V/m, respectively, the values are very close to each other at 25 oC. The 

temperature change affects the modes oppositely. Electric field in TE mode 

increases to 5.88∙105 V/m at 60 oC while it drops to 1.57∙105 V/m in TM 

modes. The change of electric field in TE modes is remarkable during the 

heating which is observed in Fig. 5.12c. Besides that, electric field in TM 

modes is slightly disturbed. Therefore, the deformation is barely seen in Fig. 

5.12d.  

NA M 

0.0243 8.95 

0.0296 13.27 

0.0313 14.83 

0.0319 15.44 

0.0332 16.75 

0.0341 17.66 

0.0354 19.00 

0.0366 20.33 

Table 5.6 NA and M 

values of the SWW 

 



60 

 

 
                                 (a)                                                                   (b) 

 
                                 (c)                                                                  (d) 

Figure 5.12 Optical fields of TE (b and d) and TM (a and c) modes of the waveguide at 25 oC and 60 oC, 

respectively. The deformation of the optical field of TM modes is not observable. However, there is a 

significant change in TE modes. 
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Chapter 6: Conclusions and Future Work 

This study is aimed to make a comparative analysis of simulated and experimentally 

fabricated SWWs and their thermal behavior. This thesis has proposed the models to 

achieve the goal. The experimental data were obtained by using the resin NOA 68 and the 

theoretical models were implemented into the FEM-based software COMSOL. The models 

can be modified and easily utilized for different types of SWWs that undergo the 

polymerization process.  

The first step to achieve the goal was a thermal simulation which showed a temperature 

difference between the temperature sensor and the temperature of the SWW of the used 

experimental setup. The values vary in the range of 1.320 to 1.463 oC for the temperatures 

from 25 oC to 60 oC. This simulation provided us the approximated values of the 

temperature measured by the sensor. Thus, the corresponding transmission for each 

temperature became more accurate. Also, the thermal simulation modeled for the SWW 

setup has a more stable structure and yield more precise results than the previous model 

developed by Suar et al. [16]. The model can be implemented utterly to the other SWW 

made from different types of NOAs, or polymer- and silica-based waveguides to get more 

accurate results. Subsequently, the detailed analysis about the transmission of the beam 

during the formation of the waveguide was made. They are concluded that the internal 

curing process should stop when the power output from the power meter peaks after 

starting the process and the optical transmission continuously increases. There is no certain 

time for it proposed because it is distinctive for each experiment and it varies between 2 to 

7 minutes. It is found that the external curing decreases the transmission all the time. There 

is no certain peak point to stop the process for the internal curing. Here, 5-minute external 

curing time is enough to build a robust cladding. Here, the durations of curing times are 

determined with the findings from the experiment that is vital to possess an efficient 

waveguide. There are many curing times are suggested in the previous research studies [9, 

12, 14, 15, etc.]. This analysis removed the blurriness in this field by the experimental 

findings and guide the scientists in establishing an efficient waveguide made out of NOAs. 
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All the factors that affect the transmission are gathered in a graph and the normalized 

intensity of the processes is showed. It is concluded that the normalized intensity decreases 

to 84.8 % after all the processes including heating. The outcomes from the experiments 

showed that this value decreases to as low as 80 %. To make the comparison of the 

experimental and simulation result, the refractive indices of the SWW and cladding were 

needed. A very distinguished and complicated SWW setup is built on the sample holder of 

the refractive index profilometer to find the refractive indices of the core and the cladding. 

The data are obtained after a long process on the device and its software. The processed 

data are utilized to make the simulation and plot the refractive index profiles for the 

temperatures from 25 oC to 60 oC. The experimental and the simulation results are 

compared and showed a corresponding behavior. Also, the factors in all curing processes 

that cause the loss in the SWW are gathered and made their comparisons. In addition, an 

optimum efficient and temperature resilient optical waveguide will be produced if the 

refractive index profile of the SWW is taken a base. Finally, the optical simulation is made 

with the help of the data obtained from refractive index profilometer and the results from 

the experiment of the fabricated SWW, and the simulation are compared. Furthermore, the 

beam profile is picturized with the data obtained that showed that there is a significant 

change of the electrical field in TE modes. Besides that, the deformation is little in TM 

modes. As a conclusion, they exhibit the similar behaviors.  The model developed for this 

research can be implemented to the different types and the length of other adhesives such 

as NOA 61, 63, etc. It is suitable for SMF and MMF both. More accurate results can be 

obtained for optical simulation by using equation-based modelling in COMSOL if the 

equation of the curve of the SWW is made out of the data where the thicknesses of all the 

points on the SWW is measured. The effect of the temperature on the transmission in the 

SWW is not significant since it is very small. Therefore, it is not possible to utilize it as a 

temperature sensor. This confirms the finding of the investigation of Liu et al. [13]. 
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APPENDICES 

Appendix A: Structure of Polymer and the Types of Polymerization 

Monomers are the building blocks of the polymers. These small molecules undergo 

polymerization process with the help of heat or light and they are combined to form bigger 

molecules which are called as polymers. A polymer molecule can be consisted of from 100 

to tens of thousands or even more. Polymerization process is classified according to the 

polymer structure or polymerization process into condensation and addition or step and 

chain respectively. The condensation and step terms are used with the same meanings as 

well as addition and chain. Lately, the step and chain are preferred to be used for 

classification. 
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Appendix B: Numerical Modeling of the RIPs for the Heating and the Cooling 

The MATLAB codes are written for the heating and the cooling processes, respectively: 

 

figure(1); 

g1=zeros(1,8); 

ncore1=[1.5184495, 1.5182617, 1.5181906, 1.5180809, 1.5180035, 1.5178605, 

1.5177671, 1.5176731]; 

ncladding1=[1.5176713, 1.5171087, 1.5169014, 1.5167392, 1.5165480, 1.5163251, 

1.5161155, 1.5159058]; 

delta1=[0.000128140536077304, 0.000189891338610614, 0.000212337272301325, 

0.000221002152147015, 0.000239763785110017, 0.000252952837572179, 

0.000272118422042160, 0.000291204804935064]; 

y=zeros(8,50001); 

for i=1:8 

     g1(1,i)=2-(12/5*delta1(1,i)); 

end 

disp(g1) 

x=0:0.001:50; 

for r=1:8 

    y(r,:)=sqrt((1-2*delta1(1,r)*(x/25).^g1(1,r))*ncore1(1,r).^2); 

         y(r,25001:50001)= ncladding1(1,r); 

      plot(x,y(r,:)); 

      hold on 

      plot(-x,y(r,:)) 

   hold on 

end 

xlim([-50 50]) 

xlabel('R [\mum]') ; 

ylabel('Refractive Index [n(r)]') ; 
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figure(2); 

g2=zeros(1,8); 

ncore2=[1.5185111183, 1.5183084140, 1.5182316710, 1.5181132650, 1.5180297220, 

1.5178753730, 1.5177745000, 1.5176731000]; 

ncladding2=[1.517810318, 1.517108700, 1.516901400, 1.516739200, 1.516548000, 

1.516325100, 1.516115500, 1.515905800]; 

delta2=[0.000115389536156003, 0.000197580260305431, 0.000219097412506402, 

0.000226329631278721, 0.000244080159590773, 0.000255401245449466, 

0.000273336650056616, 0.000291204804935064]; 

y=zeros(8,50001); 

for i=1:8 

     g2(1,i)=2-(12/5*delta2(1,i)); 

end 

disp(g2) 

x=0:0.001:50; 

for r=1:8 

    y(r,:)=sqrt((1-2*delta2(1,r)*(x/25).^g2(1,r))*ncore2(1,r).^2); 

         y(r,25001:50001)= ncladding2(1,r); 

      plot(x,y(r,:)); 

      hold on 

      plot(-x,y(r,:)) 

   hold on 

end 

xlim([-50 50]) 
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