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Abstract

Optical fibers have a wide variety of applications, ranging from telecommunication cables
to medicine and astronomy. The aim of this study was to fabricate a YAG silicate fiber
with an increased content of YAG in the fiber’s core in order to study its structural prop-
erties, elemental composition, and optical properties. By fabricating the fiber through
the molten-core method, the elemental content of silicon in the core was estimated to be
8.5 & 2.6 wt%. It was concluded, that the method used in this study is feasible for fab-
ricating Nd:YAG optical fibers with a higher purity of the core than in previous studies.
However, deviations of optical measurements for the angular acceptance of the fiber from
theory and Gaussian beam models, indicates that the underlying method was inaccurate.
Thus, future studies need to be conducted in order to improve the accuracy of the op-
tical measurements, the fiber’s structure and the purity of the fiber’s core as well as to
study novel combinations of materials with similar thermal properties and semiconductive

crystalline structure.
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1 Introduction

Optical fibers have a wide range of applications, such as in telecommunication cables,
medical sensors, and power transmission. The main advantages of optical fibers are their

mechanical flexibility and lower attenuation compared to coaxial electrical cables [1].

1.1 Material and Structural Properties of an Optical Fiber

As seen in Figure 1, an optical fiber is cylindrical and consists of three circular layers:
a core, a cladding, and a coating [1]. Light is launched into the core by a laser and
propagates predominantly in the core. Because of low propagation losses, optical intensity

can be maintained over longer distances. [1].
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Figure 1: An illustration of the cross section of an optical fiber.

The core has a higher refractive index than the cladding. Various dopants can be used,
to alter the refractive indices of the layers.

In this case, the fabricated fiber was a step-index fiber, where the refractive index
is constant within the core and the cladding [1]. The core consisted of YAG (Yttrium
aluminum garnet, Y3Al;015) doped with 1 wt% (weight percent) neodymium (Nd) and

the cladding consisted of silica (SiOs).

1.2 Geometrical Optics of an Optical Fiber

Geometrical optics is a simplified model of optics, where the main premise is that light
rays propagate in a straight-line path if the refractive index is constant. The refractive

index of a medium, n, is defined as n = ¢, where c is the speed of light in vacuum, and



v the speed of light in the medium [2]. When the refractive index changes, as the light
ray passes the interface (boundary) between two media, the ray will curve as described
by Snell’s law [3, 2|. Snell’s law states that the incident ray, the refracted ray, and the
normal perpendicular to the interface will all lie in the same plane, as seen in Figure 2.

The angle of the incident ray, #; and the angle of refracted ray, 6y are related through

sin 6)1 N9 U1

(1)

sin 92 nq (%) ’

where n; and no are the refractive indices of each medium, and v; and vy the speed of

light in each respective medium.|4]
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Figure 2: Refraction of a light ray at the interface between two media of different refractive
indices.

When light travels in a medium of refractive index n; to medium of refractive index

ny, total internal reflection can occur, if the incident angle is above a certain critical angle

[5]a

0. = arcsin Nt (2)
nS

There is however another condition for total internal reflection in an optical fiber. Light
will only propagate if the incident angle of the ray entering the core of the fiber is less

than an acceptance angle #,. The numerical aperture, Ay, is a measure of the angular



acceptance of a fiber and is defined as

o . _ 2 2
Ay =nsinf, = \/ Neore — Neladding (3)

where ncore, 1, Neladding are the refractive indices of the core, surrounding medium, and
cladding respectively [6]. The numerical aperture can also be used to define the normalized

frequency of light, the V number, as

V= TGAN = TG N2ore — ngladding’ (4)

where A is the vacuum wavelength of the light and a is the radius of the fiber core [7].

1.3 Electromagnetic Properties of an Optical Fiber

In 1865, James Clerk Maxwell effectively showed that light is an electromagnetic wave,
a coupled magnetic and electric field, propagating through space at the speed of light,
¢~ 299 792 458 ms~! as described by Maxwell’s equations.

Electromagnetic waves in an optical medium often propagate in different modes, i.e.
with a certain field pattern and a changing phase. Using Maxwell’s equations, the elec-
tromagnetic wave equation can be derived from modes can be obtained. The number of
modes, Ny can be approximated using the V-number from equation (4) [7]. If V' < 2.405,
the medium contains a single mode, otherwise Nj; can be approximated with

V2

Ny = - [7). (5)

If an electromagnetic wave is emitted by a laser it is, in most scenarios, a Gaussian
beam, which can be used a as more sophisticated model of optics than the geometrical.

The electric field for a Gaussian beam, E(r, z), is given by

E(r,2) = By x % exp (JTZ;) exp (—z (k:z + kZ;ZZ) - @Zi(z))), (6)



where r is the distance from the center of the beam’s cross section, z, is the distance from

the beam’s waist (the location where the beam radius has a minimum), k = 2 is the
wave number (the spatial wave frequency), Fy = F(0,0) is the value of the electric field
at the origin, w(z) the beam radius as a function of z, wy = w(0) the waist radius, R(z)
the radius of curvature of the beam’s wavefronts as a function of z, and ¥ (z) the Gouy
phase as a function of z, which is an additional phase shift acquired by a converging wave

passing though a focus [8].

The intensity of the Gaussian beam, I(r, z), follows a Gaussian distribution such that

I(r,2) = I <%)2exp (%;;) , (7)

where I, = 1(0,0) is the intensity of the beam at the origin [9]. Furthermore, the half-

angle divergence of a Gaussian beam, 6, can be defined as

by = . (3)

W,

which is a property of the beams expansion from its waist [§].

1.4 Interaction of the Fiber with Different Wavelengths

Light of a certain wavelength interacting with common materials in a medium, such as
an optical fiber, usually results in transmission, absorption, emission. In the case of pure
silica and YAG, light is is usually transmitted at most wavelengths between 250 nm
to 5000 nm [10, 11, 12]. However dopped YAG with for instance Neodymium will have
a different transmission spectrum [11] — wavelengths of about 730 nm and 800 nm are
usually absorbed [13|. However, light at a wavelength like 808 nm, will result in emission of
certain wavelengths by the core through amplified spontaneous emission (ASE) [14]. ASE
is a result of spontaneous emission, amplified by stimulated emission [14]. Spontaneous

emission occurs when a quantum mechanical system, such as an atom or an ion, transits



from an excited higher energy state to a lower energy state and the energy is emitted in
the form of a photon [15]. The spontaneous emission occurs in the fiber’s core and the
emission is amplified through stimulated emission, which mean that an incoming photon
de-excites electrons [16]. For stimulated emission, the released photon will have the same
frequency, polarization, and direction as the incident photon [16]. For ASE to take place,
a population inversion (more electrons are in a higher energy state than in a lower) is
required [17] and is created by optical pumping of the fiber’s core, i.e. energy transfer
from a light source to excite the electrons in the fiber’s core [18].

In the case of Nd:YAG (neodymium-doped YAG), ASE occurs when light of a certain
wavelength like 808 nm interacts with the material and certain wavelengths of light are
emitted. The usual emitted wavelengths characteristic to Nd:YAG are approximately 946
nm, 1064 nm, and 1338 nm [19].

1.5 Fabrication of an Optical Fiber

There are multiple methods for fabricating fibers. One is the molten core method, where
the fiber is pulled from a preform by a fiber-drawing tower [20]. A preform is a cylindrical
rod that has the same composition of materials in the core and the cladding as the desired
fiber, but has a greater diameter and length [21]. The fiber-drawing tower contains a
furnace, which heats up the bottom of the preform rod in order for a thin fiber to be
pulled out from the bottom of the preform [20], as seen in Figure 3. This process is carried

out in vacuum to avoid air bubbles in the fiber [20].
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Figure 3: An illustration of the pulling of the fiber from the preform [22].

As the fiber is cooled in a separate chamber to become a solid [20] a coating is applied
[23]. It is wound up on a spinning spool in order to keep the fiber diameter constant
along the whole fiber, the pulling speed is adjusted with an automatic feedback system
[20]. A constant fiber diameter also leads to a more constant core diameter, which is of
importance because it affects the number of modes in the fiber and the allowed angle of

incidence [21].

1.6 Thermal Aspects of Fiber Fabrication

During the fabrication fiber in a drawing-tower, the preform is heated to a temperature
such that the viscosity of the materials is in a suitable range for pulling. The melting
point of silica is 1710 °C [24] and the melting point of YAG is 1940°C [25]. The relatively
close melting points allows for both materials to be in viscous, liquid, form during the
drawing process [26]. However, the characteristics of the phase transition of silica makes
it more viscous than YAG in a liquid state [26, 27|, which allows the for the drawing
process to proceed with less diffusion.

Both the material in the core and in the cladding undergoes thermal expansion dur-
ing the heating phase. In the case of an optical fiber, thermal expansion of the core’s

and cladding’s volume occurs in all directions as temperature increases. The coefficient



of thermal expansion governs how much the volume expands with every increase in tem-
perature. The coefficient of thermal expansion for silica is 5.6 - 107K [28] and for YAG
it is 7.8 - 107% K [25]. A greater thermal expansion coefficient also implies faster thermal
reduction of the volume, and thus in theory, thermal expansion could lead to a non-
uniform core-structure and composition of elements in the core. Furthermore, since the
shape would be altered, it would affect the fibers optical properties by changing the angle

of incidence and potentially leading to the light in the fiber and hence transmission losses.

1.7 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) is designed for studying the surfaces of objects
and uses a shorter wavelength than optical microscopes, allowing for higher resolution
[29]. With electromagnetic lenses and apertures a focused beam of electrons is used to
scan the surface of the sample [29]. The electrons interact with the sample by emitting
secondary electrons (i.e. electrons with energies below 50 eV), backscattered electrons,
auger electrons, and X-rays [30]. Various detectors are used to collect and process these
signals in order to form an image of the studied sample’s surface [30].

It is important that the beam is in a vacuum, because the electrons would otherwise
get absorbed or scatter in the atmosphere. Furthermore, the surface of the studied sam-
ple should be electrically conductive and is therefore often covered by a thin layer of a

conductive material, such as graphite [29].

1.8 Energy-dispersive X-ray Spectroscopy

An energy-dispersive X-ray spectroscopy (EDS) is a technique used to analyze the com-
position of elements in a sample [30]. EDS relies on Moseley’s law, which states that there
is correlation between the frequency of x-ray and the atomic number of an element, more

precisely that

Voo Z (9)



where v is the frequency of the X-ray and Z the atomic number of the element [31].

A sample studied through EDS contains unexcited ground state electrons [32]. By
emitting electrons focused on a sample, the incident beam excites an electron in an inner
shell of an atom, ejecting it [32]. An electron from an outer, higher-energy, shell fills this
void and the energy difference between the lower and higher energy shell is emitted in the
form of an X-ray [32]. This phenomena is called the Auger effect [33]. As the difference in
energy is characteristic to the specific element, its occurrence and content in the studied

sample can be determined [30].

1.9 Previous Research on YAG-derived Optical Fibers

The most common type of optical fiber consists of silica (SiOy) in both the core and
the cladding [34]. For achieving a refractive index difference between the core and the
cladding, usually dopants such as germanium dioxide (GeOz) and phosphorus pentoxide
(P20O;5) are used for increasing the refractive index of the core [23]. For decreasing the
refractive index of cladding, dopants such as boron and fluorine are used [23].

Extensive research has been conducted on the feasibility of different crystalline com-
pounds as a material for the core, usually semiconductors in crystalline form [35]. How-
ever, few studies have been conducted on the fabrication and viability of YAG as material
for the fiber’s core with one of the reasons being the different thermal expansions of the
materials [26]. Prior attempts to fabricate a YAG silicate fiber with the molten core
method have resulted in a mixed core composition of mainly yttrium aluminosilicate
composition, meaning a significant elemental content of the silicon from the cladding in
the fiber’s core with an estimate of 75.3 wt% [26, 36|. Hence, prior research has been
done on mainly YAG-derived fibers with a mixed elemental composition of the core, often

dominated by silicon from the cladding [37, 38].



1.10 Aim of Study

The aim of this study was to fabricate a YAG silicate optical fiber with an increased
content of YAG in the fiber’s core in order to study its structural properties, elemental
composition, and optical angular acceptance by comparing the the results obtained from

models based on geometrical optics and Gaussian beam theory.

2 Method

A YAG silicate fiber was fabricated with the molten core method. The structural proper-
ties and materials properties of multiple samples of the fiber were studied by examining
its structure, estimating its dimensions, and measuring the content of the elements in
silica and Nd:YAG. Optical measurements were conducted by measuring the angular ac-
ceptance of the fiber using models based on geometrical optics and Gaussian beam theory

as well as by optically measuring the transmission and emission spectra of the fiber.

2.1 Fabrication of the Fiber

The fiber was fabricated from a preform consisting of a 12 c¢m silica capillary with two 2
cm 1 wt% Nd-doped YAG-rods in the middle of the cylindrical capillary. It was 12 cm in
total with an outer diameter of 6 mm and the inner diameter of 1 mm. The preform was
fabricated by placing the Nd:YAG rods in the silica capillary and heating it to 2000°C.
A fiber drawing-tower was used and in the process, the bottom of the preform was
heated to approximately 2000 °C in order to pull the fiber. A UV-curable polymer coating
was applied and approximately 10 m of YAG silicate fiber was wound up on a spinning

spool.



2.2 Micro- and Nanoanalysis of the Fabricated Fiber

The obtained optical fiber was cut into 1 m to 2m samples with pliers. The coating of
each sample was dissolved in acetone in order to examine it under a microscope. Both
the side-view and the cross-section were inspected for structural irregularities, such as
holes and air bubbles in core, where no YAG was present. Several samples of the fiber
with as few imperfections as possible and with YAG in the core were chosen, since these
imperfections could lead to light scattering and additional transmission losses. Multiples
measurements were conducted with the samples in order to estimate the diameter of
fiber’s cross section.

The structure of the samples were then examined with a SEM in order to further
study irregularities in the fiber. At the same time, an EDS was carried out in order
to estimate the occurrence and content of the elements aluminum (Al), oxygen (O),
silicon (Si), yttrium (Yt), and neodymium (Nd) in the fiber. If the elements specific to
the compounds in the core and the cladding were present in another layer, it could be
a consequence of thermal expansion, diffusion, various mechanical tensions, and other

possible imperfections of the fabrication process.

2.3 Measurements of the Optical Properties of the Fiber

In order to prepare for optical measurements of the fiber, the cross sections of the samples
without holes and with a core where YAG was present were made as smooth as possible.
The ends of the fiber were cleaved and a portable fiber microscope was used to examine the
surface for tensions, scratches, and other mechanical damage. Both ends of the samples
were polished with abrasive paper. When both ends of the samples were deemed polished

with no visible irregularities, they were deemed ready for optical measurements.
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2.3.1 Experimental Setup

As seen in Figure 4, the experimental configuration consisted of a White-ligt WhiteLase
SC480 Ultra High-Power Supercontinuum Fiber Laser for conducting the measurements
of the numerical aperture connected to a 16x 11 mm collimating lens with a single-mode
optical fiber (SMF) with an 8 pm core. The collimating lens was used to narrow the
beam going through an aperture to augment the beam when entering a 2.8 mm 60x
focusing lens which was used to match the beam diameter to the fiber’s core diameter.
The focusing lens and the the fiber under test were both mounted on separate translation

stage in order to align the fiber and the lens in all three directions.

Laser

( |
u U U Fib(:r ‘)_{ Paper

Collimating lens Aperture Focusing lens

Paper

Figure 4: An schematic illustration of the optical configuration.

A rectangular piece of paper was put in front of the other of the fiber though which
light was leaving the fiber. A CCD-camera was mounted on a translation stage in front of

the other end of fiber in order to take pictures of the beam sport during the measurements.

2.3.2 Angular Acceptance, V-number and the Number of Modes

The optical configuration described was used to measure the value of the numerical aper-
ture, the V-number and the number of modes. By aligning the laser beam with the beam
splitter that translated the front end of the fiber, it was ensured that the light went in to
the core. When alignment was done, the beam splitter was removed and the beam focused
on a piece of rectangular white paper. A photo of the spot from the laser beam was taken,

by the CCD-camera mounted on the translation stage pointed at the opposite side of the

11



piece of paper. Note that the exposure of the CCD-camera was set to the minimal value
so only the spot from the beam would be visible. By adjusting the translation stage, the
distance of the camera was increased and another picture was taken. This process was
iterated for every sample and in case of the the spot not being visible, the exposure of the
CCD-camera was increased to such a value that surrounding light, except for the spot
from the beam, could not be seen through the camera.

The images for each sample were analyzed using the image processing software Fiji
based on the library ImageJ. The Gaussian intensity profile of the spot from the laser
beam was measured.

Some small deviations arose when the visibility of the spot was lower or light from
other sources than the laser was captured by the camera, which led to noise being observed
on the graph of the intensity distribution of the beam at a certain distance from the beam
waist. The values for each sample were extracted. For each data set corresponding to a
certain distance of the translation stage from the piece of paper, a Gaussian function was
fitted to the values. From the Gaussian functions for each data set, the the radius of the
laser beam was extracted to a single set of data and plotted as a function a of the distance
from the beam waist. The values followed a linear trend and thus a linear function was
fitted, which represented the radius of the beam as a function of distance from the beam

waist. The acceptance angle, 0, was calculated with

Ay
0., = t — 1
., = arctan (Aa:) (10)

where Ay is the the radius of the beam at a certain distance Az from the beam waist.
This ratio is constant for a linear dependency and is known as the slope, thus the tangent
of the slope of the function was used to obtain the angle, 6,,. In order to obtain a value for
the numerical aperture of the the fiber, equation (3) was used. To measure the angular
acceptance with Gaussian beam theory, i.e. the half-angle divergence, equation (8) was

used together with the estimate for the beam diameter to approximate the beam’s waist

12



radius, wy. The acceptance angle obtained from the NA measurements, which is model
based on geometrical optics, was compared to the half angle divergence calculate with
Gaussian beam theory. Furthermore, to calculate the V-number, equation (4) was used

and thus the approximate number of modes was obtained with equation (5).

2.4 Measurements of the Transmission Spectrum

The transmitted wavelengths of two 6.4 mm samples of the fabricated fiber were measured
with a White-Light Laser and an Optical Spectral Analyzer (OSA). In the measured
interval, 600 pm to 1750 pm, the absorbed wavelengths are about 730 nm and 800 nm.
Since the relevant absorbed wavelengths by Nd:YAG are known, the obtained spectra
of the fiber was examined for absorption peaks in order to estimate the presence of Nd
in the core as an indicator of whether the core and the cladding had interfered with
the core during the drawing process. Furthermore, the transmission spectra and more
precisely which wavelengths are absorbed by the core is an important indicator of the

fiber’s quality as a reliable waveguide.

2.4.1 Experimental Configuration

The transmission spectrum of the fiber samples were measured in order to understand
which wavelengths of light are transmitted through the core of the fiber and which are
absorbed. The measurement was conducted using the same optical configuration as the
measurements of the numerical aperture. Instead of a CCD-camera and a piece of paper,
a multi-mode fiber cable was mounted on a translation stage, which was aligned with the
fiber’s core. The multi-mode fiber cable was connected to an optical spectral analyzer. An
interval of wavelengths, 600 nm to 1750 nm and resolution of 1 nm of was chosen. There
were three presets of power on the used laser, 25%, 50%, and 75%. The measurements
were conducted on 50% power to maximize the the signal and minimize the noise. Four
measurements were conducted in total and data sets with values for signal in units of

dBm as a function of the wavelength (m) for each separate measurement were obtained.
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The spectra were plotted for every measurement and compared to each other to examine
whether the the absorption peaks matched.

A reference measurement was made with a 1wt% Nd:YAG rod used during the fiber
drawing. In theory, the absorption peaks between the Nd:YAG rod and the fiber should
match at the known wavelengths - 730 nm and 800 nm. The experimental configuration
was similar. The single mode optical fiber (8 pm core) was connected to a 15mm 10x
collimating lens, which was narrowing the beam going through a 1wt% Nd:YAG rod (2
cm long and 1 mm in diameter). At the other end of the rod, the beam was going through
an identical 15 mm 10x collimating lens in order to further narrow down the beam to
going into a multi-mode optical fiber connected to the OSA. The multi-mode fiber was

mounted on a translation stage to align the fiber with the laser beam.

2.5 Measurements of the Emission Spectrum

Another indication of the elemental composition of the fabricated fiber is its emission
spectrum. The phenomena Amplified Spontaneous Emission was utilized by letting a
beam from a 808 nm diode laser interact with a sample of the fiber. The emitted wave-
lengths by the Nd:YAG core are known and thus the experimentally obtained emission

spectrum was compared with the known emission peaks.

2.5.1 Experimental Configuration

An integral part of the the experimental configuration was the diode laser which was
connected with a single-mode optical fiber to a 8 mm collimating lens, which was coupled
with another 2.8 mm collimating lens. The single-mode optical fiber from the laser was
mounted to a translation stage in order to align the laser beam with the lenses and
the studied fiber. After going through these two lenses, the beam was entering 6.4 mm
sample of the studied fiber mounted on a translation stage used to align the fiber with
the incoming laser beam. The fiber was connected to a multi-mode optical fiber also

mounted on a translation to a align it with studied fiber. When aligning the single-mode

14



fiber connected to the laser and the studied fiber with the lenses, an IR-viewer was used
to observe the laser beam as well as an IR-detector card for observing the spot from the
laser beam. The multi-mode optical fiber was used to guide the incoming light from the
fiber into an OSA to measure the emitted wavelengths by the YAG silica fiber’s core. The
OSA was centered at the known emission wavelengths (910 nm, 1064 nm, and 1400 nm)
with a span of 100 nm and a resolution of 1 nm. The measurements were conducted on

three different powers of the laser - 0.7 W, 1.4 W and 2.0 W.

2.6 Comparison with the Theoretical Optical Properties of the

Fiber

The experimental measurements of the fiber’s optical properties were compared to theory
by using the previously measured refractive indices of the core and the cladding. The
measured numerical aperture was also used to calculate the refractive index of the core

to compare it with previous measurements of the refractive index of Nd:YAG.

2.6.1 Numerical Aperture, V-number, and Number of Modes

Using equation (3), the numerical aperture of the fiber was calculated with previously
measured refractive indices for the core and the cladding. This value was compared to the
experimentally measured value for the numerical aperture. The experimental numerical
aperture was also used to calculate the refractive index of the Nd:YAG core and compare
it to previously measured values.

Similarly, the theoretical and experimental V-numbers were calculated with equation
(4). If the V-numbers were greater than 2.405, the number of modes was greater than
one, these values could be used to approximate the number of modes in the fiber with

equation (5).
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3 Results

The dimensions and structure of the YAG silicate fiber were measured. In order to esti-
mate the elemental composition of the fiber, the content of each element contained in silica
and and Nd:YAG were compiled from the EDS measurements. The obtained transmission
and emission spectra were used both as an estimate of the fiber’s optical properties and
an indication of its elemental composition, since the transmitted, absorbed, and emitted
wavelengths are characteristic to the materials used in the fiber. The optical angular
acceptance of the fiber was estimated by comparing the results from models based on

geometrical optics and Gaussian beam theory.

3.1 Structural Properties

Structural measurements conducted with a microscope, showed that the fiber had a clear

core and cladding, see figure 5. The diameter of the fiber was measured to be 127.1 &

(a) End of the fiber, 20x. (b) Side of the fiber, 15x.

Figure 5: Microscope pictures of fiber.

35.37 pm and the diameter of the core was measured to be 35.75+6.37 pm (see Appendix
A for the dataset from the measurements). However, the dimensions of the fiber were not
uniform along the fiber and there were multiple structural imperfections. For instance,
the core and the cladding were not uniformly cylindrical, as seen from the fiber’s cross
section in Figure 6a. Additionally, there were multiple parts of the fiber’s core with no

Nd:YAG present; see for instance the bubble in Figure 6b.
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(a) SEM picture of the fiber’s cross section (b) An air bubble in the fiber’s core, 20x.

Figure 6: Microscope pictures of fiber.

Furthermore, there were continuous sections of core with no Nd:YAG as well as parts
of the core and the cladding with various tensions and stress present, such as in Figure

7.

(a) Section of the fiber’s core with no present (b) Stressed end of the fiber, 15x.
Nd:YAG, 15x.

Figure 7: Microscope pictures of fiber.

3.2 Elemental Composition

As seen in Figure 8a and 8b, there is a higher content of silicon and thus silica as well
as oxygen in the cladding. Similarly, there is s a higher content of aluminum in the core,

see Figure 8c. This indicates that the fundamental structure of the fiber was preserved.
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(a) Silicon content (b) Oxygen content (¢) Aluminum content

Figure 8: EDS scan of the fiber’s cross section; colored dots indicate the presence of the
studied element.

The same conclusion can drawn from the data over the specific weight percentages
of each element. From Figure 9, the average content silicon was determined to be 8.5 +
2.6 wt% in the core and 30+ 7.9 wt% in the cladding, which implies that the core contains

significantly more Nd:YAG than previous studies.

Relative elemental occurence

70 A

60

50 A

40 A

Wt%

30 A
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20 25 30 35 40 45 50
Position [um]

Figure 9: Weight percentages of each element as functions of distance.

Furthermore, it is clearly visible in Figure 9 that the content of elements characteristic

for the silica in the cladding increases at about 41 pm.
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3.3 Angular Acceptance, V-number, and Number of Modes

As seen in Figure 10, the width of the beam increase linearly with the distance of the
CCD-camera from the laser spot. The value of the coefficient of determination, R? is

0.991, which means that the model explains 99.1% of the data in the linear regression

model.

Width of the beam as a function of the distance

+  data points +
— y = 0.0807x — 0.1987

10 20 30 40 50 60 70 80
Distance [mm|

Figure 10: The width of the beam as a function of the distance.

Using slope of the linear function, the acceptance angle estimated to be 4.58° and thus the
estimate value of the numerical aperture is 0.0805. Using equation (8) from the Gaussian
beam theory, the half angle divergence is 0.60° + 0.0543°. Using the numerical aperture,
the refractive index of the core was to calculated to be 1.46. Furthermore, the V-number

is 18.1 £+ 3.21 and consequently the number of modes is approximated to 164 + 58.3.

3.4 Transmission Spectra

As seen in Figure 12, the absorbed wavelengths are as predicted approximately 730 nm

and 800 nm, which also approximately corresponds to the absorbed wavelengths for the

Nd:YAG rod used as a reference.
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Transmission spectrum for 1 wt% Nd : YAG
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Figure 11: The transmission spectrum for 1 wt% Nd:YAG; local minima indicate absorp-
tion.

However, some deviations of the measured absorbed wavelengths by the YAG silica fiber’s
core and the reference Nd:YAG rod can be observed as wells a deviations from the pre-

viously measured wavelengths 730 nm and 800 nm.

3.5 Emission Spectra

As seen in Figure 12, the emitted wavelengths approximately correspond to 946 nm, 1064

nm, and 1338 nm.
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Emission spectrum for 1 wt% Nd : YAG
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Figure 12: The emission spectrum for 1 wt% Nd:YAG; the peaks indicate emission.

There are, however, some deviations of the measured emitted wavelengths by the YAG

silica fiber’s core and the previous values for the emitted wavelengths (946 nm, 1064 nm,

and 1338 nm) by Nd:YAG.

4 Discussion

As seen in in Figure 5, the base structure of the fiber was preserved with two approxi-
mately cylindrical layers in the form of the core and the cladding. The same conclusion
can be drawn from the EDS scan of the fiber in Figure 8, where a higher content in the
core of elements which are part of the YAG crystal can be observed. Additionally, the
average content of silicon in the core was estimated to be 8.5+ 2.6 wt% from Figure 9. In
comparison with previous studies on YAG-derived fibers where the content of silicon was
75.3 wt%, the YAG silica fiber in this study has a higher content of Nd:YAG in the core.
One possible reason, is the higher viscosity of silica than the one of YAG, which mini-
mizes diffusion of the materials during the fabrication. Since silica has a higher thermal
expansion coefficients than Nd:YAG, the temperature used and the time of heating is of

importance. The fact that the fiber was heated for a longer period of time in previous
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studies, could contribute to the higher content of Nd:YAG in the core region of the fiber.

However, the higher thermal expansion coefficient of YAG can also lead to a mixed
composition as seen in Figure 9. Furthermore, a higher thermal expansion coefficient of
Nd:YAG also implies faster thermal reduction during the cooling phase of the fabrication
process, which also could also contribute to the mixed material composition of the fiber.
Apart from the composition of materials, thermal expansion could possibly lead to a non-
uniform core- structure and altered shape, which could affect the fibers optical properties
by changing the angle of incidence for the light entering the fiber, potentially lead to the
scattering of light and hence transmission losses. Additionally, when the two materials
are in liquid forms, diffusion can also contribute to a varied material composition, even
if the higher viscosity of silica decreases diffusion. When the bottom of the preform is
in a liquid state and the other parts are in a solid state, the role of diffusion could be
increased by the pulling force of gravity on the liquid parts of the preform [36].

The acceptance angle, 6,, and the numerical aperture were estimated to be 4.58° and
0.0805 respectively [39]. From this the numerical aperture of the fiber’s core was calculated
to be 1.46, which deviates 25.5% from the previously measured value of 1.83. One reason
for this deviation, could be mixed composition of the fiber’s core, as seen in Figures 8 and
9. However, since geometrical optics utilizes the weak guidance approximation, i.e. some
algebraic simplifications are made under the assumption that the difference between the
refractive index of the core and the cladding, An = ncore — Netadding, 15 small, typically
less than 1 % [39]. In particular, the paraxial approximation is utilized for small An,
which is a small angle approximation for the sine, cosine and tangent function. This
implies that since the difference in refractive index (using previously measured values) is
An = 1.83 — 1.46 = 0.36, which is more than 1%, the case of this fiber could be beyond
the weak guidance approximation, making the conducted measurement inaccurate. This
notion is further confirmed by the deviation from the half angle divergence calculated
from Gaussian beam theory,

There were, however, additional sources of error in this study, associated with the
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precision of the EDS measurements. As seen in Figure 9, the neodymium could not be
detected with EDS, which could possibly be explained by the small of amounts of the
neodymium used in the core (1 wt%), requiring higher precision. Another factor affecting
the precision is that the energy of the focused beam optimized to detect middle-weight
elements like silicon, aluminum and yttrium are not optimal for lighter elements like
oxygen, which could make the measured content of oxygen inaccurate. Furthermore, since
the emitted energy by oxygen is lower than the emitted energy by middle-weight elements,
which means that the EDS could detect weaker low-energy stray signals as registering
them as oxygen. Even in the absorbed and emitted wavelengths in Figure 11 and 12
were specific to Nd:YAG and thus indicated the presence of of neodymium, more detailed
calibration could quantify the proportions of each element, including neodymium, more
precisely. Another source of error is the presence of bubbles in the fiber’s core as seen in
6b, affecting its optical properties by scattering the light. The reason for their presence
lies in the fabrication process and there is a possibility that the surrounding air interacted

with the fiber during the drawing process.

4.1 Conclusion

It can be concluded that the fabricated YAG silicate fiber in this study has a higher
content of Nd:YAG in the core than in previous studies. The fabrication method used is
thus deemed feasible for fabricating Nd:YAG optical fibers with a higher purity of the
core materials. However, further studies are necessary in order to improve the method
with respect to the thermal properties of the used materials, and to further increase the
uniformity of the fiber’s structure and the purity of the Nd:YAG in the core.
Furthermore, deviations of optical measurements for the angular acceptance of the
fiber from theory and Gaussian beam models are an indication that the scenario of this
fiber is beyond the weak guidance approximation used in models based on geometrical
optics. Thus, future studies need to be conducted to improve the accuracy of angular

acceptance measurements. Another potential area of interest for future studies, is the
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viability of optical fibers with thermally similar materials to Nd:YAG in the core, such as
other crystalline semiconductive compounds, coupled, for greater generality, with different

dopants such as erbium, niobium, and thulium.
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A Appendix A

Table 1: Dataset for the outer and inner diamter of the YAG silica fiber

douter [llm} dinner []rlm]
135.81 36.66
100.27 31.41
135.34 34.44
147.65 40.11
111.24 36.12
132.21 35.55
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