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RÉSUMÉ

Cette thèse explore la fabrication et la caractérisation de fibres optiques spéciales à travers
deux axes principaux. La première partie porte sur le développement d’une méthode simple
et peu coûteuse pour produire des fibres polymères à émission latérale, capables de di"user la
lumière de manière contrôlée le long de leur surface, sans utiliser des techniques de fabrication
complexes. La Deuxième partie propose une approche pour la caractérisation de guides
d’onde térahertz, afin de développer une méthode robuste d’évaluation de leurs performances
de transmission.

La première partie de ce travail est consacrée à la fabrication de fibres optiques polymères à
émission latérale par abrasion de surface à l’aide de papier de verre. Les études expérimentales
ont montré que cette méthode permet d’améliorer e!cacement l’émission latérale ; toutefois,
cette méthode ne garantit toutefois ni une émission uniforme ni un contrôle complet de
celle-ci. Des recherches supplémentaires sont donc nécessaires pour améliorer l’uniformité de
l’émission latérale et permettre le contrôle de paramètres tels que le profil de di"usion et la
distribution de l’émission.

La seconde partie est consacrée à la caractérisation de guides d’onde métalliques à cœur creux
dans le domaine térahertz. Les mesures ont été réalisées à l’aide d’un système de spectroscopie
térahertz en onde continue et la méthode du cutback a permis de déterminer l’atténuation en
fonction de la fréquence à partir de guides de di"érentes longueurs. Les résultats confirment
l’e!cacité de cette méthode pour caractériser ce type de structures. Toutefois, dans le cas
des guides multimodaux étudiés ici, l’absence d’un dispositif de couplage optimisé limite la
reproductibilité des mesures. L’intégration d’un système de couplage plus performant s’avère
essentielle pour obtenir une caractérisation fiable.

Dans l’ensemble, ces travaux contribuent à l’avancement des technologies de fibres optiques
spéciales, en couvrant à la fois le domaine visible et le domaine térahertz. Les fibres polymères
à émission latérale ouvrent des perspectives pour les applications nécessitant une di"usion
contrôlée de la lumière, tandis que l’étude des guides térahertz apporte des informations
essentielles sur leurs pertes de propagation, un paramètre clé pour le développement de
futures liaisons de communication.
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ABSTRACT

This thesis focuses on the fabrication and characterization of specialty optical fibers through
two studies. The first aims to develop a simple and inexpensive approach for producing
side-emitting fibers with uniform light emission. The second introduces a method for charac-
terizing waveguides with the goal of providing a reliable technique for evaluating waveguide
attenuation.

The first part of this work focuses on the fabrication of side-emitting polymer optical fibers
using a simple surface modification approach. By modification of the fiber surface with
abrasive papers, lateral emission of light is achieved without the need for complex or costly
fabrication processes. Experimental studies demonstrated that this method can enhance side
emission e!ciently; however, it does not yet provide uniform or fully controllable emission.
Further investigation is therefore required to improve the uniformity of side emission and to
enable control over parameters such as the scattering profile and emission distribution.

The second part of the thesis aims to characterize a hollow-core metallic waveguide. The
continuous-wave terahertz spectroscopy system was employed to measure transmission through
waveguides of di"erent lengths, enabling the use of the cutback method to extract frequency-
dependent attenuation. The results demonstrate that this approach can be applied e"ectively
for the characterization of terahertz waveguides. However, for the waveguides studied here,
further improvements to the experimental setup are required, since their multimode nature
prevents consistent and reproducible measurements. In particular, the development and in-
tegration of an e!cient coupling device will be necessary to achieve reliable characterization
of these structures.

Together, these studies contribute to the understanding and advancement of specialty fiber
technologies across distinct frequency ranges. The side-emitting polymer optical fibers are
suitable for applications requiring lateral light emission in the visible range, while the waveg-
uide measurements provide insights into attenuation characterization that are critical for the
development of e!cient terahertz communication links.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Optical fiber technology has been one of the key innovations in modern engineering, used
as the backbone of today’s global communication infrastructure. By guiding light through
flexible dielectric waveguides with minimal loss, optical fibers enable the transmission of vast
amounts of information over long distances with high bandwidth, speed, and signal stability.
Beyond telecommunications, optical fibers have become indispensable in sensing, imaging,
and industrial monitoring due to their compactness, immunity to electromagnetic interfer-
ence, and ability to function in harsh environments. Contemporary research now extends
beyond increasing data rates and transmission distances, and also addresses emerging prior-
ities such as flexibility, scalability, cost e!ciency, and communication security, ensuring that
optical fiber technology continues to adapt to the growing demands of a globally connected
world.

The focus of this thesis is on the development and characterization of specialty optical fibers
operating in the visible and terahertz (THz) frequency ranges. The work is divided into two
main parts. The first part is dedicated to the fabrication and characterization of side-emitting
polymer optical fibers, while the second part focuses on the development of a reliable method
for evaluating the attenuation of waveguides in the THz frequency range.

This project was initiated with the design and fabrication of side-emitting polymer optical
fibers in collaboration with the research group of Prof. David Plant at McGill University.
The goal was to fabricate a polymer optical fiber that emits light uniformly along its sur-
face, ultimately enabling its use in slip-ring communication systems for data transfer across
rotating interfaces.

The work began with the simplest possible geometry, a solid PMMA rod-in-air fiber, fabri-
cated using the fiber drawing technique. After obtaining the base fiber, the next step was to
introduce the scatterers and enable side emission. Among various modification methods, a
surface-abrasion technique using abrasive paper was selected for its simplicity and low cost.
The aim of the initial experiments was to understand the relationship between the surface
treatment parameters and the resulting emission profile, and to identify the limits of this
method in achieving uniform side emission.

A theoretical analysis was first conducted to determine the scattering profile required for
uniform side emission along the fiber. If a fiber is modified identically along its length, the
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side-emitted light will naturally be strongest near the input and decay exponentially with
distance as the guided light is progressively lost. It showed that the scattering coe!cient
must vary gradually with distance from the light source to compensate for power decay along
the fiber. Based on this model, the fiber was divided into sections, and the number of surface
scratches in each section was calculated to follow the theoretical distribution of scatterers.
For the experimental evaluation, PMMA fibers with diameters between 0.8-1.5 mm were fab-
ricated and then modified using abrasive papers of di"erent grit sizes. The fibers were divided
into segments, each scratched with a specific number of passes to adjust the local scattering
density. A supercontinuum light source was used to illuminate the fiber, and the side-emitted
light intensity was measured along its length using an optical power meter. To ensure reli-
able comparison, the fiber was rotated in four orientations, and the average emission intensity
was recorded. The results confirmed that surface modification substantially increased side
emission, although achieving a fully uniform emission profile remained challenging. Several
systematic experiments were performed to identify the optimal parameters for surface mod-
ification. Rough abrasive papers (grit 240 and 320) generated strong emissions after a few
passes but quickly degraded the fiber surface, blocking light propagation. Smoother papers
(grit 400 and 600) produced weaker but more stable emission and enabled finer control. A
combination of di"erent grit sizes provided the best outcome. Initial scratches with smoother
paper, followed by localized rougher passes, enhanced emission without destroying guiding
properties. However, despite significant improvement, the emission along the fiber remained
non-uniform, with higher scattering near the input end.

To better understand the cause of non-uniformity, a cutback technique was used to measure
the intrinsic optical losses of the PMMA material. Furthermore, additional experiments
showed that precise control of the surface scattering profile is critical for obtaining a balanced
emission. E"orts were also made to improve the measurement reliability. A 3D-printed
integrating reflective surface was designed to collect light uniformly from all sides of the fiber,
eliminating the need for rotation during measurements. Preliminary tests showed improved
signal collection e!ciency, although further calibration was required before integrating the
device into the main experiments. Through these investigations, a practical understanding
was developed of how surface modification parameters, scattering mechanisms, and material
properties determine side emission in polymer fibers. The findings demonstrated that surface
abrasion is a feasible and low-cost method to induce side emission, but fine control and
reproducibility remain limited.

The results of this research were presented at the 35th COPL Annual Conference, where the
work received the first prize in the category of Optical Fibers and Devices. Following this
achievement, the next planned phase of the project aimed to extend the study by fabricating
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di"erent types of polymer fibers with more advanced material compositions and modifica-
tion techniques. In particular, a polycarbonate (PC) core with a PMMA cladding fiber was
fabricated using the fiber drawing technique. The subsequent modification step was planned
to employ a TiO2-based surface treatment, a more complex approach intended to introduce
controlled scattering centers through nanoparticle deposition rather than mechanical abra-
sion. However, the collaboration with the McGill research group was discontinued before
this stage could be completed, and the project did not progress to the implementation of this
modification method.

The second part of this thesis extended the focus from the visible range to the THz regime,
where the goal was to establish a reliable and repeatable measurement method for the char-
acterization of THz waveguides, particularly to evaluate attenuation losses. This study was
carried out as part of a collaboration with Attotude, a company specializing in THz technol-
ogy and instrumentation. The project began with the characterization of copper hollow core
waveguides using a continuous-wave (CW) THz spectroscopy system. To ensure appropriate
coupling and minimize measurement uncertainty, the first step was to determine the beam
diameter of the THz radiation generated by the system. This was achieved experimentally
using the knife-edge technique, where a metallic blade mounted on a micrometre translation
stage was moved across the THz beam while recording the transmitted signal at frequencies
between 100 GHz and 1 THz. The collected data were used to determine the beam diame-
ter. This step was crucial for selecting suitable focusing optics, leading to the choice of the
appropriate PTFE lens, which provided su!cient aperture to capture and focus the entire
beam throughout the studied frequency range.

Once the beam parameters were established, the transmission measurements of copper waveg-
uides were performed using the CW THz system. Three copper tubes with inner diameters
of 3 mm and lengths of 31 cm, 117 cm, and 204 cm were investigated using the cutback
technique to extract the attenuation. The setup incorporated parabolic mirrors and PTFE
lenses to focus the THz beam at the entrance and exit of each waveguide, while aluminum
plates around the apertures minimized stray radiation. Each waveguide was tested sequen-
tially under identical conditions to minimize environmental influences such as temperature
drift or electronic instability. The transmitted power spectra clearly showed decreasing sig-
nal levels with increasing waveguide length, and the attenuation increased with frequency.
These results confirmed that the implemented method successfully extracted the attenuation
characteristics of THz hollow-core waveguides within the frequency range of interest.

However, as the experiments progressed, signal reproducibility issues were encountered. De-
spite maintaining identical alignment and coupling parameters, successive measurements
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yielded noticeable variations in transmission spectra. To identify the cause, several diag-
nostic tests were performed. The system calibration was verified, integration time and step
size parameters were varied, and the experimental configuration was modified by introducing
four flat mirrors to redirect the beam for monitoring stability without altering the setup.
The stability tests confirmed that the THz system itself was stable. Further theoretical
analysis revealed that the copper waveguides used in this study were multimode structures.
These findings demonstrated that, while the implemented cutback-based measurement pro-
cedure is e"ective for determining the waveguide losses, the current configuration is not fully
suitable for multimode waveguides, where mode coupling introduces significant uncertainty.
Although the multimode nature of the waveguides limited measurement reproducibility, the
study provided valuable insights into the experimental challenges of THz waveguide testing
and outlined the improvements required for future investigations, particularly the need for
controlled mode excitation and optimized coupling schemes for single-mode operation in the
THz range.

1.2 Side-Emitting Polymer Fibers

Side-emitting polymer optical fibers (POFs) are a special kind of optical fibers designed to
emit light along their length. Similar to conventional optical fibers that confine light by total
internal reflection along their entire length, side-emitting fibers also guide light but allow a
portion of the radiation to escape through their cylindrical outer surface [2].

Early studies on side-emitting optical fibers date back to the 1990s, beginning with the
work on silica fibers. Hasselgren et al. [3] investigated the potential of using these fibers in
photodynamic therapy. They modified a conventional SiO2 fiber by removing the cladding of
30mm of the end of the fiber and replacing it with a thin layer of optical epoxy mixed with
TiO2 powder. Since the refractive index of the epoxy was higher than that of the fiber core,
the condition for total internal reflection was no longer satisfied, and light was coupled out of
the fiber core into the new cladding and scattered out of the fiber cladding by TiO2 particles.
The research on side-emitting fibers continued with Spigulis et al. works [4] investigating
the light di"usive fiber tips on silica fibers for local irradiation of tissues by lasers. In their
subsequent works [5–7], side-emitting silica fibers were fabricated by doping the cladding
with scattering additives and the potential applications for clinical use were investigated.
The researchers also introduced a simplified exponential model for side emission,

discussed the exponential decrease in side emission intensity with the length of the fiber. To
overcome this limitation, they suggested practical design approaches including dual-end cou-
pling, use of a reflector at the end of the fiber and gradually increasing the scattering e!ciency
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with the fiber length. Side-emitting fiber research was not limited to silica. Side-emitting
polymer optical fibers (SEPOF) have attracted growing attention due to their versatility,
enabling applications beyond conventional end emission. To date, they are widely used in
applications such as biomedical sensing, imaging and optical communication.

1.2.1 Light Emission Mechanisms and Fabrication Methods.

In side-emitting polymer optical fibers, lateral light emission is engineered by methods that
deliberately hinder total internal reflection. Side emission in polymer optical fibers can be
understood with reference to total internal reflection (TIR) at the core–cladding boundary of
a fiber. Let ncore and nclad denote the refractive indices of the core and cladding, respectively,
and let ω be the internal angle of incidence (measured from the normal at the interface). TIR
is sustained only when ω ↑ ωcrit,

where
ωcrit = sin→1

(
nclad
ncore

)
(1.1)

If the incidence angle decreases below ωcrit, the TIR condition is not satisfied and light
leaks into the cladding. These nonguided modes then couple to radiation modes and are
emitted laterally from the surface of the fiber, producing the side emission. Therefore, in
side-emitting optical fibers (SEOFs), the design objective is to decrease the incidence angle
below the critical angle to allow light leakage. The methods to change the incidence angle
can be categorized in four main categories [8]: bulk scattering, surface perforation, bending,
and luminescence.

Bulk Scattering One way to change the light path is to introduce the scattering centers
into the fiber. The scattering properties can be inherent to the material (e.g., Mie scat-
tering due to long molecular chains or Rayleigh scattering due to subwavelength molecular
irregularities) or can be induced by adding substances or dopants such as microparticles or
nanoparticles. The concentration of particles, shape and refractive index influence the emis-
sion strength [9,10]. Controlling the distribution of the particles over the fiber length enables
uniform illumination. Scattering particles can be added to the fiber in the fabrication process
of POF, like doping the fiber core or clad with scattering particles or as a post-processing
step, like the treatment with a femtosecond laser. Side emission in POFs can be realized
by adding the scattering particle to the core or cladding. The scattering particles can be
made from organic and inorganic materials with light scattering properties or synthetic ma-
terials [8, 10, 11]. In cladding doping, unlike in core doping, the light ray is scattered upon
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Figure 1.1 Reflection and refraction in side-emitting optical fibers: (a) refraction due to bulk
scattering, (b) refraction due to surface perforations, (c) refraction due to bending and (d)
refraction due to luminescence.

interaction at the core–cladding interface whenever it encounters a scattering particle. The
intermediate layer between core and cladding can also contain the scattering particles. The
size of the inserted microparticles varies between 50 and 2000 nm, so that both Rayleigh
scattering and Mie scattering can occur. In a typical fabrication process, SEPOFs are fab-
ricated by melting polymer granules, mixing them with scattering particles, and completing
the process in a co-extrusion step. Depending on whether the core or cladding is doped, the
scattering particles are compounded into the corresponding material, and the particle type,
size, and concentration are selected based on the desired emission characteristics. Defects
also act as the scattering centers in POFs [8]. These defects act as refractive index distur-
bances in the fiber core and scatter incident light, resulting in side emission from the fiber
surface [11, 12]. Focusing a femtosecond or picosecond laser on the polymer (ex., by use of
a microscopic objective) creates three-dimensional hollow structures below the fiber surface.
The geometry and texture of the cavity and, therefore, the profile of surface activation in the
fiber core depend on the laser power, the pulse energy, the number of pulses per interaction
point and the distance between two interaction points [13–15].
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Surface Perforation Surface treatment of the fiber with sandblasting, applying mechan-
ical pressure, or other physical microstructuring techniques introduces controlled roughness
at the core-cladding boundary, perturbing TIR and enhancing lateral emission. The re-
sulting surface features can range from micro-perforations to notches or grooves, and their
depth, number, and geometry determine the scattering strength and direction of the emitted
light [16–19]. Microperforations penetrate only slightly into the cladding and a"ect the core
minimally, resulting in weak scattering. Larger notches, on the contrary, emit a higher pro-
portion of light, and asymmetrically distributed perforations can lead to stronger emission on
the side opposite the notch [2]. The direction of the notches relative to the fiber axis and the
geometry of the notches also influence the emission. Notches angled against the light prop-
agation direction scatter more light on the notch side, while those angled with propagation
scatter to the opposite side [8]. Flat notches result in higher total internal reflection, while
deeper or broader notches increase scattering [18]. Surface perforation can be in the form of
discrete notches or continuous perforations, such as spiral defects along the fiber axis [20].

Di"erent strategies are used to homogenize the emission along the fiber length. One method
is to reduce the spacing between discrete notches with increasing distance from the source,
while another is to gradually increase the notch areas with increasing distance from the
light source by making the notches deeper. Both strategies can also be combined, and small
microperforations are applied to achieve a smoother distribution of emission [8]. The choice
of core and cladding materials also plays a key role, since di"erent materials have di"erent
absorption spectra for laser radiation, di"erent solubilities for di"erent solvents, and also
di"erent scratch resistances.

Mechanical surface perforation of fibers can be achieved through various abrasive methods.
Simple sanding with sandpaper, applied either manually or by machine, treats both the core
and cladding, while milling cutters or disc-shaped tools are suitable for producing larger or
asymmetric notches [16]. The most common approach, however, is particle blasting (sand-
blasting), in which fibers are exposed to high-speed abrasive particles such as quartz, metal,
or corundum accelerated by compressed air. The abrasive stream roughens the fiber surface,
and adhering particles are removed afterward, for example, using an air knife. In single-fiber
processing, blasting is typically applied continuously, and by adjusting nozzle pressure or
fiber feed speed, the degree of side-emission activation can be gradually controlled. For wo-
ven structures where POFs are used as planar light sources, CNC-controlled blasting nozzles
allow precise and gradual surface treatment [21].

Chemical surface treatment of POFs can be achieved using either etchants or solvents, with
the degree of modification depending on chemical concentration, temperature, and exposure
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time [16]. Exposing polymers to etchants results in material degradation through a chemical
reaction between the etchant molecules and the polymer chains. PMMA, in particular, shows
low resistance to alkaline etchants such as caustic potash and caustic soda, as well as to acidic
etchants including nitric, sulphuric, and hydrofluoric acid. Although these substances can
be used for chemical activation, their application in surface perforation is uncommon. The
main reasons are their highly aggressive reactivity, significant health hazards that complicate
handling, and their tendency to induce hairline cracks in the fiber surface during treatment
[22, 23].In solvent-based treatments, the polymer surface is modified through dissolution,
which disrupts the lattice energy and removes material. This approach produces a uniformly
roughened surface, leading to smooth side-emission and good homogeneity [17,24].

Thermal surface modification of fibers can be achieved either by laser ablation or by heated
embossing methods. In laser ablation, a focused laser beam is directed at the fiber, causing
localized heating that melts, decomposes, and evaporates the material. This process forms
cavities that extend into the core and act as scattering elements [18, 25, 26]. The resulting
cavity properties depend on parameters such as laser power, pulse duration, gas pressure,
and the angle of incidence [27,28]. In embossing processes, surface perforation is introduced
through a discontinuous process using a heated perforated plate or a continuous process
using a heated perforated roller. In both cases, the degree of surface modification depends
on contact pressure, contact duration, surface structure, and embossing device temperature.

Bending Bends induce a displacement of the core–cladding interface, which can cause a
light ray to drop below the critical angle, resulting in leakage of the guided light. Side
emission can be induced by both microbends where the bending radius R is in the range of
the fiber radius r or smaller, or macrobends with R ↓ r [29–32]. For large bending radii, this
e"ect is negligible, but for small radii, bending losses become significant. While considered
a disadvantage in data transmission, these losses can be exploited in sensing applications
[33–35], or for creating light-emitting fabrics [36,37]. The lateral emission of POFs caused by
bending depends on di"erent parameters, with the bending radius rB and the fiber diameter d

being the most critical. Increasing the bending radius decreases emission, while increasing the
fiber diameter enhances it. There is no general rule for selecting an optimal bending radius,
as it depends on multiple factors, including light source, desired brightness, illumination
length and the fiber diameter. Below a certain critical radius, however, mechanical failure
occurs. According to Wang et al., this critical bending radius can be estimated as [30]

rB,crit ↑ d

2 · εY
(1.2)
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where d is the fiber diameter and εY is its yield elongation.

Luminescence Another approach is adding the luminescent materials into the fiber. Lu-
minescent materials absorb the incoming light and re-emit it isotropically. In a polymer
optical fiber, the re-emitted photons that meet the core–cladding boundary at angles above
the critical angle satisfy total internal reflection and remain guided in the core. Photons
emitted at smaller angles fail this condition and refract into the cladding, producing side
emission. This approach allows for choosing the emission colour, which might be di"erent
from the incident light. By introducing di"erent luminescent materials along the fiber, the
emission colour can be varied spatially along its length [2, 12, 38, 39]. This method is com-
monly realized by incorporating photoluminescent dyes into the fiber, leading to so-called
dye-doped POFs [39]. In comparison to scattering-based side-emitting fibers, luminescent
POFs o"er isotropic emission profiles [2, 39]. According to Stokes’ rule, the emitted wave-
length is longer than or equal to that of the excitation wavelength, which often results in a
colour shift from blue to red The intensity and spectral properties of the fluorescence depend
strongly on the absorption characteristics of the dye, its concentration, and the intensity
of the coupled excitation light [39]. The wavelength of the emitted light depends on the
photoluminescent dye used. In the visible range, emission can cover a wide spectral range,
typically between 424 nm (violet) and 625 nm (red) [40]. Common dopants include organic
dyes such as rhodamines (e.g., rhodamine B) [41] and nanomaterials like carbon or silicon
quantum dots. The core, cladding, and photoluminescent dye must be compatible to allow
co-processing. The dye should be uniformly dispersed within the core, and the core material
must remain transparent at the emission wavelength of the dye [42].

From a fabrication point of view, luminescent POFs can be produced by several methods, such
as polymerization of dye-doped monomers in fibre-shaped molds [43,44], wet-spinning of dye-
doped polymer solutions [45, 46], co-extrusion or melt-spinning of dye-doped resins [47, 48],
and heat drawing from dye-doped preforms [49,50]. Among these, preform-based drawing is
the most widely used, as it is compatible with large-scale optical fiber production [49–51].
In this process, a dye-doped preform with a core-cladding structure is prepared and then
drawn into fibers in a fiber drawing tower, with the final fiber diameter controlled by the
drawing speed [51]. These approaches enable the reliable production of luminescent POFs
with tailored emission properties for both scientific and industrial applications [52].

Advantages and Limitations of Sidelight Activation Methods As outlined above,
numerous techniques have been developed to induce lateral emission in POFs, each char-
acterized by trade-o"s in fabrication cost, process complexity, mechanical reliability, and
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environmental footprint. Consequently, no single approach can be regarded as universally
superior; rather, the selection of an appropriate method depends on the application and must
balance requirements for durability, optical performance, economic feasibility, and sustain-
ability [8].

The main advantage of bulk scattering approaches is that the side-emitting function can
be incorporated directly during fiber fabrication, without additional post-processing steps.
Both core and cladding doping allow good control of scattering intensity through the choice
of particle material, concentration, and size. Additionally, doped fibers are durable and me-
chanically robust, since no external notches weaken the structure. Laser-induced volume
modifications o"er similar benefits with the added advantage of highly localized control of
scattering density inside the core. However, bulk scattering methods have several limita-
tions. Scattering particles and laser-induced voids permanently increase attenuation, and
limits maximum usable fiber lengths and reducing optical e!ciency. Particle addition also
introduces material compatibility, dispersion, and recycling challenges especially when metal
oxides or nanoparticles are used. In the case of laser-modified fibers, specialized equipment
is required. Finally, doped fibers provide no post-production adjustability. Once fabricated,
their sidelight power cannot be tuned without additional processing.

Surface perforation methods are highly flexible and allow any standard step-index POF to
be converted into a side-emitting fiber. Abrasive (sandblasting), chemical, and thermal/laser
treatments give control of lateral emission intensity, direction, and distribution. Because
these treatments are applied after fiber manufacturing, fiber modification can be performed
gradually by changing notch spacing, depth, or density along the fiber length. Laser abla-
tion, in particular, o"ers precise and reproducible structuring, is compatible with both single
fibers and woven textiles, and enables directional emission by shaping notches relative to the
fiber axis. The major drawback of surface perforation is the mechanical damage to the fiber.
Removal of material from the cladding weakens the fiber, reduces tensile strength, increases
the risk of surface cracking, and may limit minimum bending radius or textile durability.
Chemical treatments additionally pose safety and environmental concerns, produce hairline
defects, and are harder to control uniformly. Abrasive and laser processes require careful
parameter optimization to avoid cutting too deeply into the core, and most treatments in-
troduce additional losses that limit usable fiber lengths. Furthermore, equipment costs vary
widely: abrasive blasting is inexpensive while precision laser machining is costly.

Bending o"ers a unique advantage. lateral extraction is achieved without damaging the fiber
at all. The e"ect arises naturally when POFs are integrated into textile structures, where
many consecutive micro-bends decouple small fractions of light and together generate homo-
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geneous illumination. Since the fiber remains intact, bending-based side emission preserves
tensile strength, bendability, and lifetime better than surface-modified fibers. The approach
is particularly well suited for large-area illumination (e.g., light-emitting fabrics). The pri-
mary limitation is lack of fine control: bending-induced emission depends on POF diameter,
bend radius, weave structure, thread tension, and textile geometry, making output harder to
tune precisely. Excessive bending creates inhomogeneous brightness and ultimately increases
propagation losses, while too gentle weaving produces almost no emission. In addition, bend-
ing activation is generally constrained to textile systems and is impractical for standalone
fibers or rigid installations.

Luminescent POFs o"er unique advantages not achievable with scattering or notching. Flu-
orescent fibers produce exceptionally smooth, uniform side emission. These fibers can also
provide wavelength conversion such as absorbing blue/UV light and emitting visible colors
which enables specialized uses in sensing, medical illumination, and decorative textiles. On
the other hand, luminescent methods introduce challenges related to dye compatibility and
concentration control. Dyes can degrade over time leading to declining luminance. Incorpo-
rating dyes adds complexity to fiber processing, sometimes requiring specialized polymeriza-
tion, melt spinning, or preform fabrication. Emission e!ciency is strongly tied to excitation
wavelength and input intensity, making output less predictable. Finally, luminescent fibers
typically exhibit wavelength shift, meaning the output color depends on the dopant chemistry
rather than the source which beneficial in sensing but limiting for white-light illumination
applications.

1.3 THz waveguides

Lying between optical and microwave, THz waves cover the frequency range of 0.1–10 THz
(wavelengths 30 µm to 3 mm) [53]. THz technology has emerged as a frontier field with unique
capabilities for imaging, sensing and high-speed communications [54–57]. The development
of THz systems relies on three main components: sources, detectors, and transmission lines.
In comparison to the advancements in THz sources and detectors, the development of THz
waveguides is still confined to theoretical studies and laboratory-scale research. This is pri-
marily due to the strong absorption of THz waves in free space, especially by water vapour,
which necessitates waveguide structures capable of isolating the guided mode from the exter-
nal environment. Development of high-performance THz waveguides with low loss and low
dispersion is essential for advancing next-generation THz systems. All proposed THz waveg-
uides are based on metallic wires and dielectric waveguides which the guidance mechanisms
of later one as conventional optical fibers can be categorized into the total internal reflec-
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tion e"ect (TIR) [58], the modified total internal reflection (mTIR) [59]in microstructured
fibers (or Photonic Crystal Fiber), the photonic bandgap e"ect (PBG) [60], the anti-resonant
e"ect [61] and the topological channel e"ect [62].

Metallic waveguides with either rectangular or circular shapes are well used in microwave
systems, but utilizing them in the THz range su"ers from more loss as frequency increases [63].
Moreover, achieving flexible THz waveguides made only with metals is not possible. The
solution is based on the design of metamaterial waveguides made of metal/dielectric coated
waveguides [64]. Various types of metallic THz waveguides are shown in Fig. 1.2. The
first successful experimental demonstration of a submillimeter circular metal waveguide in
the THz range was shown by McGowan et. al [65]. The mentioned transmission line is
limited by the high loss of the metal as well as group velocity dispersion of the guided
waves. For overcoming these issues, Hadika et al [66] developed a flexible, hollow terahertz
waveguide made of PVDF and compared the guidance properties of this waveguide with the
same-sized metal waveguide. In order to meet the advantages of both metal and dielectric
waveguides, hybrid-clad waveguides, also known as metamaterial waveguides, are introduced
by Harrington et. al [67]

Figure 1.2 Metal-wire and coated hollow-core THz waveguides (a) Single metallic cladded
waveguide, (b) hybrid cladded waveguide, (c) metamaterial cladding, (d) two-wire dielectric
cladding, (e-f) cladding with multiple metal wire inclusions.

Another type of metamaterial waveguide is composed of a dielectric coating on metal. For
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instance, when metal is coated with polystyrene, the dielectric layer enhances the e"ective
reflectivity of the metal through interference e"ects, allowing the metal to function as a highly
e!cient mirror. Experimental studies on silver/polystyrene-coated hollow glass waveguides
have demonstrated that this approach can significantly reduce transmission loss to about
0.95 dB

m , compared with the much higher loss values of 3.5–5.0 dB
m observed in uncoated metal

waveguides [68, 69]. The important parameter is the thickness of the dielectric that should
be optimized to obtain a low transmission loss in the desired frequency range. Another way
of reducing loss is increasing the core size, but this increases the number of modes so that
modal coupling and modal dispersion become problematic [64].

1.3.1 Characterization of Terahertz Waveguides

The two most used measurement systems for characterization of THz waveguides are terahertz
time-domain spectroscopy (TDS) and THz continuous-wave (CW) spectroscopy. In THz-
TDS, the coherent detection of the time-domain signal can directly measure the transient
electric field. By applying a Fourier transform to this signal, the spectral response of the
sample can be obtained.

CW-THz is another commonly used system for waveguide characterization. One of the
advantages of the CW-THz system is the high spectral resolution that depends on the laser
linewidth. Moreover, the full CW-THz system can be driven by laser diodes, which makes
the system much more compact and less expensive in comparison to the TDS system [64].

In this work, the THz CW spectroscopy system (Toptica Photonics) is used for the charac-
terization of copper waveguides. In this system, the radiation from two tunable distributed
feedback (DFB) lasers operating at slightly di"erent wavelengths in the infrared C-band was
mixed. This signal was equally distributed to the emitter and detector arm using a 50:50
fiber coupler. Two photomixers are used as the emitter and detector. The first photomixer
converted the mixed signal into THz radiation, while a second photomixer, together with
a lock-in amplifier, was employed to detect the THz beam. A fiber stretcher in this CW-
THz system is used to obtain the phase information. The configuration of the THz CW
spectriscopy system is shown in Fig. 1.3.
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Figure 1.3 The schematic of the THz CW spectroscopy system. .
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CHAPTER 2 METHODOLOGY

2.1 Theoretical Basis of Side Emission

Light propagation in side-emitting fibers can be modeled on a di"erential segment of length
dz at axial position z (Fig. 2.1). Let I(z) denote the guided optical power at position z, A(z)
the absorbed light power, and S(z) the side-emitted power. Over [z, z + dz], according to
the energy conservation

I(z + dz) = I(z) ↔ A(z) dz ↔ S(z) dz. (2.1)

A(z) = ϑ · I(z) where ϑ is the constant material absorption coe!cient. The side scattering
e"ect is described by S(z) = ϖ(z) · I(z) where ϖ(z) is the variable side scattering coe!cient
along the fiber length. Considering that the side scattering coe!cient is composed of an
intrinsic scattering coe!cient ϖ0 due to natural imperfections in the fiber core, and the
extrinsic scattering coe!cient !ϖ(z) from the deliberate imperfections introduced either in
the bulk or fiber surface. Therefore, the side scattering coe!cient can be written as ϖ(z) =
ϖ0 + !ϖ(z). Taking dz ↗ 0 in (2.1) yields

dI(z)
dz

= ↔(ϑ + ϖ(z)) · I(z). (2.2)

The design goal is to have a constant side emission along the fiber. If ϖ(z) is constant, then
I(z) = I0 ·exp[↔z ·(ϑ+ϖ)]and S(z) = ϖ ·I(z) both decay exponentially; the emitted brightness
is therefore non-uniform.

Figure 2.1 Light propagation in the side-emitting optical fiber.
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A longitudinally uniform side emission is expressed by the condition

S(z) = S0 = const. (2.3)

This implies ϖ(z) = S0/I(z). Substituting into (2.2) gives a linear di"erential equation

dI(z)
dz

= ↔ϑ · I(z) ↔ S0, (2.4)

whose solution is
I(z) =

(
I0 + S0

ϑ

)
· e

→ωz ↔ S0
ϑ

(ϑ > 0). (2.5)

For weak absorption or short distances, this reduces to I(z) ↘ I0 · e
→ωz ↔ S0 z. The required

extrinsic activation follows from ϖ(z) = ϖ0 + !ϖ(z) = S0/I(z):

!ϖ(z) = S0
I(z) ↔ ϖ0. (2.6)

A feasibility condition at the input is !ϖ(0) ↑ 0, i.e.

S0
I0

↑ ϖ0. (2.7)

In the ideal lossless limit (ϑ ↗ 0) one has I(z) = I0 ↔ S0z, so I(z) ↑ 0 implies z ≃
zmax = I0/S0. Evaluated at the threshold S0/I0 = ϖ0, the maximal uniformly emitting length
becomes

zmax = 1
ϖ0

. (2.8)

Equations (2.2)–(2.8) summarize the general theory: constant ϖ leads to exponential, non-
uniform emission; uniform brightness S(z) = S0 fixes ϖ(z) = S0/I(z); the guided power then
follows (2.5); the necessary extrinsic activation is (2.6); and feasibility and length limits are
set by (2.7) and (2.8).

Side emission from fibers designed for the maximal length. Consider fibers designed
for uniform brightness with negligible absorption, ϑ ⇐ ϖ0. Let

Lmax = I0
S0

(2.9)

denote the length at which the guided power vanishes for the target constant side emission
S0. Using S(z) = ϖ(z)I(z) and I(z) = I0 ↔ S0z in the lossless limit, the required extrinsic
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activation is
!ϖ(z) = S0

I(z) ↔ ϖ0 = 1
Lmax ↔ z

↔ ϖ0. (2.10)

From the feasibility condition S0/I0 ↑ ϖ0 it follows that Lmax ≃ 1/ϖ0.

In fabrication, the implemented scatterer density may di"er from the ideal profile (21) by an
unknown multiplicative factor ϱ. A more realistic prescription is therefore

!ϖ(z) = ϱ

( 1
Lmax ↔ z

↔ ϖ0

)
. (2.11)

With ϖ(z) = ϖ0 + !ϖ(z), the power evolution obeys

dI

dz
= ↔

(
ϖ0 + !ϖ(z)

)
I(z). (2.12)

Solving (23) with I(0) = I0 gives

I(z) = I0 e
→z(1→ε)ϑ0

(
1 ↔ z

Lmax

)ε

, (2.13)

and the side-emitted power density follows as

S(z) = ϖ(z) I(z) = S0 e
→z(1→ε)ϑ0

(
1 ↔ z

Lmax

)ε
(

ϱ

1 ↔ z
Lmax

+ ϖ0(1 ↔ ϱ)
)

. (2.14)

For such profiles I(z) ↗ 0 as z ↗ Lmax, consistent with the design objective.

2.2 Fiber Drawing Technique for Fabrication of Polymer Fibers

The fiber drawing process is a widely used technique for the fabrication of POFs in which
a preform is drawn into fibers of di"erent diameters. The preform can be a commercially
available polymer rod or can be fabricated with the desired core–cladding geometry and
material composition. The preform is then drawn into optical fibers in a fiber drawing
tower. Most POFs can be drawn in relatively low temperatures, between 200 ↑C and 300 ↑C.
An important step before starting the drawing process is degassing the preform to remove
the air bubbles inside the polymer. Drawing a preform without degassing results in cracks
and defects during the drawing. Degassing is done in an oven at a temperature below the
polymer’s degradation temperature for at least 2-3 weeks.
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(a) (b)

Figure 2.2 Fiber drawing process: (a) schematic of the fabrication process; (b) photo of
preform end after drawing.

During the drawing process, the preform is clamped inside a furnace and heated above its
glass transition temperature but lower than its melting temperature. The schematic of the
process is demonstrated in Fig 2.2a. The heating of the preform leads to a decrease of its
viscosity, and the polymer goes from the solid state into a viscous state. In this viscous
state, the take-up roll can draw the preform into a fiber. A critical condition during fiber
drawing is the draw tension. It must be kept relatively low (typically 50–100 g). If the draw
tension is too high, POF could be over-stretched and may shrink considerably and causing
fiber deformation and optical loss [70].

2.3 Mode Analysis in Circular Metallic Waveguides

The transverse electric (TE) and transverse magnetic (TM) modes of a circular metallic
waveguide are obtained as solutions of the wave equation in cylindrical coordinates. In par-
ticular, the TE modes correspond to solutions with Ez = 0, while the TM modes correspond
to solutions with Hz = 0. These modes are defined by the cuto" wavenumber.

For circular metallic waveguides, the cuto" frequency is defined by the cuto" wave number
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kcnm = p→
nm
a , where n refers to the number of circumferential (ς) variations and m refers to

the number of radial (φ) variations [71].

The propagation constant of a mode is expressed as

↼ =
√

k2 ↔ k2
c , (2.15)

where
k = ↽

⇒
µ⇀ (2.16)

is the free-space wavenumber in the medium, with µ and ⇀ being the permeability and
permittivity, respectively, and

kc = p

a
(2.17)

is the cuto" wavenumber, where a is the waveguide radius and p represents either p
↓
nm or

pnm, which are the roots of the Bessel function and depending on the mode type.

For TEnm modes, the propagation constant becomes

↼nm =
√

k2 ↔
(

p↓
nm

a

)2
, (2.18)

with cuto" frequency
fc,nm = kc

2⇁
⇒

µ⇀
= p

↓
nm

2⇁a
⇒

µ⇀
. (2.19)

The first TE mode to propagate is the one with the smallest p
↓
nm, which is the TE11 mode.

This mode is the dominant circular waveguide mode.

Similarly, for TMnm modes, the propagation constant is

↼nm =
√

k2 ↔
(

pnm

a

)2
, (2.20)

with cuto" frequency
fc,nm = kc

2⇁
⇒

µ⇀
= pnm

2⇁a
⇒

µ⇀
. (2.21)

The first TM mode to propagate is the TM01 mode, with p01 = 2.405. Since this is larger
than p

↓
11 = 1.841 for the lowest-order TE11 mode, the TE11 mode is the dominant mode in a

circular waveguide.
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2.4 Experimental Methods for THz Waveguide Characterization.

2.4.1 The Knife-Edge Method

The knife-edge technique is a widely used method for measuring laser beam size. In this
method, a sharp blade is translated transverse to the beam propagation axis, gradually
obscuring the beam, while a detector measures the transmitted power as a function of the
knife-edge position. As the blade moves across the beam, the detected power drops from
the full beam power to nearly zero in an S-shaped curve. By analyzing this transmission
curve, the beam’s spatial intensity profile and diameter can be obtained [72]. In a typical
setup, the knife-edge is mounted on a micrometre stage moving perpendicular to the beam.
The blade is oriented so that it blocks one side of the beam. Initially, when the knife-edge
is far to one side, the detector sees the full beam power. As the blade enters the beam, it
progressively blocks the beam, causing the transmitted power to decrease. Finally, when
the knife fully covers the beam, the transmitted power falls to essentially zero (aside from
background or di"raction e"ects). The transition region of the transmission curve contains
information about the beam’s cross-sectional intensity distribution.

Figure 2.3 The schematic of the measurement of the laser beam radius using the knife-edge
technique.

When scanning along the x direction, the transmitted energy at X is given by [72]:

E(X) = E0

∫ +↔

→↔
exp

(

↔2y
2

w2
y

)

dy

∫ X

→↔
exp

(

↔2x
2

w2
x

)

dx = E0wy

√
⇁

2

[
1
2

∫ X

→X
exp

(

↔2x
2

w2
x

)

dx + wx

√
⇁

2

]

(2.22)

By introducing the error function, this reduces to:
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E(X) = ⇁

4 wxwyE0

[

erf
(

X
⇒

2
wx

)

+ 1
]

(2.23)

and the normalized knife-edge function is:

E(X)norm = E(X)
E(⇑) = 1

2

[

erf
(

X
⇒

2
wx

)

+ 1
]

(2.24)

From this expression, the beam half-width wx is determined as the distance between positions
X1 = ↔wx/2 and X2 = wx/2 where the transmitted energy increases from 15.9% to 84.1% .
This definition corresponds to the 1/e

2 half-width parameter (Gaussian spot size).

After collecting the transmitted power as a function of the position, one approach to extract
the beam radius is fitting the measured power vs. position data to a theoretical model. Curve
fitting can be performed using several software including MATLAB.

2.4.2 Cutback Method

Attenuation in optical fibers is a critical factor influencing all fiber-based applications. Ac-
curate characterization of fiber losses is essential for the design, implementation, and per-
formance evaluation of optical systems. One approach for waveguide characterization is the
cut-back technique. As illustrated in Fig. 2.4, the cutback method is used to measure the
transmission loss of optical fibers at di"erent lengths. The optical power transmitted along
a fiber decreases exponentially with propagation distance and can be expressed as

P (z) = P0e
→ωz (2.25)

where P (z) is the transmitted power after a propagation distance z, P0 is the input optical
power, and ϑ is the attenuation coe!cient and considered to be uniform. In practice, ϑ

can be calculated by comparing the transmitted power measured at di"erent fiber lengths.
Considering the same coupling condition and if the same input power is coupled into the
fiber, and the output powers P1, P2, and P3 are measured for fiber lengths L1, L2, and L3,
respectively. The attenuation coe!cient can be determined as [1]

ϑ =
ln

(
P2
P1

)

L1 ↔ L2
or ϑ =

ln
(

P3
P2

)

L2 ↔ L3
. (2.26)
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Figure 2.4 The schematic of the cutback process to measure attenuation of the fiber [1].

More generally, for any two arbitrary fiber lengths La and Lb with corresponding transmitted
powers Pa and Pb, the attenuation coe!cient can be expressed as

ϑ =
ln

(
Pb

Pa

)

La ↔ Lb
. (2.27)

This formulation allows the attenuation coe!cient to be extracted directly from experimental
measurements at di"erent fiber lengths.

The extraction of the loss coe!cient is based on fitting the measured transmission data to
the exponential decay model. Taking the natural logarithm of the transmission relation gives

ln P (L) = ln P0 ↔ ϑL, (2.28)

which is a linear equation in L. Thus, plotting ln P (L) against L yields a straight line whose
slope corresponds to the attenuation coe!cient ϑ. A MATLAB code was used to automate
this procedure. The code uses the measured transmission spectra for all waveguide lengths,
normalizes them to a reference signal, and fits the data to the exponential decay model.
It estimates both the attenuation coe!cient ϑ as a function of frequency and the coupling
spectrum.
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CHAPTER 3 FABRICATION AND CHARACTERIZATION

3.1 Fabrication and Characterization of Polymer Fibers for Side Emission

We aimed to fabricate polymer optical fibers and subsequently modify them to achieve uni-
form side emission along their length. The development of such fibers requires precise con-
trol of scattering mechanisms. The fabrication process, surface modification techniques, and
characterization methods employed to realize and evaluate side-emitting polymer fibers are
presented in the first section of this chapter.

3.1.1 Fiber Fabrication Process

For the fabrication of side-emitting fibers, solid-core polymethyl methacrylate (PMMA) fibers
were produced using the fiber drawing technique explained in 2.2. 1-inch PMMA rods were
used as the preform, from which fibers with diameters ranging between 0.8 mm and 1.5 mm
were drawn.

3.1.2 Realization of the Scattering Profile

In order to achieve uniform side emission along the fiber, it was necessary to determine the
required scattering profile that governs how light leaks laterally as a function of propagation
distance. From the theoretical analysis, it was found that the scattering coe!cient, denoted
as !ϖ(z), must vary with the position z along the fiber in order to produce uniform emission.

The expression for the scattering coe!cient can be written as:

!ϖ(z) = s0
I0e→ωz ↔ s0z

↔ ϖ0,

The side scattering coe!cient must always be positive, which results in (a) an entrance
condition at z = 0,

!ϖ(0) = s0
I0

↔ ϖ0 ↑ 0 ⇓ s0
I0

↑ ϖ0 (3.2)

and (b)
I0e

→ωz ↔ s0z > 0. (3.3)

The maximal length for which uniform emission can be sustained is therefore defined by the
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equality
s0 zmax = I0e

→ωzmax (3.4)

considering the low-absorption (ϑ/ϖ0 ⇐ 1), e
→ωzmax ↘ 1 and

zmax ↘ I0
s0

. (3.5)

If, in addition, the entrance condition is set to equality s0/I0 = ϖ0, this reduces to

zmax ↘ 1
ϖ0

= I0
s0

. (3.6)

Therefore, the scattering coe!cient simplifies to:

!ϖ(z) = 1
zmax ↔ z

↔ ϖ0. (3.7)

To generalize, a proportionality factor ϱ is introduced, leading to:

!ϖ(z) = ϱ

( 1
zmax ↔ z

↔ ϖ0

)
. (3.8)

Assuming that the concentration of scatterers C(z) is proportional to the required scattering
coe!cient, we obtain:

C(z) = ϱ

( 1
zmax ↔ z

↔ 1
zmax

)
. (3.9)

This formulation provides the theoretical basis for experimentally realizing the scattering
profile. To translate it into practice, the fiber was divided into eight sections, each corre-
sponding to a specific concentration of scatterers. The calculated distribution of scatterers
along the fiber is summarized in Table 3.1, which lists the relative concentration in each
section and the corresponding number of times the polishing paper was applied to the fiber
surface.
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Table 3.1 Calculated concentration of scatterers and corresponding number of polishing paper
passes for each fiber section

Number of section Concentration of scatterers: C(z) = ϱ
z

L(L→z) Number of polishing passes
1 ϱ

(
1
15

)
2

2 ϱ

(
3
13

)
7

3 ϱ

(
5
11

)
14

4 ϱ

(
7
9

)
23

5 ϱ

(
9
7

)
39

6 ϱ

(
11
5

)
66

7 ϱ

(
13
3

)
130

8 15ϱ 450

Figure 3.1 Schematic of fiber sections.

In order to enable lateral light emission, the fabricated fibers were subsequently modified to
introduce scattering centers. This was achieved by scratching the fiber surface manually with
a smooth abrasive paper. A 1-meter fiber segment was divided into eight equal sections, and
in each section the polishing procedure was applied according to the calculated parameters
summarized in Table 3.1. To ensure symmetrical modification, the polishing paper was
applied to di"erent sides of the fiber in a single direction. A schematic representation of the
fiber divided into eight sections is shown in Fig. 3.1, where section 1 corresponds to the fiber
input (nearest to the source) and section 8 corresponds to the fiber output.
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a b

c d

Figure 3.2 Images of SE-POF fabrication and measurement process. (a) PMMA fiber drawn
on the fiber tower (b) Surface-modified fiber for side emission (c, d) The side-emission mea-
surement setup

Following the modification, the side emission characteristics were evaluated. For this pur-
pose, a supercontinuum light source was coupled into the fiber. The side-emitted light was
measured using an optical power meter (Newport 841-PE Power/Energy Meter). The mea-
surement setup is shown in Fig. 3.2c–d.

First, the background light intensity was measured with the supercontinuum source blocked,
which was used as the reference signal. Subsequently, the side emission of a 1-meter-long
fiber was recorded by sequentially rotating the fiber 90 ° and recording the emission from four
sides. In each orientation, the emission was maximized at the fiber end before proceeding
with the measurement in order to keep the coupling condition constant. The average intensity
from these four orientations was then considered as the side emission intensity.
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Despite the fabrication and surface modification process, the resulting side emission was not
fully uniform along the fiber length. To identify the underlying reason of this non-uniformity,
two possible limiting factors were evaluated:

1. Material inherent loss: If the polymer material exhibits a high intrinsic scattering
coe!cient ϖ0, the available guided power decreases rapidly, making it di!cult to sustain
uniform emission over the entire fiber length.

2. Realization of the scattering profile: The theoretical analysis shows that a distri-
bution of scatterers, given by 3.9 is required to achieve uniform side emission. However,
in practice, the precise realization of this distribution is challenging, and deviations from
the calculated profile lead to variations in emission intensity.

In the following sections, we analyze these two aspects in detail in order to clarify their
contribution to the observed nonuniform side emission.

3.1.3 Characterization of Material Using the Cutback Technique

To evaluate the optical loss of the bulk material used for fiber fabrication, a cutback measure-
ment was performed using four PMMA rods, each 30 cm in length. Before the experiment,
the rods were polished to obtain flat end faces, ensuring proper optical contact. To minimize
losses at the interfaces between rods, an acrylic index-matching gel (n = 1.4917, Cargille) was
applied on the surfaces. The experimental setup, shown in Fig. 3.3, employed four mirrors
to scan the input beam across the rod cross-section in two orthogonal directions, allowing
excitation at 30 distinct launch points on the cross-section of the rod. Transmission was
first measured with a single 30 cm rod, after which the second, third, and fourth rods were
added sequentially, and the measurements were repeated under identical conditions. These
measurements provide an estimate of the intrinsic material losses, which serve as a baseline
for evaluating additional losses introduced during fiber drawing and surface modification.
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Figure 3.3 Schematic of the setup for the cutback measurement of PMMA rods.

3.1.4 Investigation of Scattering Profile

In addition to evaluating the intrinsic material losses, a series of measurements was performed
in order to investigate how the scattering profile can be experimentally realized to achieve
uniform side emission. For this purpose, a 30 cm long PMMA fiber was used. Initially, the
side emission of the unmodified fiber was recorded and served as a reference. Subsequently,
the fiber was progressively modified in seven steps by introducing surface scatterers through
controlled scratching with polishing paper, and the side emission was measured after each
modification step. This approach allowed us to monitor how incremental changes in the
surface scattering profile a"ect the lateral emission distribution along the fiber length, thereby
providing insight into how closely the experimental modifications could approximate the
theoretically required profile.

To experimentally realize the theoretical scattering profile required for uniform side emission,
several series of measurements were carried out using abrasive papers of various grit sizes.
50 and 25cm fibers were scratched using papers with grit sizes 240, 320, 400 and 600. The
results showed that emission decreased after a certain number of scratches. This suggested
that rough abrasive papers are too destructive, and smoother papers should be tested.

A 1-meter Fiber was then divided into four equal sections of about 25 cm each, and each
section was scratched with abrasive paper with a grit size of 400. The number of scratches was
gradually increased with distance from the source, fewer passes near the input, more passes
toward the distal end, in order to compensate for the decrease of emission along the fiber.
After this modification, the side-emission intensity was measured at 2.5 cm intervals along
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(a) PMMA fiber without any
scratches

(b) PMMA fiber after 2 times
scratching

(c) PMMA fiber after 7 times
scratching

Figure 3.4 Microscopic images of PMMA fiber surface modified using abrasive paper with
grit size 240.

the fiber. The fiber was then flipped, and the measurement was repeated under identical
conditions to check for directional dependence. A second round of scratching was applied to
examine whether adding more passes would further enhance or instead reduce emission. In
this case, one additional pass was made on the section closest to the source and two extra
passes on the distal sections.

Figure 3.5 Schematic of scratching profiles applied to a PMMA fiber divided into four sections.
Numbers indicate the number of longitudinal polishing passes per section. In the last profile,
additional passes are shown in red. The fiber was flipped between measurements to assess
directional e"ects.

An important observation was that the side-emission intensity was consistently higher at
the boundaries between sections, i.e., at the points where each new scratching sequence
was initiated. This e"ect is likely due to the way the polishing paper was first applied,
i.e. pressed transversely at the boundaries before being moved along the fiber, creating a
localized increase in scattering. This finding suggested that the orientation of scratching
plays a significant role and motivated subsequent tests with modified scratching directions
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where the scratching was applied transversely.

(a) (b)

Figure 3.6 Scratching direction: (a) longitudinal, (b) transverse.

As a first attempt to test this hypothesis, the experiment was repeated on a 30 cm fiber.
The fiber was divided into two sections, and successive scratching profiles were applied using
abrasive paper of grit sizes 400 and 240 as summarized in Table 3.2. In the first and second
profiles, scratches were made uniformly along the entire fiber length. In the third profile, the
fiber was divided into two halves, and only the section farthest from the source was scratched.
In subsequent profiles, additional scratches were introduced on the second section: one pass
with grit size 400 followed by one pass with grit size 240 in the fourth step, and finally, one
more pass with grit size 240 in the fifth step. The results clearly demonstrated the e"ect of
progressive surface modification. At step 4, it was not possible to carry out the measurement
because light could no longer propagate through the fiber.

Table 3.2 Scratching profiles applied to a 30 cm PMMA fiber (diameter →1.6–1.7 mm) using
abrasive papers of grit size 400 and 240.

Profile Description
1st Scratching along the entire fiber length with grit size 400.
2nd Scratching along the entire fiber length with grit size 400 (repeated).
3rd Fiber is divided into two sections; only the section far from the source is scratched

with grit size 400.
4th Second section scratched once with grit size 400, then once with grit size 240.

The measurement was not possible at this step.
5th Second section scratched once with grit size 240.

In the next step, a 20 cm PMMA fiber was tested in order to evaluate whether a more uniform
emission profile could be achieved by combining di"erent abrasive papers. The procedure
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began with uniform scratching along the entire length using grit size 400. The fiber was then
divided into two sections, and the distal section, farthest from the source, was selectively
modified using grit sizes 240 and 120 in successive steps. To further refine the scattering
distribution, additional localized passes with grit size 120 were applied between the last two
sampling points. A summary of the profiles applied to the 20 cm fiber is given in Table 3.3.
The results of the measurements will be discussed in chapter 4.

Table 3.3 Scratching profiles applied to a 20 cm PMMA fiber (diameter →1.6–1.7 mm) using
di"erent grit sizes.

Profile Description
1st Scratching along the entire fiber length with grit size 400.
2nd Fiber is divided into two sections: the distal section (far from the source) is

scratched with grit size 240.
3rd Distal section scratched with grit size 120.
4th Additional localized scratching between the last two sampling points with grit

size 120.
5th Repeated localized scratching between the last two sampling points with grit size

120.
6th Further localized scratching between the last two sampling points with grit size

120.

3.1.5 Reflective Surface Design for Enhanced Light Collection

In a further step of this work, an integrating reflective surface was designed and fabricated
in order to collect light uniformly from all sides of the fiber, therefore eliminating the need
to rotate the fiber during measurements. The element was designed using SolidWorks and
fabricated using an FDM 3D printing method, and its geometry was designed to enclose
the fiber while redirecting side-emitted light toward the detector. To improve its optical
performance, the inner surface was coated with a metallic spray, which provided a smoother
and more reflective surface compared to the raw printed surface, although minor irregularities
remained due to printing defects (Fig. 3.7).

Preliminary tests with this reflective surface demonstrated that it could enhance the detected
side emission by e!ciently gathering scattered light from the fiber. The e!ciency of the
integrating surface was calculated by comparing the detected power with and without the
element. For a fiber length L, the e!ciency η(L) is defined as

η(L) = 10 log10

(
Pwith(L)

Pwithout(L)

)

, (3.10)
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where Pwith(L) and Pwithout(L) are the measured powers recorded with and without the
integrating surface, respectively.

However, the device was not incorporated into the main measurements, as the method re-
quired additional calibration to account for the e"ect of the integrating surface itself. At this
stage, e"orts were primarily focused on understanding and controlling the parameters that
govern fiber emission through abrasive modification. However, such an integrating element
could prove valuable in future work, as it o"ers a practical means to collect side-emitted light
more e"ectively and may facilitate more reliable characterization of emission profiles.

(a) (b)

Figure 3.7 (a) A view of 3D-printed integrating element on the setup, (b) Inner surface of
the integrating element with a metallic coating.

3.2 Characterization of Copper Waveguide

3.2.1 Calculation of Beam Size Using Knife-Edge Technique

To measure the beam size of the THz signal generated in the THz CW spectroscopy system,
the knife-edge technique explained in 2.4.1 was employed. A metallic blade was mounted on
two micrometre translation stage with a scanning range of 5 cm, allowing precise movement
across the beam path. A schematic of the setup for beam size measurement is represented
in Fig. 3.8.
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Figure 3.8 The schematic of the experimental setup for knife-edge measurement.

The blade was positioned at the midpoint of the setup where the beam waist was expected,
and advanced through the beam in uniform steps of 5 mm. At each position, the transmitted
signal was recorded across frequencies ranging from 100 GHz to 1 THz. This procedure en-
abled reconstruction of the beam profile by monitoring the reduction in transmitted power as
the knife edge progressively blocked the beam. The primary motivation for this measurement
was to determine the beam size in order to select appropriate PTFE lenses of proper size for
the experimental setup. Knowledge of the beam diameter was essential to ensure that the
chosen lenses would capture the full beam cross-section and properly focus it for subsequent
experiments. For all measurements, background noise levels were recorded with the detector
blocked, particularly at higher frequencies, to verify the signal. Examples of the obtained
experimental data and the fitted curve are demonstrated in Fig.3.9. The recorded data at
each frequency were processed in MATLAB. A Gaussian fit was applied to the measured
transmission curve, and the derivative of the fit was used to calculate the full width at half
maximum (FWHM).

The beam diameter D was then calculated using

D = 2 ⇔ FWHM⇒
2 ln 2

.

This procedure allowed the calculation of the beam diameter at each frequency.

The results, summarized in Fig. 4.10.
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(a) (b)

Figure 3.9 Examples of plots showing the experimentally collected data from knife-edge
measurement (blue curve) and the theoretical fit (red curve) for frequencies of (a) 100 GHz,
(b) 700 GHz.

3.2.2 Transmission Measurements of Copper Waveguides

To investigate the absorption losses of copper waveguides with 3mm inner diameter (ID) in the
terahertz range, a cutback measurement was performed using three copper waveguides with
lengths of 31 cm, 117 cm, and 204 cm. The schematic of the setup for these measurements
is shown in Fig. 3.10 and the view of the experimental setup used for these measurements is
shown in Fig. 3.12.

A homemade 3D-printed holder was used to mount the copper waveguides during the exper-
iments. The holder was designed in SolidWorks and printed using a FDM 3d printer. The
holder is designed in a way that, by unscrewing the upper pieces, a tube could be removed and
replaced with another one without changing the other elements of the setup. This ensured
the consistency of the coupling and outcoupling conditions during the measurements. The
measurement procedure started with the alignment of the system. The first two photomixers
and parabolic mirrors were aligned. After placing the first PTFE lens, the focal position
of the beam was identified using an aperture and the holder was then positioned such that
the beginning of the tube coincided with the position of the first aperture, while a second
aperture was placed at the end of the holder. As shown in Fig.3.11a, the PTFE lenses were
mounted on three miniature translation stages, allowing fine adjustment of their position to
achieve optimized coupling and outcoupling conditions.

The coupling and outcoupling lenses were arranged so that both the entrance and exit of the
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Figure 3.10 The schematic of the CW spectroscopy system for the transmission measurement.

tube were located at the focal planes of the lenses. To block the stray radiation, two large
aluminum plates were placed around the apertures, ensuring that only the signal transmitted
through the tube was detected (Fig.3.11b).

(a) (b)

Figure 3.11 Images of the experimental setup for characterization of copper waveguide.

After the alignment was completed, the straight copper tube was mounted in the holder, and
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the coupling and outcoupling optics were adjusted to maximize the transmitted signal. Once
this measurement was completed, the tube was removed by unscrewing the upper part of the
holder and was replaced by the one-loop copper tube. The same coupling conditions were
maintained, and only slight adjustments of the outcoupling lens, using the 3D translation
stage underneath the lens, were applied to re-optimize the detected signal. In the next
step, the one-loop tube was replaced with the two-loop copper tube following the same
procedure. Finally, after all tube measurements were completed, the noise level of the system
was recorded by removing the tube completely while leaving all other components of the setup
unchanged. For each configuration—the straight tube, the one-loop tube, and the two-loop
tube—the measurement was repeated with the tube flipped to examine possible asymmetry
in coupling. All of these measurements were performed on the same day without turning
o" the system in order to minimize the influence of factors unrelated to the waveguides
themselves. In this way, the e"ect of environmental variations such as temperature changes,
as well as possible system instabilities including warm-up, electronic drift, or slight alignment
shifts, was minimized. This ensured that any observed di"erences in the transmitted signal
could be attributed to the copper waveguides and their geometry rather than external or
system-induced variations.

(a) (b)

(c) (d)

Figure 3.12 A view of the experimental setup for the measurement of (a) the reference signal,
(b) the transmission of the straight copper waveguide, (c) the transmission of the one-loop
copper waveguide, and (d) the transmission of the two-loop copper waveguide.
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These experiments aimed to develop a consistent method to characterize the THz waveguides
using the cutback technique. However, in practice, several issues were encountered. Despite
maintaining the same alignment and coupling/outcoupling conditions, the transmitted signal
was not consistent across repeated measurements. To investigate the reason for this inconsis-
tency, several tests were performed. For example, the calibration of the system was checked,
and di"erent THz system parameters such as integration time and step size were varied to
examine their influence on the measured signal. In another test, four plane mirrors were
introduced into the setup to redirect the beam, allowing the signal to be monitored directly
during the measurements without removing the waveguides or changing the lenses (Fig. 3.13).
Mirrors 1 and 2 are kept on the setup during measurements, but mirrors 3 and 4 are removed
each time and added again for the measurement. The purpose of this modification was to
verify the stability of the detected signal throughout the measurement process. These tests
confirmed that the di"erence in the signals is not related to the measurement system.

(a) (b)

Figure 3.13 A view of the modified experimental setup with four mirrors to verify signal
stability during the measurements (a) empty system with mirrors (b) the measurement setup
with holder.

Finally, the underlying cause was identified as the fact that the copper waveguides are mul-
timode, and therefore the signal could not be coupled in a consistent way directly, without
the use of an additional coupling element such as a taper to suppress higher-order modes.
To confirm this assumption, the cuto" frequencies for several modes of the copper waveguide
with a diameter of 3mm are calculated for TE (Table. 3.4) and TM (Table. 3.5) polarizations.

Table 3.4 Cuto" frequencies of TE modes of a 3 -mm-diameter copper circular waveguide.

n TEn1(GHz) TEn2(GHz) TEn3(GHz)
0 121.9763 223.3262 323.8485
1 58.6009 169.6910 271.7093
2 97.2118 213.4586 317.3550
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Table 3.5 Cuto" frequencies of TM modes of a 3 -mm-diameter copper circular waveguide.

n TMn1(GHz) TMn2(GHz) TMn3(GHz)
0 76.5535 175.7071 275.4654
1 121.9763 223.3262 323.8485
2 163.4521 267.9214 369.8761
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CHAPTER 4 RESULTS

4.1 Results on Side-Emitting Polymer Fibers

Fig. 4.1 presents the side-emission intensity measured along a 1 m PMMA fiber before and
after surface modification. For the unmodified fiber, the emission is relatively lower along
the entire length, with values gradually decreasing from the input toward the output. After
the scratching procedure described in Chapter 3, a clear enhancement of side emission is
observed across the fiber. In particular, the emission intensity near the input increases
significantly, reaching values approximately two times higher than those of the unmodified
fiber. However, despite this increase, the emission profile is non-uniform, with stronger
scattering near the source and lower emission toward the distal end. This result confirms
that surface modification by polishing can e"ectively increase side emission but also highlights
the challenge of achieving a fully uniform distribution along the fiber length.
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Figure 4.1 Side emission intensity of the PMMA fiber before and after surface modification.

To evaluate whether material absorption and scattering losses contributed to the observed
non-uniform side emission, cutback measurements were performed on bulk PMMA rods.
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Fig. 4.2 represents the transmission results obtained from the cutback measurement of the
PMMA rods. Transmission values were recorded for rod lengths of 30 cm, 60 cm, 90 cm,
and 120 cm, corresponding to one, two, three, and four rods, respectively. The data points
were fitted with an exponential decay function in MATLAB to model the attenuation of light
as a function of propagation length. From the fit, the material attenuation coe!cient was
extracted as ϑ = 0.011 ± 0.001 cm→1, indicating the intrinsic optical loss of the bulk PMMA
material for fiber fabrication.

Figure 4.2 Transmission measurements of bulk PMMA rods with di"erent lengths of 30 cm,
60 cm, 90 cm, and 120 cm. The experimental data points are shown with markers, and the
exponential fit is shown as a solid line.

To investigate how the scattering profile can be experimentally realized, a 20 cm fiber was
progressively modified, and after each scratching step, the side emission was recorded. The
results are shown in Figure 4.3. The unmodified fiber exhibited very weak side emission across
the measured length, consistent with the fact that, in the absence of scattering centers, most
of the guided light remains confined to the core. After the first few scratching passes, the
emission increased noticeably, particularly near the input end of the fiber. As the number of
scratches increased, the side emission continued to increase, but the e"ect was not uniform
along the length. Instead, localized regions of higher emission appeared. Beyond a certain
threshold (e.g., 39–130 passes), the emission intensity decreased. This indicates that excessive
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scratching degrades the guiding properties of the fiber and blocks the side light.
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Figure 4.3 Side emission of PMMA fiber after modification for di"erent numbers of passes
with abrasive paper.

To further investigate how the scattering profile can be experimentally realized, fibers were
modified with abrasive papers of di"erent grit sizes, and the change in the side emission inten-
sity was monitored as a function of the number of scratching passes. The results revealed a
general pattern. After a small number of scratches, the side-emission intensity increased sig-
nificantly, but beyond a certain threshold, further scratching became destructive and reduced
the enhancement. At the beginning of the process, polishing introduces additional scatter-
ing centers on the fiber surface, thereby increasing side emission. With repeated scratching,
however, the process either damages the surface, rendering it opaque, or smooths out the
previously formed scatterers, reducing the emission. For grit size 240, a rough paper, as we
can see in Fig. 4.4a, the emission increased sharply after only two passes, rising from 1 µW
to 40 µW near the input of the fiber. However, after nine passes, the emission intensity
decreased significantly, approaching values close to those of the unmodified fiber. This result
demonstrates that very rough papers cannot be used for controlled enhancement.

For grit size 320 (Fig. 4.4b), the enhancement was more gradual. After two passes, the side
emission increased and after nine passes, the emission remained at similar levels, in some
regions even slightly higher. This indicates that, because grit 320 is smoother than 240,
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more scratches could be tolerated before reaching the destructive e"ect. Nevertheless, after
approximately twenty passes, the emission intensity decreased again.

For grit size 400, the side emission increases relative to the unmodified fiber but begins to
decrease after the first two passes. Unlike the rougher papers with grit sizes of 240 and 320,
however, the decay along the fiber is noticeably gentler and the intensity does not collapse
as rapidly toward the distal end (see Fig. 4.4c). This indicates that grit size 400 creates a
scattering profile that produces a more uniform emission along the fiber compared to the
other papers. With additional passes (6, 10, 14), the overall intensity continues to decline,
showing that too much scratching eventually damages the surface. The grit size 400 o"ers
the best balance between enhancing emission and maintaining uniformity when the number
of passes is kept limited.

For grit size 600, a smoother paper, the emission increased after two passes and appeared
relatively uniform along the fiber. After six passes, the emission decreased, and with further
scratching to 10, 14, and 18 passes, it changed only slightly (Fig. 4.4d). This indicates that
with a smooth paper, it is di!cult to create new e"ective scatterers; extra passes mostly
smooth the surface rather than strengthening scattering.
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(a) (b)

(c) (d)

Figure 4.4 Comparison of side emission intensity of PMMA fibers modified using abrasive
papers with various grit sizes. (a) Grit size 240. (b) Grit size 320. (c) Grit size 400, and (d)
Grit size 600.

To conclude the series of comparative tests with di"erent grit sizes, abrasive paper with a
grit size of 400 was selected for further investigation, as we observed a partial uniformity and
relatively higher enhancement in side emission using this abrasive paper. In this experiment,
a 1-meter PMMA fiber was divided into four sections. Each section was scratched with
fewer scratches applied near the input end and more scratches toward the distal end, aiming
to compensate for the natural decrease of emission intensity along the fiber length. To
evaluate possible directional e"ects, the fiber was flipped and remeasured under identical
conditions. The emission profiles obtained before and after flipping were nearly identical,
indicating that the side emission was not strongly dependent on fiber orientation and that
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the scattering centers were distributed consistently along the modified surface. A second
round of scratching, in which additional passes were applied to each section, was also tested.
The results show that this additional modification did not significantly influence the emission
profile, suggesting that the first scratching sequence had already established the dominant
scattering distribution. Beyond this point, further abrasion appeared to contribute little to
the overall emission and, in some regions, even slightly reduced the intensity, indicating the
beginning of surface degradation.

Fiber length (cm)
0 20 40 60 80 100

S
id

e
 e

m
is

s
io

n
 i
n

te
n

s
it
y
 [
7

w
]

0

10

20

30

40

50
before scratching
1st scratching profile
1st scratching profile-flipped fiber
2nd scratching profile

Figure 4.5 Side-emission intensity of a PMMA fiber after multiple surface-modification steps
with abrasive paper with grit 400.

From the previous measurement, we understood that transverse scratching might help in
enhancing the emission more e"ectively than longitudinal scratching. To test this idea,
we performed additional modifications using transverse scratching profiles. The emission
followed the same general trend. It increased after the first profile. With the second profile,
emission at the beginning of the fiber was further enhanced, but a decrease was already
noticeable in the far sections, indicating that the e"ect was not uniform. When the third
scratching profile was introduced, where additional transverse scratches were applied to the
far section of the fiber, the emission intensity dropped sharply across much of the fiber,
showing that the abrasion disrupted transmission rather than enhancing scattering. In the
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fourth profile, the excessive roughening prevented light from propagating along the fiber, and
emission was almost completely blocked. As shown in Fig 4.6a, the emission is concentrated
at the first section, while the rest of the fiber remains dark. This indicates that the scratches
introduced at this stage block the lateral emission. After applying one additional scratch
with abrasive paper of grit size 240, side emission could again be observed in the second
section of the fiber. As shown in Fig 4.6b, light was successfully launched and guided along
the fiber, with visible emission extending from the input region toward the far section. The
result is shown in Fig.4.7.

(a) Side emission blocked after excessive
scratching.

(b) Side emission restored in the second section
after scratching with grit size 240.

Figure 4.6 Comparison of side emission before and after additional scratching with rougher
abrasive paper.

This indicates that, although excessive roughening in the previous step had hindered trans-
mission, using a rougher paper appeared to produce more scattering centers and restore
the emission, consequently. The observation suggests that combining di"erent grit sizes can
influence the emission.
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Figure 4.7 Side emission intensity of PMMA fiber after transverse scratching.

In the previous experiment, excessive scratching eventually blocked light propagation, but
a subsequent pass with a rougher paper restored side emission by reintroducing e"ective
scatterers. Motivated by this, we tested whether applying successive polishing steps with
di"erent grit sizes could both raise the emission level and reduce transmission loss, giving
a more uniform emission profile. A 20 cm PMMA fiber was modified in stages, starting
with grit 400 and then adding passes with grits 240 and 120. The results (Fig. 4.8) followed
our expectation: the first profile clearly enhanced the side emission, and the second profile
further improved it. After the third profile, the emission decreased, indicating the beginning
of surface degradation. With additional profiles, the response fluctuated, and by the sixth
profile the emission rose sharply to → 90 µW, nearly twice the peak values achieved when
using grit 400 (→40–50 µW). Thus, combining grit sizes can overcome the saturation and
blocking behaviour seen with a single abrasive and can drive the emission beyond the previous
maximum.
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Figure 4.8 Side emission intensity of PMMA fiber after several modification sequences.

Using abrasive papers can reliably enhance side emission, but a single grit size tends to
saturate and then damage the surface with continued passes. A combination of grit sizes,
initiating scattering with a smoother paper and then following with rougher papers, can
recover and further increase emission after degradation. Nevertheless, the approach remains
only partly controllable. Emission varies with the position on the fiber relative to the source,
and uniformity along the fiber is not completely achieved.

Fig. 4.9 compares the side emission intensity measured with and without the integrating
reflective surface. It is evident that the integrating surface increased the detected emission
along the fiber. At the fiber input, the recorded intensity rose from approximately 6 µW
without the surface to nearly 9 µW with the surface. Over the first half of the fiber, the
integrating element increases the signal by up to → 3 dB which is equivalent to approximately
doubling the collected optical power, representing a clear enhancement in collected light.
This confirms that the reflective coating e"ectively gathers the scattered light toward the
detector. These results highlight that such an integrating surface can be used to facilitate
measurements by eliminating the need to rotate the fiber during the measurement. Despite
its potential, this element was not incorporated into the main sets of measurements because
calibration was necessary to separate the contribution of the reflective element from the
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intrinsic emission of the fiber. Without fully understanding the emission mechanisms of
the fiber, it was not possible to introduce additional components into the measurement
procedure. The focus of this work, therefore, remained on controlling emission through
surface modification alone. Future studies may benefit from employing such an integrating
surface for the ease of measurements and for the potential development of a more consistent
measurement method.
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Figure 4.9 Comparison of side-emission intensity measured along a 1-meter PMMA fiber with
and without the use of the integrating sphere.

4.2 Results on Copper Waveguide Characterization

The calculated beam diameters for di"erent THz frequencies are presented in Fig. 4.10. The
calculated beam diameter, obtained from repeated measurements to ensure reliability, shows
a frequency-dependent behaviour. The beam diameter varies across the frequency range,
with values from approximately 55 mm at 100 GHz to about 18 mm near 500 GHz. Based on
these results, the choice of components for the experimental setup was made to ensure e!cient
collection and focusing of the beam. In particular, a 2-inch PTFE lens was selected, as its
aperture covers the majority of the measured beam sizes across the investigated frequency
range.
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Figure 4.10 Beam diameter as a function of frequency, measured at di"erent positions using
the knife-edge method.
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Fig. 4.11 presents the recorded transmission spectra of the 3-mm-diameter copper waveg-
uides of di"erent lengths alongside the noise level of the system, as well as the extracted
attenuation using the cutback analysis. As shown in Fig. 4.11a, the transmitted signal de-
creases with increasing waveguide length, with the two-turn (204 cm) waveguide exhibiting
the strongest attenuation compared to the straight (31 cm) and one-turn (117 cm) config-
urations. The comparison with the noise level confirms that the measured spectra are well
above the system noise within most of the investigated frequency range. The corresponding
frequency-dependent attenuation is shown in Fig. 4.11b. The extracted loss values remain
relatively low at lower frequencies but gradually increase with frequency, reaching more than
15 dB/m at around 1 THz.

(a) (b)

Figure 4.11 (a) Transmission spectra of a 3-mm-diameter copper waveguide: straight (31 cm),
one-loop (117 cm), and two-loop (204 cm), compared with the noise level of the system. (b)
attenuation of the 3-mm-diameter copper waveguide as a function of frequency.

These results of measurement and calculation demonstrate that the method can be e"ectively
used to extract the attenuation characteristics of hollow-core waveguides. To verify the
reliability of the loss extraction method, multiple measurements were performed. Fig. 4.12
and Fig. 4.13 compare transmission spectra obtained from three of the measurements for the
straight, one-loop, and two-loop copper waveguides.
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(a) (b)

(c)

Figure 4.12 Comparison of signals from measurements one and two (a) Straight waveguide,
(b) One-loop waveguide, (c) Two-loop waveguide.
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(a) (b)

(c)

Figure 4.13 comparison of signals from measurements two and three (a) Straight waveguide,
(b) One-loop waveguide, (c) Two-loop waveguide.
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The results show clear di"erences between the recorded signals. This variability indicates
that the transmission response is not fully reproducible across di"erent experiments. To
further illustrate this, Fig. 4.14 shows the average transmission spectra for the three waveg-
uide configurations, with shaded regions representing the standard deviation (std) across the
performed measurements. These plots confirm that the signal varies significantly from one
measurement to another, leading to large deviations in the extracted loss values.

(a) (b)

(c)

Figure 4.14 Average transmission spectra with the standard deviation for copper waveguides
(a) straight waveguide, (b) one-loop waveguide, and (c) two-loop waveguide. The shaded
regions represent the standard deviation across multiple measurements.
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Since the extracted values of attenuation showed noticeable deviations across di"erent mea-
surements, the stability of the system itself was questioned. To verify whether the variations
originated from the measurement setup, a stability test was carried out. In this test, the
signal path was redirected using four flat mirrors to allow repeated measurements under
identical conditions, without changing the main setup. The spectra from the system were
recorded once during the measurement and once at the end of the measurement. The results
of this stability test are presented in Fig. 4.15. This result indicates that the system remains
stable over time and the warming e"ects or environmental factors do not significantly a"ect
the measured signal. This confirms that the observed inconsistencies in attenuation values
do not arise from the measurement setup, but instead are related to the properties of the
waveguides.

Figure 4.15 Result of the stability test, showing the amplitude of the THz signal as a function
of frequency at the beginning and end of the measurement.

To further understand the origin of the inconsistencies, we investigated the modal behaviour
of the waveguide. Table. 3.4 and 3.5, presents the cuto" frequencies of several modes
supported by the copper waveguides and clearly demonstrates that the studied waveguides are
multimode. Calculation results showing that even at the lowest frequency of 100GHz, besides
the fundamental mode, TE11, higher-order modes of TE21 and TM01 are also supported.
Increasing frequency increases the number of modes.
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Fig. 4.16 demonstrates all the guided modes in a 3-mm-diameter copper waveguide. shows
all guided TE and TM modes supported by the 3-mm-diameter copper waveguide. As the
plots illustrate, the number of supported modes increases with frequency. However, in our
experiment, the input signal is a center-symmetric Gaussian beam, which mainly couples to
modes with angular momentum m = 1. Fig. 4.17 represents only the m = 1 modes, showing
that the number of experimentally accessible modes is much smaller than the total number
supported by the waveguide. Although many modes exist in theory, only a limited number
is excited in practice. This distinction is important for interpreting the overall behaviour of
the waveguide.

(a) (b)

Figure 4.16 Guided modes in 3-mm-diameter copper waveguide for (a) TE, (b) TM polariza-
tion.
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Figure 4.17 Guided modes in a 3-mm copper waveguide for m=1.

The mode profile of two guided modes in the waveguide is simulated using COMSOL and
is shown in Fig. 4.18. From these results, we concluded that the experimental configuration
in its current form is not su!cient for the characterization of copper waveguides. To further
develop the measurement procedure, it will be necessary to optimize the coupling conditions
by introducing an e!cient coupling element. Such an improvement would allow selective
excitation of a single mode in the waveguide.
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(a) (b)

Figure 4.18 Mode profile of (a) TE11 and (b) TE01. white arrows indicate the direction of
the electric field, and black arrows indicate the direction of the magnetic field inside the
waveguide.
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CHAPTER 5 DISCUSSION AND RECOMMENDATIONS

In this chapter, we discuss the results presented in Chapter 4 for both projects: the devel-
opment of side-emitting polymer optical fibers and the terahertz characterization of copper
waveguides. The key findings are analyzed in relation to the objectives and experimental ob-
servations. Finally, limitations of current approaches and potential methods for improvement
are mentioned for future work.

5.1 Discussion of Side-Emission Results

5.1.1 E!ect of Intrinsic Material Loss on Side Emission

The results of this work can be understood by examining several key factors that influence
side emission in polymer optical fibers. First, the inherent material loss of the fiber plays an
important role in the emission profile. Cutback measurements on bulk PMMA revealed an
attenuation coe!cient of ϑ = 0.011 ± 0.001 cm→1. The literature reports typical attenuation
coe!cients for PMMA in the visible to near-infrared range between 0.005 and 0.02 cm→1,
depending on purity, processing conditions, and wavelength. The measured value therefore
falls within the expected range, though it is closer to the mid-to high end of the reported
values. This indicates the intrinsic loss is not negligible and will contribute noticeably to the
decay of transmitted power along the fiber.

The transmitted power P (z) along a side-emitting fiber often is modeled as obeying a
Beer–Lambert exponential decay that combines intrinsic loss (ϑ) and side-leakage loss (often
described by a side-emission coe!cient). In other words, side-emitted light intensity tends to
decay exponentially along the fiber, and the presence of material attenuation accelerates that
decay. As the light propagates along the fiber, a fraction is absorbed. Consequently, even
with an ideal scattering distribution, the transmitted power decays exponentially along the
fiber, making it inherently challenging to achieve perfectly uniform emission along the fiber
length. In other words, the polymer’s intrinsic absorption ensures that the side emission
intensity will inherently be higher near the input (where the light is strongest) and lower
toward the distal end of the fiber, unless additional measures compensate for that loss.

5.1.2 Realization of Scattering Profile

Beyond intrinsic loss, a major focus of this work was the realization of controlled scattering
profiles using abrasive papers to modify the fiber surface. Considering the surface modifica-



59

tion experiments, the results showed that introducing scattering regions on the fiber surface
using an abrasive paper is an e"ective way to enhance side emission, but it must be controlled
carefully. An unmodified fiber emits very little light through its surface (since most light stays
confined in the core), whereas the surface abrasion increases the side emission, especially at
the beginning of the fiber (closest to the light source), where the guided intensity is high-
est. At the beginning of the process, abrasion adds new scatterers on the surface, allowing
more light to leak out laterally. As a result, the measured side emission is higher. However,
after a certain threshold, further scratching no longer helps; instead, it either damages the
surface and makes the fiber opaque or it smooths out previously created scatterers, therefore
reducing the emission after the initial enhancement. Several abrasion profiles (longitudinal,
transverse, and using papers with di"erent grit sizes) were tested, and in all experiments, the
result remained the same. This indicates that further enhancement of the emission is limited
using the discussed method. A major controlling factor is the roughness of the abrasive paper
(grit size) used for scratching. We investigated grit sizes from very rough (240) to very fine
(600) to see how they di"er in creating side scatterers. The results demonstrate that rougher
papers produce a larger increase in emission but also reach the destructive threshold much
sooner, whereas smoother papers act more gently, with smaller initial e"ects and a higher
tolerance for multiple passes before damage occurs.

For example, using a very rough grit 240 paper, just one or two passes were enough to
dramatically increase side emission. This confirms that rough abrasives can rapidly introduce
many and/or large scattering sites. A slightly less rough paper (grit 320) was better. The
increase in emission was more gradual. After two passes with grit 320, we saw a rise in
side emission, and even after 9 passes, the emission remained elevated (in some regions even
slightly higher than after 2 passes). Conversely, a finer abrasive (grit 600) produced a much
more modest e"ect. After a couple of passes with the 600 paper, the fiber’s side emission
increased slightly. However, the results from Fig. 4.4d demonstrates that With smooth paper,
it is di!cult to create new e"ective scatterers; extra passes mostly smooth the surface rather
than strengthening scattering.

Between di"erent grit sizes, the grit 400 abrasive provided the best balance in our tests. A
couple of scratches with grit 400 noticeably raised the side emission relative to the unmodified
fiber, and in comparison, to the rougher and smoother papers, and importantly, the emission
profile along the fiber was more uniform than what we saw with very rough papers. With
grit 400, the intensity still tended to be higher near the input and lower at the far end, but
the drop-o" along the fiber was gentler. The distal sections retained more emission relative
to the near sections than in the grit 240 or 320 cases. This indicates that the scatterers
produced by grit 400 were more e"ective without immediately over-scattering or reducing
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the optical power in the beginning part of the fiber.

Beyond just choosing the abrasive grit, we also experimented with how the scratching is
distributed along the fiber, i.e., di"erent scratching profiles, to further improve the uniformity
of emission. One approach was to vary the number of scratches along the fiber’s length in
a controlled way, rather than scratching the whole fiber uniformly. As explained in 3.1.4,
we divided a 1 m fiber into sections and applied fewer scratches near the input end and
progressively more scratches toward the distal end. The reason was that since less light
reaches the far end, we should compensate for it by increasing the emission more in the
far end by producing more scatterers. Conversely, near the input, we applied only a light
scratching to avoid removing too much light right at the beginning. The fiber treated with
this gradient scratching profile did show improved emission in the farther sections compared
to a uniformly scratched fiber. The intrinsic material loss is one reason for this remaining
non-uniformity: even though we added more scatterers at the end, there was simply less
light available there to scatter. There’s a practical limitation, too, in how many scratches
we could add at the far end before causing local damage. We found that after realizing the
desired scratching profile, performing a second round of additional scratches in each section
did not significantly improve the emission further. In fact, in some sections that the second
round caused a slight reduction in intensity, signalling the beginning of surface degradation
in those areas.

It is also worth noting that when we physically flipped the fiber end-to-end and measured the
emission again, the profile remained almost identical, confirming that the measured variations
were due to the distribution of scatterers we created and not an artifact of measurement
orientation.

Another way we varied the modification process was by changing the orientation and se-
quence of scratches, including what we termed transverse scratching profiles. Up to this
point, all modifications were done by polishing along the fiber length (longitudinally). We
hypothesized that introducing scratches in a di"erent orientation (for instance, transversely
relative to the fiber axis) might scatter light di"erently and potentially increase emission or
uniformity. In practice, we tried transverse scratches in successive steps. The initial intro-
duction of transverse scratches did lead to an increase in side emission, as in the previous
tests, especially near the fiber input. However, after the second profile, the input region
became brighter, but the far-end sections emitted less light as we continued After applying
the third transverse-scratching profile at the far end of the fiber, we observed a slight increase
in emission in that region compared to the second profile. This suggested a possible trend
toward a more uniform side-emission distribution when additional scratching is applied at
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the weaker sections. Motivated by this indication, we proceeded to apply a fourth scratching
profile to further test whether continued abrasion could improve the uniformity along the
fiber length. After the fourth scratching profile, the transmission of light was limited, with
most of the guided power being blocked near the fiber input and only the very beginning of
the fiber receiving light. It seemed that the surface was heavily damaged or opaque. Contin-
uing the scratching with a di"erent grit, we observed an unexpected di"erence when dealing
with an over-scratched fiber. By scratching the fiber with a rougher paper, we could restore
the emission in lost sections, and we were able to measure the side emission in the second
section of the fiber, which had previously gone dark. One possible explanation is that the
many fine transverse scratches created a dense barrier that blocked the light. In contrast,
the rougher paper produced larger or deeper scratches, which let more light leak out.

This observation was a key motivation for exploring sequential use of di"erent grit sizes on
the same fiber, to see if a combination of abrasives could give better results than using a single
grit alone. We tried starting with a moderate grit (400), and then adding more scratches
with progressively rougher papers (240 and then 120 grit). The idea was to use the smooth
paper to avoid early damage and then the rougher papers to boost emission further. The
result was notable. The first (grit 400) profile gave a clear increase in emission as expected,
the second profile with added 240-grit scratches further raised the emission, and although the
third profile (with even rougher 120-grit) caused a small dip, likely caused by slight surface
degradation. This approach ultimately caused a sharp rise in emission at the sixth profile. By
that point, the side emission intensity reached 90 µW, approximately double the maximum
we ever got using grit 400 alone. A sequence of di"erent grit sizes was able to overcome the
saturation from a single grit and boost the emission to a higher level. This approach works
because each grit size modifies the surface in a di"erent way. A finer grit prepares the surface
gently, without removing too much material, while a rougher grit that follows can introduce
new scattering sites or break up areas that have become overly smooth. The di!culty is that
this multi-step process requires careful control. Every additional scratch can either improve
the emission or reduce it, which explains the fluctuations we observed before reaching the
optimal result.

5.1.3 Limitations and Future Improvements

Considering all of these findings, several limitations and possible improvements can be iden-
tified for future work on the fabrication of side-emitting polymer optical fibers. The main
limitation of the current approach is the lack of fine control and reproducibility in creating
the scattering profile. Using sandpaper by hand, even with a controlled number of passes,
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is inherently a low-precision method. The scattering density cannot be reproduced exactly
between samples, and fine spatial control of the scatterer distribution along the fiber is not
achievable. A clear improvement would be to employ a more controlled modification tech-
nique capable of producing a known and tunable scattering coe!cient profile. For example,
using the solutions with particles which act as the scattering particles can be considered.

Another limitation arises from the intrinsic optical loss of the polymer material. Even with
an optimized scattering profile, the inherent attenuation limits how uniform the emission
can occur along the fiber. In future work, the use of lower-loss polymer materials for fiber
fabrication should be considered. Implementing these improvements will enhance the repro-
ducibility, controllability, and emission uniformity of side-emitting polymer fibers, enabling
their reliable use in practical applications.

5.2 Cutback Measurement of Copper Waveguides

5.2.1 Transmission Measurements and Attenuation Analysis

The loss characterization of metallic hollow waveguides in the terahertz frequency range was
conducted using the cutback technique, comparing waveguides of di"erent lengths—31 cm
(straight), 117 cm (one-loop), and 204 cm (two-loop)—to extract the attenuation as a function
of frequency. The general trend was a decrease in transmitted power with increasing length, as
expected for a lossy metallic waveguide. Based on the cutback analysis, the attenuation of the
waveguide is below 10 dB/m for the lower frequencies, increases with frequency and reaches
values of approximately 15 dB/m near 1 THz, which agrees qualitatively with the expected
behaviour in copper and the increasing number of supported modes at higher frequencies

Nevertheless, when repeating the measurements, the results showed a noticeable di"erence
among the transmission spectra. Five main measurements were performed to evaluate the
consistency of the result. The transmission spectra did not exactly overlap between mea-
surements, and the extracted attenuation coe!cients fluctuated beyond the expected exper-
imental uncertainty. To determine the cause of this variation, we conducted a stability test
of the THz spectroscopy system. The test demonstrated that the system is reliable. These
results excluded external or instrumental sources of error and indicated that the variability
originated from the coupling conditions into the waveguide.

The bending geometry of the waveguides can have another important influence on attenua-
tion. The straight 31 cm section exhibited the highest transmission, while the 117 cm and
204 cm waveguides, which contained one and two loops respectively, showed progressively
lower throughput. This is consistent with the expected bend loss in metallic waveguides,
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where curved sections cause additional mode coupling and reflection at the inner and outer
walls. The bend loss also increases with both the number of loops and frequency, since
higher-order modes interact more strongly with the metallic boundary. The observed trend
agrees qualitatively with theoretical expectations.

Surface e"ects of the copper waveguide also contribute to the overall loss. The inner wall
roughness and potential oxidation layer increase ohmic dissipation and scattering at the
boundary. Given that the THz skin depth in copper is only a few hundred nanometers,
even sub-micrometre imperfections can significantly raise attenuation. The measured losses
at high frequencies were higher than ideal theoretical values, indicating that such surface
imperfections likely played a role.

Overall, the initial measurements provided clear attenuation trends, but their lack of repro-
ducibility indicated that propagation inside the waveguides is strongly influenced by coupling
conditions, bending, and surface quality rather than just the physical length alone.

5.2.2 Origins of Variability and Multimode Propagation Behaviour

A key factor explaining the inconsistencies in repeated measurements is the multimode na-
ture of the copper waveguide. To further illustrate the multimode behaviour of the copper
waveguide, the number of guided modes supported by a 3 mm hollow metallic tube can be
estimated as a function of frequency. The cuto" frequency of the fundamental TE11 mode
is around 39.5 GHz, while higher-order modes such as TM01, TE21, TE01 and TM11 sequen-
tially appear as the frequency increases hence a large set of propagating modes is theoretically
allowed.

However, because the THz beam launched into the waveguide has a Gaussian intensity profile
with a central symmetry, the excitation is predominantly limited to modes with index n =
1. These modes correspond to field distributions that are symmetric around the waveguide
axis and thus couple e!ciently with the incident Gaussian beam. In contrast, higher-order
modes with n ↖= 1 are weakly excited.

Further evidence for multimode propagation was found in the oscillatory behaviour of the
transmitted spectra. Instead of a smooth frequency-dependent transmission curve, the mea-
sured spectra showed fluctuations and local peaks. These oscillations arise from intermodal
interference. Multiple modes travelling through the waveguide with slightly di"erent phase
velocities interfere constructively or destructively at the output, depending on frequency.
Because the relative modal amplitudes and phases change slightly with alignment and fre-
quency, these interference fringes also shift between repeated measurements. This behaviour
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is characteristic of multimode guiding and confirms that the observed variability originates
from uncontrolled mode coupling.

Another practical issue identified during the study was alignment sensitivity. Because the
coupling optics had to be manually repositioned for each measurement and each waveguide
length, small lateral or angular deviations between runs were unavoidable. Additionally, the
free-space beam itself changed diameter and divergence across the frequency range, making
it di!cult to maintain consistent focusing for all frequencies. These alignment sensitivities
amplify the modal coupling variability, producing non-reproducible transmission spectra.

5.2.3 Limitations and Future Improvements

The main limitation of the present setup is the lack of mode selectivity during coupling.
Since the waveguide supports several modes within the measurement band, the absence of a
mode filter or converter means that the launched mode distribution changed unpredictably
between runs, leading to non-reproducible results. The results highlight the necessity of
incorporating mode-selective coupling elements, such as tapers, to isolate the fundamental
mode and achieve consistent attenuation measurements. Alternatively, using waveguides
with smaller inner diameters allows single-mode operation across the desired band.
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CHAPTER 6 CONCLUSION

The primary objective of this thesis was to investigate simple and e"ective approaches for
fabricating SE-POFs and to establish reliable characterization methods for THz hollow-core
waveguides. In the first part, side-emitting PMMA fibers were fabricated by modifying the
fiber surface using abrasive papers of di"erent grit sizes. The goal was to achieve a more
uniform side-emission profile along the fiber length without the need for complex fabrication
steps. The results demonstrated that surface modification by abrasion can substantially en-
hance side emission. Rougher papers (e.g., grit 240 and 320) generated strong scattering but
quickly reached a destructive regime, whereas smoother papers (e.g., grit 400 and 600) pro-
duced more stable profiles. A combination of grit sizes was found to o"er the best balance,
enabling both improved emission and mitigation of saturation or destructive e"ects. Nev-
ertheless, the emission distribution remained non-uniform, with stronger scattering near the
input and gradual decay toward the distal end. These findings confirm that abrasive mod-
ification provides a simple yet limited means of controlling side emission in polymer fibers.
In the second part, a cutback method was implemented to characterize the hollow-core cop-
per waveguides in the THz frequency range. The results of the transmission measurements
showed that the current measurement configuration was not optimized for the characteriza-
tion of multimode waveguides.

Several limitations were encountered during this research. For the polymer fibers, the main
constraint was the non-uniformity of emission along the fiber length. The use of abrasive
papers, while simple and low-cost, lacks precise control and can easily degrade the guiding
properties. For the copper waveguides, the principal limitation was the experimental setup.
The experimental setup with the current components, while suitable for loss evaluation, was
not optimized for multimode fiber characterization.

Future work on polymer side-emitting fibers should focus on developing controlled surface
modification techniques capable of producing uniform and reproducible scattering profiles.
For THz copper waveguides, future studies should explore experimental configurations that
allow selective excitation and detection of modes. This may require implementing an opti-
mized coupling strategy, such as a taper or adopting waveguide designs specifically engineered
to support single-mode operation in the desired frequency band.
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APPENDIX A DESIGN OF THE INTEGRATING ELEMENT

To relate the model of (2.1) to measurements, we require a method that collects a fixed and
reproducible fraction of the side-emitted power. We therefore design an integrating element
intended to capture essentially all radiation leaving the fiber within the detector’s acceptance
and to redirect it to a single detector.

The element consists of an ellipsoidal cavity with a cut-out of height h for the detector (set
by the mechanical enclosure). The fiber end face and the detector are placed at the two foci
of the ellipse. We define D as the fiber-detector separation fixed by the setup, and H as the
fiber-reflector distance to be optimized. The polar angle ω ↙ [0, ωmax] is measured from the
fiber axis within the reflector, and ωcapture denotes the largest emission angle that is redirected
onto the detector. The detector has a finite angular size ωdet as viewed from the fiber. For a
given geometry, the maximum collection is achieved when ωcapture = ⇁ ↔ ωdet. The reflector
profile r(ω) is obtained from the constant optical path length from the fiber to the reflector
and then to the detector. Using standard ellipse relations, the required parametric curve
satisfies

r(ω) +
√(

D ↔ r(ω) cos ω

)2
+

(
r(ω) sin ω

)2
= D + 2H. (A.1)

The detector angular size follows from the slot height,

tan ωdet = h

2D
. (A.2)

At optimal capture, the boundary ray at ωmax must graze the detector aperture, which gives

Figure A.1 Schematic of a light integrating element.
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the geometric condition

tan(⇁ ↔ ωcapture) = tan ωdet = r(ωmax) sin ωmax
D ↔ r(ωmax) cos ωmax

. (A.3)

Let r0 = r(ωmax). Solving eq.A.3 for r0 yields

r0 = D tan ωdet
sin ωmax + cos ωmax tan ωdet

. (A.4)

Eliminating r(ω), one obtains an explicit relation between r0, D, ωmax, and the design pa-
rameter H. Rearranging first gives

r0 = 2H
D + H

D(1 ↔ cos ωmax) + 2H
, (A.5)

from which the optimal H is

H = r0 ↔ D

2 +

√√√√
(

r0 ↔ D

2

)2
+ r0D sin2

(
ωmax

2

)

. (A.6)

Equations. A.4- A.6 provide a constructive procedure to choose H for a specified detector
size h, working distance D, and capture angle ωmax.

Experimental e"ciency of the light-integrating element. We characterize the ele-
ment by an experimental e!ciency η, defined as the fraction of the locally side-emitted power
that is delivered to the detector. Over a short segment !L in which the scattering coe!cient
is approximately constant and equal to ϖ0, the measured ratio between the side signal Is

Figure A.2 Schematic of the setup with integrating element to measure (a) Iout and (b) Is
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(collected by the integrating element) and the endface signal Iout obeys

Is

Iout
= ϖ0 !L η. (A.7)

Here Iout is the power emerging from the fiber end, while Is is the power redirected by an
integrating element of length !L and measured at the same detector. A one-time calibration
with a region of known ϖ0 thus determines η. Thereafter, scanning the element along the
fiber allows a direct estimate of the local side-scattering coe!cient ϖ(z).
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APPENDIX B FIBER DRAWING PARAMETERS FOR FABRICATION
OF PMMA FIBER

Table B.1 Preform preparation and drawing conditions for PMMA fiber fabrication

Step Details
Preform PMMA rod, 1” diameter, purchased from McMaster Carr
Preform preparation Degassed for 2 weeks at 90↑C
Preheating time 2 h
Preheating temperatures Ttop = 115↑C, Tdown = 115↑C
Drawing time 4 h
Drawing temperatures Ttop = 115↑C, Tdown = 190↑C
Drawing speed range 100–440 mm/min
Resulting fiber diameter range 0.8–1.7 mm
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