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Abstract
The demand for specialty optical fibers is ever growing. Requirements range from en-
gineered dispersion to managed nonlinearity to optimized gain profiles. Conventional
chemical vapor deposition (CVD) techniques are optimized for kilometer-scale fiber
production and are relatively inflexible and cost ineffective for rapid fiber prototyping.
A fast turnover rate from design to product is essential for unique doping composi-
tions, such as high amounts of individual rare earths, a mixture of several, or more
temperature sensitive dopants such as nanoparticles.

To overcome these limitations, a novel preform fabrication technique based on CO2
laser vitrification has been developed. The result is two different approaches to doping
silica fibers, powder-in-tube laser vitrification (PLV) and liquid-layer laser vitrification
(3LV). The PLV enabled the successful incorporation of nanodiamond particles into
silica fibers. Measurements show a highly dispersive nonlinearity, while the chromatic
dispersion remains largely unchanged, demonstrating the potential for independent
nonlinearity and dispersion engineering. 3LV was found to be effective in producing
homogeneously doped rare earth fibers, resulting in highly ytterbium-doped fibers with
performance comparable to commercial fibers, validating the capability of the new
method to produce high quality doped glass material. Leveraging the flexibility of
both methods, multiple rare earth doped fibers were developed that exhibit fluorescence
emission over a full octave. In addition, the fabrication of an alumina core fiber with a
high rare earth concentration was investigated with the possibility of short amplifiers,
high thermal loads, and mid-IR operation in mind. Similar fibers doped with terbium
were fabricated and tested for Faraday rotation, useful in magnetic field and current
sensing applications.

Finally, noise sources in supercontinuum (SC) generation are investigated, leading
to the development of a hybrid dispersion fiber that utilizes anomalous dispersion
for initial pulse compression and all-normal dispersion for nonlinear pulse broadening.
The generated SC exhibits ultra-low noise while spanning more than a full frequency
octave. This approach is easily adaptable and can potentially improve the performance
and noise characteristics of other photonic systems such as optical frequency combs
(OFCs).
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Chapter 1

Introduction

Optical fibers produced from silica glass are ubiquitous. They form the backbone of
our information infrastructure and transmit data at close to the speed of light across
the globe, which they span multiple of thousands of times. They are also integral
components in various areas of applications including machining, environmental sens-
ing, medical surgery, and nonlinear optics [1–5]. Unlike telecommunications, where
ultra-low loss is the primary requirement, emerging technologies leverage the unique
optical, electrical, acoustic, or optoelectronic capabilities of specialty fibers functional-
ized with passive or active dopant materials such as rare-earth metals, semiconductors,
or nanoparticles [6–9].

As the demand for customized specialty fiber grows, standard production methods
face challenges. Chemical vapor deposition (CVD) techniques, commonly used to fab-
ricate preforms for drawing silica fibers, are highly effective for cost-efficient large-scale
production of high purity silica [10, 11]. However, in many research environments the
focus lies on producing short sections of highly customized multi-component fibers with
novel dopants and functionalities.

In such situations, CVD methods are often too restrictive in terms of the glass com-
positions they allow [12], as the RE concentration achievable is limited. Additionally
the running cost and the necessary containment and scrubbing of toxic gas emissions
can be prohibitive.

Higher rare earth (RE) concentrations in fibers increase the gain, leading to shorter
laser cavities and amplifiers, which can reduce dispersion and nonlinearity [13]. Other
applications requiring high doping concentrations are fiber optic magnetic field sensors,
which utilize the high Verdet constant of rare earth (RE)s, especially Terbium, to
determine the magnetic field strength by Faraday rotation[14].

Unfortunately, simply adding more RE ions without adjusting codopants to the
glass leads to concentration quenching and reduces performance. A careful adjustment
of the glass composition is necessary [15]. Furthermore, a RE’s gain bandwidth is
limited by its electronic structure. Combining multiple species in one glass and com-
bining their gain windows would multiply the available gain bandwidth, which could be
leveraged in several applications ranging from telecommunications to ultra-short pulse
amplification.

Since the minimal width of a laser pulse is essentially given by its spectral band-
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width, the gain bandwidth limitation is usually overcome by leveraging self-phase mod-
ulation (SPM) or Raman scattering, broadening the spectrum. Multi-dopant fibers
with ultrabroad gain bandwidth could reduce the need for nonlinear broadening and
lessen the design constraints of short-pulsed systems. Some pulsed systems already
benefiting from octave-spanning spectra, such as supercontinuum (SC) lasers and opti-
cal frequency comb (OFC) sources could also benefit from improved gain bandwidth, as
coherent amplification over the full spectrum would otherwise require the parallel use
of different amplifiers and subsequent recombination. The consequences are additional
challenges in terms of coherent combination and pulse shape, as amplification over the
limited range severely changes the pulse. Tuning the shape of the gain spectrum by
changing the RE composition adds another degree of freedom.

However, the interaction between several different RE species is fairly complex,
as the coupled rate equations include different absorption and emission lines for each
component, not to forget the different energy transfer processes present [16, 17]. Some
energy transfers are necessary for the efficient pumping of some RE ions by pump
absorption in another species and can be heavily influenced by codopants, such as
Al in Er:Yb fibers [18, 19]. This means the whole dynamics are depending on many
variables and require careful tuning of the glass composition, which is already the case
for much simpler systems. This process often requires numerous trial-and-error runs
to optimize composition and vitrification conditions.

Key optical material properties for nonlinear optical phenomena are optical nonlin-
earity and dispersion. Adjusting these parameters is necessary for efficiently utilizing
nonlinear effects like soliton formation or SC generation. Equipped with the brightness
of a laser and ultra-broad spectral bandwidths, SC sources based on the nonlinear spec-
tral broadening of high intensity laser pulses in dispersion engineered specialty optical
fibers are today an indispensable tool in many scientific and industrial processes [20,
21]. However, for many applications in advanced spectroscopy, microscopy, and ultra-
fast photonics, the noise of current SC sources has become the predominating factor
limiting acquisition speed, sensitivity, or resolution. The noise mechanisms involved in
SC generation are predominantly given by fiber dispersion [22].

A fibers nonlinearity and dispersion are typically determined by the utilized glass
composition and the fiber geometry. Therefore, they cannot be changed independently,
severely limiting the possibilities in optimizing a fibers properties for nonlinear pur-
poses. Nanoparticles, on the other hand, seem to possess highly dispersive optical
nonlinearity [23], and are therefore promising candidates for tailoring a fibers nonlin-
earity independently of dispersion, by doping the glass material.

The high vitrification temperature of silica glass near 2000 ◦C presents an addi-
tional challenge for incorporating novel materials, particularly nanoparticles and 2D
materials, as this temperature may compromise their integrity, making post-processing
procedures necessary [9, 24, 25]. Although this temperature challenge can be miti-
gated by using soft glasses with lower melting temperatures [26], silica fibers remain
highly desirable due to their robustness, mechanical and chemical stability, and broad
transmission window.
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Therefore, the following challenges were formulated:

• Active fibers

– High rare earth concentrations

– Combination of gain bands from different REs

• Sensing fibers

– High Verdet constant fiber by maximizing terbium concentration

• Nonlinear fibers

– Nanodiamond doping

– Low-noise supercontinuum generation

To address these challenges in producing advanced functionalized silica fibers that
meet current and future demands, a range of new preform fabrication and drawing
techniques have been developed [24, 27], with laser-assisted manufacturing attracting
particular attention [28–30]. While lasers have long been an integral part of fiber
production, primarily serving as heat source for fiber drawing and post-processing
[31–33], recent advancements have harnessed their unique capabilities for producing
specialty optical fiber preforms. The small and localized hot zone, rapid processing
speeds, and high cooling rates achievable with CO2 lasers, for example, create an
intriguing regime for glass making. These conditions minimize the time for potentially
detrimental thermal interactions, such as diffusion, dissociation, and oxidation [34],
and have been linked to the suppression of concentration quenching and ion clustering
at high rare-earth doping levels [30].

Moreover, additive manufacturing techniques such as laser powder deposition hold
promise for future 3D printing of highly customized preform rods [35]. However, the
technology is still in the proof-of-concept stage, limiting the range of investigated ma-
terial systems and currently resulting in relatively high losses and low efficiency for
rare-earth doped active laser fibers [29, 35, 36].

Therefore a novel fiber prototyping scheme was investigated, based on the produc-
tion of fiber preforms by CO2 laser vitrification. Two variations are presented in 3.1.
The first method is using the liquid doping of silica powder with solutions or disper-
sions containing the dopants. The powder in the cladding-tube is then rapidly vitrified
with the CO2 laser. The method is called Powder-in-tube laser vitrification (PLV).

PLV enabled the worldwide first demonstration of a silica preform and fiber doped
with nanodiamond particles, which is particularly remarkable, as the dissociation tem-
perature of nano diamond (ND) near 600 ◦C differs significantly from the vitrification
temperature of silica near 2000 ◦C. The linear and nonlinear characteristics of this
ND-doped preform and fiber are extensively studied in section 3.2.3, as nanoparticles
can exhibit significant nonlinearity dispersion [23], potential reaching negative values.
The reversal of the sign of the nonlinearity would greatly increase the dispersion-
nonlinearity landscape. Nonlinear effects typically reserved for one dispersion regime
would be available in the other, for example normal dispersion solitons. With the
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tuning of nonlinearity dispersion, solitonic operation could even be extended over the
whole spectrum [37].

The results from z-scan (published in [38]) and pulse propagation experiments con-
firm strong nonlinearity dispersion. Unfortunately, the negative n2 regime, remains
speculative, as the single-mode cutoff of the produced fiber and the available laser
sources complicate experiments at shorter wavelengths. However, our experiments
proved the possibility of nonlinearity tuning independent of chromatic dispersion by
the doping of fibers with nanodiamond particles.

While the PLV seems suitable for nanoparticles, it proved disadvantageous for the
homogeneous doping of silica with rare-earths. Therefore, we adapted the liquid layer
deposition of silica tubes with doped sol-gel based on tetraethyl orthosilicate (TEOS)
[39] to our laser vitrification method, We called this method liquid-layer-laser vitri-
fication (3LV). It is explained in detail in section 3.1.3. To quantify the achievable
glass quality, we developed a relatively highly ytterbium-doped alumina-silicate fiber,
benchmarked it against a commercial option, by determining spectroscopic properties
of both fibers and tested its performance in a laser setup. The results confirm excellent
quality of doped silica preforms and fibers fabricable with 3LV. The methods flexibility
was then leveraged to combine ytterbium , erbium and thulium in a single fiber, which
is able to produce octave-spanning fluorescence, when pumped accordingly. The level
of doping concentration using the 3LV is limited by the solubility of the precursors
and the sol-gel chemistry. The method is so far also limited to TEOS based sol-gel,
although alumina based sol-gel formation is possible [40].

In that regard a wet powder doping of aluminium oxide with ytterbium was con-
ducted, to produce a rare-earth doped all-alumina core multi-mode fiber, aimed at
increasing the possible rare earth concentration. Apart from reducing clustering of RE
ions, Al2O3 allows transmission in the mid-infrared, is robust and has a high melting
point. The achievable Al2O3 concentration was ultimately limited to 60 at.% by dif-
fusion of SiO2 from the cladding. Nonetheless, the fiber was able to produce lasing,
showing its potential for mid-IR applications. The fiber is presented in section 3.3.1.
This work has also been published in Blaser (2023) [41].

Since these methods proved capable of producing high RE concentration optical
fibers, highly terbium-doped fibers were developed for Faraday rotation based fiber-
optic magnetic field and current measurements, as terbium has a very high Verdet
constant. A variety of different fabrication methods were tested and the Verdet con-
stant of the produced fibers measured. The highest doping concentrations could be
produced by wet powder doping of fumed silica. These fibers also showed Verdet con-
stants, that were up to 3× higher than silica, although at the cost of higher losses.
Fibers produced by the 3LV method showed lower losses, but were unable to produce
any response to the applied magnetic field, possibly due to the limited terbium concen-
tration and noncircular core, causing birefringence and suppressing Faraday rotation.
In general, repeatability of the Faraday rotation measurements was low, possibly due
to variable fiber intrinsic linear birefringence of arbitrary orientation, combined with
bending induced birefringence. These terbium-doped fibers are presented in section
3.3.2.

Section 4 examines and discusses noise mechanisms in supercontinuum generation,
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highlighting a significant dependence of noise on the fibers birefringence and dispersion
landscape. Since the nonlinearity tuning by nanoparticle doping is in its infancy and
specially tailored fibers for SC generation do not yet exist, the properties of two com-
mercially available fibers were combined to produce a hybrid-dispersion fiber. The first
fiber section is a standard PM1550 fiber, showing anomalous dispersion. Its length is
optimized for the optimal compression of the utilized pulsed laser source. This fiber is
spliced directly to a nonlinear ANDi fiber, in which an octave-spanning ultra-low-noise
supercontinuum with excellent coherence is generated. The concept is easily adaptable
to other systems.
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Chapter 2

Theory

2.1 Fundamentals of light propagation in a medium

2.1.1 Maxwell’s equations and basic definitions

This section begins with Maxwell’s equations and outlines the derivations up to the
polarization term, which contains a material response to an applied electromagnetic
field, where a Taylor approximation usually divides optics into its linear and nonlinear
domains. Following the linear optics derivations, the necessary equations for linear
propagation in a fiber, such as numerical aperture, fiber modes, dispersion, etc., are
obtained. Maxwell’s equations form the pillars of electrodynamics and are necessary
to describe the propagation of light in any medium, such as optical fibers. By includ-
ing higher-order polarization terms in the derivation, nonlinear phenomena such as
the Kerr effect and self-phase modulation are described. Finally, stimulated emission,
lasing, and light amplification are described, including absorption and emission cross
sections, which are essential for the characterization of active fibers.
Maxwell’s equations describe the behavior of any electromagnetic field or its compo-
nents, the electric and magnetic fields E,B.

ϵ0∇ · E = ρ−∇ ·B, (2.1)
∇ ·B = 0, (2.2)

∇× E = −∂B
∂t
, (2.3)

∇×B = µ0J+ µ0ϵ0,
∂E

∂t
. (2.4)

ϵ0 is the electric permittivity, µ0 is the vacuum permeability, ρ is the charge density and
P is the induced electric field in a material, also called polarization. For the case of free
space (ρ = J = P = 0), one arrives at the wave equations with some reformulations
that can be found in any textbook, such as [42]

∇2E− µ0ϵ0
∂2E

∂t2
= 0, (2.5)

∇2B− µ0ϵ0
∂2B

∂t2
= 0. (2.6)
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General solutions to the wave equation for the electric field are given by two waves
propagating in opposite directions

E(r, t) = F(r− vt) +G(r+ vt), (2.7)

where |v| = c0 = 1/
√
µ0ϵ0 is the speed of light. Using Fourier transformations, these

solutions can be easily decomposed into sinusoids, which are themselves solutions of
the form 2.7 and are called plane waves. In one dimension, these waves can be written
in the form

E(z, t) = E0 sin(kz − ωt+ δ), (2.8)

Re(Ẽ(z, t)) = Re(Ẽ0 exp(i(kz − ωt+ δ))), (2.9)

where kc0 = ω or kc0 = 2πf , k is typically called the wave vector and describes the rate
of phase change in the direction of propagation. ω and f are the (angular) frequency
and δ is an arbitrary phase shift. The second line is the complex field representation,
which is often more convenient to work with. When generalizing to propagation in a
homogeneous medium, its response to the electric field, called polarization, must be
taken into account. It is useful to expand the polarization into a Taylor series with
respect to the electric field

P = ϵ0(χ
(1)E + χ(2)E2 + ...), (2.10)

where χ is the electrical susceptibility. Considering the first order gives all of linear
optics, while the higher order terms are responsible for nonlinearities. In the linear case,
the constants can be combined to give the permittivity ϵ = ϵ0ϵr = ϵ0(1+χ

(1)), where ϵr
is the relative permittivity. Assuming no free charges, currents or magnetization, and
a slowly varying susceptibility, the inhomogeneous wave equation in one dimension is
as follows

∂2E

∂z2
− µ0ϵ0

∂2E

∂t2
= µ0

∂2P

∂t2
. (2.11)

Considering the linear regime results in the same homogeneous wave equation as above,
but with a modified constant.

∂2E

∂z2
− µ0ϵ

∂2E

∂t2
= 0, (2.12)

To quantify this change in more intuitive units, we can introduce the so-called complex
index of refraction as

n′(ω) ≡
√

(1 + χ(1)). (2.13)

In general, n′ is complex and can be decomposed into its real and imaginary parts as
n′ = n + iκ. n is again called the index of refraction and changes with frequency f =
ω/(2π) or wavelength λ = c0/f , meaning that different wavelengths travel at different
speeds, a phenomenon called dispersion. To illustrate the effect of the imaginary part,
consider again a plane wave, where the vacuum wave vector is adjusted to the medium
k′ = k0n

′ = k0(n+ iκ).

Ẽ(z, t) = E0exp(i(k0n
′z − ωt+ δ), (2.14)

= E0exp(i((k0(n+ iκ)z − ωt+ δ), (2.15)
= E0exp(i(k0nz − ωt+ δ))exp(−k0κz). (2.16)
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The same plane wave is restored by adding an exponential decay. The absorption
coefficient is given by α = 2π

λ
κ.

Since physical waves are not just plane waves and are generally a superposition of them,
it is necessary to introduce a more complete description [43]. This is especially true for
temporally confined fields, also called pulses. Neglecting the spatial dependence, this
looks like

Ẽ(t) =
√
I(t)exp(−iϕ(t)). (2.17)

I(t) is the intensity, so
√
I(t) describes the strength of the oscillation and ϕ(t) describes

the speed of the oscillation. ϕ(t) can be expanded to

ϕ(t) = ϕ0 + ϕ1t+
1

2
ϕ2t

2 + .... (2.18)

The first term determines the starting point of the oscillation, since it is a constant.
The second term is responsible for the main part of the oscillation around the frequency
ω0. The second term is a quantity called chirp and describes how the frequency of a
field changes with time in a linear approximation. This can be seen by looking at the
instantaneous frequency for a field with the first three terms

ωinst(t) = ω0 −
dϕ

dt
= ϕ2t. (2.19)

We see that the frequency increases linearly with time. When considering propagation
through a medium, it is usually easier to treat the problem in the frequency domain.
The field in this domain is given by

E(ω) =

∫ ∞

∞
E(t)exp(−iωt)dt. (2.20)

The field can again be separated into an envelope and a complex phase term

Ef (ω) =
√
S(ω)exp(−iφ(ω)). (2.21)

The envelope squared S(ω) is called the spectrum and is exactly what can be measured
with a spectrometer. Since different frequencies travel at different velocities, described
by the index of refraction, this simply results in an additional phase term as [44]

φ(z, ω) = φ(0, ω) + n(ω)kz. (2.22)

This rate of phase change is also called the propagation constant.

β(ω) ≡ n(ω)k. (2.23)

The resulting field in time after the medium is recovered using the inverse Fourier
transform. Although the refractive indices of most materials are fairly well known, the
propagation constant is often given in the form of a Taylor approximation. The first
two terms represent a shift in phase and a shift in time, respectively. The first term
corresponds to an overall phase shift. The second term results in a linear spectral phase
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and thus a constant time shift in the time domain. It is therefore natural to define the
group velocity as

1

vg
≡ dβ

dω
. (2.24)

The next order term
β2 =

d2β

dω2
(2.25)

is called the group velocity dispersion (GVD) and indicates how much different fre-
quencies drift apart as they propagate. For β2 > 0, the group velocity decreases with
frequency, meaning that lower frequencies travel faster than higher ones. In the visible,
most materials behave this way, which is also called normal dispersion. The opposite
case is called anomalous dispersion, which typically occurs at lower frequencies. Of
course, the GVD has a zero crossing where a pulse is least affected by dispersion. For
silica, this is the case at 1310nm. This quantity is often defined in terms of the wave-
length λ. It is called the dispersion parameter. Since the change in group velocity over
a frequency interval should be the same over the equivalent wavelength interval, we get
β2∆ω = D∆λ, which results in

D ≡ −2πc

λ2
β2 = β2

∆ω

∆λ
. (2.26)

Higher order dispersion becomes relevant when the quadratic phase is minimal or when
the spectrum is very broad. In this case, the Taylor expansion becomes cumbersome
anyway, and it may be easier to consider the full propagation constant.

2.1.2 Guided light

In the next section, we will consider ways to confine light to a small space and guide
it in a desired manner.

One might think that a waveguide could be quickly constructed by coating the inside
walls of a hollow channel with a reflective material. The light would then bounce
off the walls repeatedly and propagate inside the waveguide. However, the Fresnel
coefficients show that there is always some loss in this configuration, which would
quickly add up over the length of the guide, and the light would be lost after a short
distance. Fortunately, when light is guided inside a material with a higher refractive
index than its surroundings, light incident at an interface at a certain angle will be
completely reflected back into the higher index region, a situation called total internal
reflection (TIR). This is illustrated by Snell’s law of refraction

n1sin(θ1) = n2sin(θ2), (2.27)

where ni and θi are the index of refraction and the angle of incidence on each side of
the interface. The law describes the angle at which light exits an interface between
two different materials. In the TIR configuration it does not give real valued angles
and no light passes through the interface. In the case of a fiber, light is initially
inserted through another interface at an angle of 90°. The maximum insertion angle at
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which TIR occurs can be calculated by geometric arguments and gives the very useful
definition of the numerical aperture (NA) for optical fibers

NA ≡
√
n2
2 − n2

1 = n0sin(θmax), (2.28)

where n2 is the core and n1 is the cladding index. n0 describes the refractive index
before the fiber facet and can be ignored when the light propagates through air as
nair ≈ 1. The NA effectively describes the light gathering ability of a fiber and can
also be defined for other optical systems.

For the above definition, we have assumed that light behaves like a beam, which
results in geometrical optics. However, as the waveguide approaches the scale of the
wavelength, the wave properties of the light become increasingly important. To solve
the problem of light propagating based on TIR inside a fiber, i.e. a cylindrical structure
with a core cylinder having a higher refractive index than its surroundings, we consider
the wave equation eq.2.12 again, neglecting any losses and switching to the frequency
domain. We get

∇2Ẽ − n(ω)2
ω2

c20
Ẽ = 0. (2.29)

The solutions of this Helmholtz equation are then eigenvectors that do not change shape
during translation. This means that these fields will travel down a fiber indefinitely
in the absence of absorption. These solutions are found by applying an appropriate
coordinate system and implying appropriate boundary conditions, such as continuity
of the field across an interface and a vanishing field far from the center of the fiber.
In the case of the step-index fiber, changing to cylindrical coordinates radius r, angle
ϕ and z, a separation of variables and assuming relatively weak guiding ∆n << 1
leads to linearly polarized modes (LP modes). These modes are distinguished by an
amount of angular periodicity and radial oscillations, since they are obtained using the
ansatz E(r, ϕ) = F (r)exp(ilϕ). The radial part is given by Bessel functions of different
order m and the parameter l takes integer values. The lowest order Bessel is often
approximated by a Gaussian. The guided modes have propagation constants in the
range ωn1 < β < ωn2. They are usually sorted by β and grouped by their parameters.
Typically, the lower order modes are concentrated on the axis and have the highest
propagation constant. To estimate the number of modes supported by a step-index
fiber, it is convenient to define the normalized frequency or V-number as

V ≡ 2π

λ
a
√
n2
2 − n2

1. (2.30)

It turns out that the second mode is supported for a V-number above 2.405, i.e. for any
number below that only one mode, the so-called fundamental mode, is supported. For
large V-numbers, the number of supported modes can be estimated as M2 = V 2/4, or
twice that if both polarization directions are considered. The following figure shows the
supported modes of a fiber in sec. 3.2.1 obtained by numerically solving the Helmholtz
equation using the measured refractive index profile (RIP) as input.
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Figure 2.1: The electric fields of the supported modes in the fiber YbDF2 (sec. 3.2.1) at
600 nm, sorted by decreasing group velocity and grouped by complexity. The color map is
identical for all plots. Analytical and experimental modes for perfectly circular step-index
fibers look considerably different. This fiber has some core ellipticity and a parabolic profile.

Deviations from the step-index profile are beneficial in many applications. It pro-
vides additional degrees of freedom when designing fibers for specific purposes. For
example, in a multimode fiber used for data transmission, different modes experience
different GVDs due to different paths through the fiber. The transmission rate is
therefore limited by the modal dispersion. A simple solution is to limit the fiber to
single mode guiding, at the expense of the more precise coupling required. However,
in a graded refractive index (GRIN) fiber, the index gradually decreases away from
the optical axes. The index profile can now be tuned so that the path differences and
the effective refractive index largely cancel each other out and the difference in GVD
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between modes is minimized. A GRIN profile is typically parameterized as

n(r) =

{
n1

√
1− 2∆

(
r
a

)q for 0 ≤ r ≤ a

n2 for r > a
(2.31)

where n1 is the maximum index, n2 is the cladding index, and ∆ is the difference. For
q → ∞ this approximates the step index profile. Alternatively, fibers can be designed to
specifically negate another fiber’s mode dispersion by tuning the parameters of a ’W’-
shaped RIP [45] or by optimizing the entire RIP [46]. Other applications of refractive
index design include single mode and multimode fibers optimized for top hat beam
generation [47, 48], which is advantageous for processing because it reduces the energy
in the wings of the beam. In addition, the energy is spread over a larger area, effectively
reducing peak intensity and thus nonlinearities. Even square beam shapes have been
realized, which prove useful in certain material processing applications [49].

The RIP can also be tailored to transmit optical angular momentum (OAM) light,
which often comes in the form of ring-shaped beams[50, 51]. The optimized profiles
then take on the donut shape themselves, or result in a GRIN structure.

Typically, the waveguide is realized by changing the glass composition according
to the desired RIP. It is also possible to strategically replace some glass with holes.
The guiding is then given by a difference in the apparent or effective refractive index
[52, 53], eliminating the need for index modifying dopants, thus limiting impurities
and scattering, and allowing a very small index step. This has the effect, that single-
mode operation is possible over a very broad spectral range, limited only by bend
losses within the transparency of silica. Alternatively, the losses of higher order modes
can be increased by adjusting the geometry accordingly, or by coupling them into
a separate core altogether, where they are rapidly attenuated [54, 55]. The many
additional parameters such as hole size, spacing, and arrangement allow shifting the
zero dispersion wavelength [56], adjusting the dispersion, or changing the mode field
diameter to influence nonlinearities in the fibers [57, 58]. band gap

There are also other control mechanisms that are completely different from TIR.
Photonic bandgaps in fibers can be used to confine light, the simplest of which may
be the Bragg fiber[59], in which a periodic Bragg reflector-like structure is circularly
arranged around a hollow core. These fibers can also have much more sophisticated
structures, resulting in complex honeycomb gratings with and without core [60]. The
hollow core allows the fibers to be guided through air, greatly reducing dispersion,
nonlinearity, and greatly improving damage threshold [61]. It is also possible to intro-
duce liquids into the core [62]. Another guiding mechanism relies on a non-resonant
structure that prevents the coupling of light out of the core region [63]. Common to all
fiber geometries with holes are the high requirements for pressure stability and tuning
during fiber drawing to maintain hole and tube dimensions and structure.

2.1.3 Active media

A material can not only transmit light, it can also subtract or add energy to a field in
the form of a photon when the wavelength of the light matches the energy difference
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between different energy levels of an electron in a molecule. The electron in this excited
state can lose its energy in several ways: it can emit acoustic vibrations (phonons), it
can transfer energy to other electrons, or it can emit a photon of random phase and
propagation direction. If a photon is already present, it can force the emission of an
identical photon of the same energy, phase, and direction. The classical analog would
be a forced oscillator assuming the frequency and phase of the external force. These
processes are called spontaneous and stimulated emission stimulated emission (SE).

The coherent reproduction of photons by SE is the basis of most lasers and am-
plifiers. Spontaneous emission can also induce or seed stimulated emission, which is
detrimental for laser purposes and is called amplified spontaneous emission (ASE).
Nevertheless, pure ASE sources have certain advantages, and high-power and narrow-
band systems exist [64]. An ensemble of excited electrons will spontaneously fall back
to its ground state at a rate given by the fluorescence lifetime τ or the decay rate
γ = 1/τ .

N2(t) = N2(0)e
−t/τ , (2.32)

where N2 is the number of electrons in the excited state. If there are multiple decay
paths, the decay rates add up and the lifetime is reduced. The energy differences be-
tween levels do not form sharp lines. They are broadened by several mechanisms. First,
the states have a natural linewidth given by the energy spread due to the Heisenberg
uncertainty.

Second, interactions with lattice phonons add their own contribution, which is
strongly temperature dependent. These effects are summarized under the term ho-
mogeneous broadening, since they affect each ion equally. Inhomogeneous broadening
affects each ion differently. In a lattice, it is the randomly varying local electric field
that leads to Stark splitting of sublevels and broadening of the spectral line [65].

The probability of emission or absorption can be given in terms of a cross section.
This quantity is given in units of area and indicates how large a fully absorbing or
emitting surface would be at the same transition rate. The emission cross section
σem is generally related to the fluorescence lifetime by the Füchtbauer-Ladenburg (FL)
relation [66]

1

τ
=

8πn2

c2

∫
f 2σem(f)df. (2.33)

This formula is often used in approximate versions that allow a direct calculation of
the emission cross section from the fluorescence line shape and the lifetime [67]. A
consequence of the FL relation is

g1

∫
f 2σabsdf = g2

∫
f 2σemdf, (2.34)

where g1,2 are the degeneracies of the lower and upper levels involved, relates σem to the
absorption cross section σabs, and allows calibration of the peak of one cross section by
the other. Alternatively, the McCumber formula provides a more general relationship
that allows the calculation of an unknown cross section from a corresponding known
cross section. However, the exact energy levels of all states involved must be known
[68]. The total rate of photon emission or absorption, called the gain or attenuation
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coefficient (depending on the sign), is given by

g(z, λ) = N1(z)σabs(λ)−N2(z)σem(λ), , (2.35)

where N1,2 is the number of electrons in each level. If we assume a co-propagating
pump of wavelength λp to the signal in a fiber of length l, we can replace the population
numbers by the absorbed pump power Pa and get the total gain G as

G(l, λ) =
ϕp(σabs(λ) + σem(λ)τλp

Ahc
−Nσabs(λ)l, (2.36)

where A is the area in which the light is contained, h is Planck’s constant, and N =
N1 +N2 [69]. The solution to this problem is usually obtained using the so-called rate
equations, which are a set of coupled equations including all the different decay or
energy transfer paths, usually including many different energy levels [70]. However, in
this simple case, the absorbed pump power Pp along a length of fiber z can be obtained
by solving

ln

(
Pp(z)

Pp(0)

)
+
Pp(z)− Pp(0)

Psat

= −Nσabs(λp)z. (2.37)

Psat is the power at which the spontaneous emission is half its maximum value in
saturation [71]. This fact gives another way to relate the cross sections, as given by

Psat =
hcA

(σabs(λp) + σem(λp))τλpϕp

. (2.38)

ϕp describes the quantum efficiency of the pumping process.

2.1.4 Lasers

As we have just seen, it is possible to amplify light using a material with a suitable
energy level structure. In fiber lasers, rare earth ions or lanthanides are typically used.
They provide a useful energy structure that allows laser applications from the UV to
the mid-infrared [72]. When we enclose a gain medium between two reflective surfaces,
we form a linear laser cavity. One surface is chosen to be slightly transmissive to allow
light to be coupled out. Evaluating the stability of a free-space cavity usually involves
a ray-matrix calculation. For fiber lasers, however, this is not necessary because the
fiber modes remain largely unchanged during propagation. Longitudinal modes, light
traveling back and forth supported by the cavity, require that they have the same phase
after a complete round trip. These conditions can be expressed as

2Lnf

c
= m, (2.39)

where m is an integer. This is equivalent to assuming a standing wave in the cavity.
The allowed frequencies are given by

fm = m
c

2Ln
, (2.40)
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and their frequency spacing is δf = c/(2Ln). The modes supported by the laser will
be those with sufficient gain. By appropriately designing the cavity, it is possible to
achieve single wavelength operation. With multiple supported laser modes, there will
naturally be some mode competition and not all modes will be present. In some cases,
the cavity will be very susceptible to disturbances that easily change the supported
modes.

The power at which the gain exceeds unity is called the threshold power Pth. Above
this value, the output power is typically a linear function of the pump power until
saturation effects occur. In the linear regime, the output power Pout is given by

Pout = a(Pp − Pth), (2.41)

where a is called the slope efficiency, which basically describes how well additional
pump light is converted into laser light [68]. A laser of this type produces a continuous
wave (CW) output.

It is also possible to confine the energy into smaller time intervals and form pulses
with high peak power, exceeding the CW value by many orders of magnitude. One
technique is to switch the cavity losses, called Q-switching. The cavity is pumped, but
high losses prevent feedback. When the cavity is switched to a low-loss state, light is
built up from SE and all the stored energy is released in the form of laser pulses down
to the nanosecond range with powers as high as kilowatts.

To produce shorter pulses with higher peak power, mode locking is required. These
pulses are only possible if all modes of the cavity are positively interfering. This can be
achieved by using saturable absorbers that reduce their losses at high powers. These
saturable absorbers can be realized by using a material intrinsic saturable loss, as in
thulium-doped fibers [73] or graphene elements [74]. Artificially, the same effect can
be achieved by using intensity dependent nonlinearities, such as a Kerr lens combined
with an aperture [75] or the nonlinear polarization rotation in nonlinear optical loop
mirrors (NOLM) [76], to name a few.

2.1.4.1 Optical frequency combs

Interestingly, a stable repetition frequency pulse train is essentially a Dirac comb. This
function returns another Dirac comb when Fourier transformed. This means that the
spectrum will consist of individual narrow spectral comb lines. Deviations from the
perfect comb are caused by noise, be it electronic or thermal in nature, or caused by
vibrations or intracavity dynamics. Elimination of these noise contributions is critical
for efficient use of the individual comb lines. It should be noted, however, that the
continuity of the spectrum observed in typical mode-locked lasers is given by the limited
resolution of spectrometers. Once the source is sufficiently stabilized, the frequency of
each comb line is given by

fm = fCEO +mfrep, (2.42)

with m being an integer, frep being the lasers repetition frequency. fCEO is given by
changes in the offset phase between the pulse envelope and the carrier oscillation. Both
frequencies must be stabilized, typically using electronically controlled feedback loops
with appropriate feedback mechanisms. Stabilization of the repetition rate is achieved
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relatively easily by stretching the laser cavity. The fCEO is more difficult to stabilize,
since the appropriate feedback mechanisms are more complicated, and determining this
frequency as an input to the loop is not easy at all. One solution is to make the comb
self-referencing, i.e. the long wavelength part of the pulse is frequency doubled and
interferes with the short wavelength side. This requires a spectral bandwidth of more
than one octave. The interference creates a beat note at fCEO. Since this frequency is
typically in the microwave range, it can be easily measured from the interference using
a photodiode. More background and a full description of these sources can be found
in Keller (2022) [77].

A continuation of this concept are the dual comb laser sources, where two combs are
generated side by side in the same laser cavity. Therefore, they share the same noise
and the stabilization of fCEO becomes obsolete if the interference of the two combs is
the only interest [78]. This interference is again easily determined in the microwave
domain and contains the information of the comb spectra. This makes these sources
immensely useful in spectroscopy, atomic clocks or laser ranging [79–81].

2.1.5 Nonlinear effects in fibers

2.1.5.1 Nonlinear Schrodinger equation

As the light intensity increases, a material may react in an increasingly nonlinear
fashion, and higher terms of the polarization (eq. 2.10) of the medium become relevant.
The following section motivates the non-linear Schrodinger equation (NLSE) as the
defining differential equation for nonlinear pulse propagation in fibers. We will follow
the derivation in [82] and mention important steps. As a reminder, we rewrite the
polarization with the relevant terms

P = ϵ0(χ
(1)E + χ(2)E2 + χ(3)E3...) (2.43)

In general, χ(i) is a tensor of rank j+1. The first nonlinear term χ(2) is responsible for
second harmonic generation (SHG) and sum frequency generation (SFG). These effects
can be interpreted as the combination of two photons into a new photon of combined
energy. These processes typically require some sort of phase matching between the
wavelengths involved, which is easily achieved in free space using birefringent crystals.
In silica fibers, however, this is not feasible. Furthermore, χ(2) is very weak in silica,
as it vanishes in materials with inversion symmetry. χ(3) leads to nonlinear refraction
or the Kerr effect, four-wave mixing, and third-harmonic generation. We will focus
on the Kerr effect because it is a very useful mechanism for broadening pulsed light
in fibers. By neglecting time-delayed responses of the material (Raman), as well as
third-harmonic generation (which would require phase matching), we get

PNL(r, t) ≈ ϵ0ϵNLE(r, t), (2.44)

ϵNL =
3

4
χ(3)
xxxx|E(r, t)|2. (2.45)

17



eq. 2.45 and treating PNL as a perturbation leads to modified expressions for n and α

ñ = n+ n2|E|2, (2.46)

n2 =
3

8n
Re(χ(3)

xxxx), (2.47)

α̃ = α + α2|E|2, (2.48)

α2 =
3π

2nλ
Im(χ(3)

xxxx). (2.49)

α2 is the coefficient for two-photon absorption, which is of little importance in silica.
To solve the Helmholtz equation (eq. 2.29) the following approach is chosen

Ẽ(r, ω − ω0) = F (x, y)Ã(z, ω − ω0)exp(iβ0z). (2.50)

Assuming a slowly varying envelope, two equations are obtained by collecting similar
terms

∂2F

∂x2
+
∂2F

∂y2
+
[
ϵ(ω)k20 − β̃2

]
F = 0 (2.51)

2iβ0
∂Ã

∂z
+
(
β̃2 − β2

0

)
Ã = 0 (2.52)

A perturbation treatment with

ϵ ≈ n2 + 2n∆n, (2.53)

∆n = n2|E|2 +
iα̃

2k0
, (2.54)

gives the same fiber modes as discussed in the linear case (see sec. 2.1.2.) with an
additional wavenumber term corresponding to the averaged k0∆n integrated over the
modal distribution.

∆β = k0

∫∞
−∞

∫∞
−∞ ∆n|F (x, y)|2 dx dy∫∞

−∞

∫∞
−∞ |F (x, y)|2 dx dy

. (2.55)

We can do a Taylor approximation for the wavenumber in eq.2.53 and go back to
the time domain. Using F{(ω − ω0)

mA(ω)} = (i∂/∂t)mA(t) and evaluating ∆β with
eq.2.55 we get the nonlinear Schrodinger equation

∂A

∂z
+
∑
m

imβm
∂mA

∂tm︸ ︷︷ ︸
dispersion terms

+
α

2
A︸︷︷︸

linear loss

= iγ|A|2A︸ ︷︷ ︸
nonlinear term

, (2.56)

γ =
n2ω0

cAeff

. (2.57)

Aeff is calculated by integration over the mode profile as

Aeff =

(∫∞
−∞

∫∞
−∞ |F (x, y)|2 dx dy

)2∫∞
−∞

∫∞
−∞ |F (x, y)|4 dx dy

. (2.58)

We see that the nonlinearity increases with smaller mode area, a fact that is often used
to increase nonlinear effects by reducing the core size of a fiber.
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2.1.5.2 Self-phase modulation

Nonlinearities in pulse propagation in a fiber can cause spectral broadening of a laser
pulse. This can be illustrated by the case of self-phase modulation. We switch to a
comoving time frame

T = t− z/vg, (2.59)

and use an approximation

A(z, τ) =
√
P0 exp

(
−αz

2

)
U(z, τ), (2.60)

to study the NLSE in the case of low dispersion. The equation reduces to

∂U

∂z
= ie−αz 1

LNL
|U |2U (2.61)

with the nonlinear length defined as

LNL =
1

γP0

. (2.62)

By substituting U = V exp(iϕ) eq.2.61 is solved as

ϕ(L, T ) = |U(0, T )|2Leff

LNL

, (2.63)

Leff =
1− exp(−αL)

α
. (2.64)

The effect on the spectrum becomes clear when evaluating the instantaneous frequency
eq. 2.19

− ∂ϕ

∂T
= −Leff

LNL

∂

∂T
|U(0, T )|2. (2.65)

We see that the instantaneous frequency changes along the pulse according to its shape.
Since pulses are limited in time, they have a rising edge first, so there is a red shift in
the front. The same argument gives a blue shift in the trailing edge. When combining
different laser pulses in a nonlinear fiber, cross-phase modulation (XPM) occurs. They
change their phase similar to SPM. Another important consequence of the Kerr effect,
especially for anomalous dispersion (β2 < 0) and for longer pulses or quasi-CW and
CW lasers, is the exponential amplification of field disturbances. This source of noise
is called modulation instability (MI).

2.1.5.3 Solitons

Under anomalous dispersion, the NLSE gives rise to stable solutions called solitons.
They can be interpreted as an effect of SPM and dispersion balancing each other.
Interestingly, the same soliton behavior can be observed as a dip in a CW background
(dark solitons). The fundamental soliton is defined by the soliton number N .

N2 =
LD

LNL

=
γP0T

2
0

|β2|
= 1, (2.66)
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with LD = T 2
0 /|β2|. The fundamental soliton for given fiber parameters is defined only

by its amplitude η and is given by

u(z′, τ) = ηsech(ητ)exp

(
i
η2z′

2

)
. (2.67)

z′ and τ are the coordinates defined by

z′ =
z

LD

, (2.68)

τ =
t− β1z

T0
. (2.69)

We see that its width is given by the inverse of the amplitude. This is significant
because a soliton spreads out as it loses energy to absorption. There are also higher
order solitons for integer values of N . These pulses oscillate between states of positive
chirp and high peak power. During soliton formation, excess energy is emitted as a
dispersive wave, which can cause interference with the soliton.

2.1.5.4 Supercontinuum generation

The use of nonlinear effects to broaden the spectrum of a pulse leads to spectral band-
widths that greatly exceed the limit otherwise given by amplifying materials, sometimes
exceeding several octaves [83]. The broader spectrum is useful in several ways. The
increased bandwidth supports temporally much shorter pulses than the initial pulse.
When SPM is the main nonlinearity, it can produce almost purely linearly chirped
broadened pulses. These pulses are then easily compressed using materials with com-
pensating dispersion and the right length or an external pulse compressor [84]. When
the pulse spectrum is considered broad, the source is commonly called a supercontin-
uum. This large spectral expansion is necessary for many applications, such as the
self-referencing of frequency combs. Efficient supercontinuum generation requires spe-
cially designed fibers. These typically have adapted glass materials and smaller cores
for higher field intensities. A comprehensive treatment is given later in this text in
chapter 4.

2.2 Optical fiber fabrication methods

The typical path to an optical fiber consists of a two-step process in which a macroscopic
version of the fiber is created, with the various regions such as the core and cladding
already shaped and made of the correct materials. The preform is then reduced to the
desired fiber size by the drawing step. A standard drawing tower is shown in fig. 2.2.
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Figure 2.2: Drawing tower in operation at the Swiss Innovation Park in Biel

A drop is formed by heating the bottom of a preform with a suitable heat source
(graphite resistance furnace, induction furnace) hot enough to soften or melt all the
different glass compositions present. Alternatives such as CO and CO2 lasers have also
been used [31, 33]. The droplet falls under its own weight or is pulled down. On its
way down, the droplet is cut off and the attached tail is passed through the various
stations necessary for a successful drawing process, such as a laser diameter monitor,
a coating applicator, and a UV curing oven to apply an often necessary additional
layer to the fiber for protection and optical properties. In addition, a strain gauge can
monitor the forces involved in drawing the fiber, and a second diameter measurement
stage is essential for accurate control of the fiber geometry. The fiber is then placed in
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an adjustable fiber pulling mechanism and finally wound onto a rotating drum.
By adjusting the balance between the rate at which the preform is fed into the

furnace and the rate at which the fiber is drawn into the bottom, one can control the
resulting fiber thickness, the time the fiber is exposed to the hot zone of the furnace,
and the rate at which it is exposed to the cooler outside air.

Leaving glass fibers uncoated and exposed can result in crack propagation due to
surface defects, which can be accelerated by simple mechanical stress or by atmo-
spheric moisture and other contaminants absorbed into the glass, causing stress and
corrosion[85]. This can be easily observed in an exposed fiber left in a coil as it will
likely break into multiple pieces over time. However, choosing the right coating is criti-
cal to achieving the desired optical behavior, as a high index coating will cause all light
in the cladding to be emitted, while a low index coating will allow light to be guided
in the cladding.

An alternative to the standard fiber drawing method is the double-crucible tech-
nique [86, 87], in which the cladding and core materials are melted separately and
forced through a nozzle that places the cladding material around the core material. By
adding multiple core crucibles, it is even possible to draw entire fiber bundles at once
[88].

Certain optical materials, such as plastics or soft glasses such as tellurite [89, 90],
can be extruded directly through custom dies with some heating to form even complex
microstructured optical fiber preforms. In the case of polymer-based optical fibers, they
have even been extruded directly to fiber size, skipping the preform [91, 92]. Although
plastic optical fibers have a wide range of applications, their use is severely limited by
high attenuation and low optical damage threshold [93].

Telecom fibers typically require very high purity and very low losses, which can be
as low as 0.14 dBkm−1 at 1550 nm [94]. The best methods in this regard are based on
some form of vapor deposition, as it is inherently contamination free. Most variations
of vapor deposition pass precursors in vapor form such as SiCl4 and O2 and dopants
in the form of GeCl4 or BCl3 through a glass capillary. These gases are converted
to their oxide forms using either a torch or a microwave cavity plasma. These oxides
deposit on the heated walls as thin layers or aggregate in the air to form soot [95–99].
Other dopants, including active rare earth ions such as erbium, ytterbium, etc., can
be incorporated either in the gas phase in the same process [100], as precursors can
generate some vapor pressure when heated, or by soaking the very porous carbon in
a solution containing the dissolved precursors. This process is followed by drying and
sintering of the soaked layer [101–103].

The main advantage of solution doping is the ability to achieve higher doping con-
centrations compared to vapor deposition at the cost of purity. Because these vapor
deposition techniques rely heavily on gaseous forms of chlorine-containing molecules
and even use chlorine gas for drying and purification, they place high demands on
safety and air filtration systems.

An elegant way to fabricate arbitrary fiber geometries, RIPs, and dopant distribu-
tions is the stack-and-draw technique for microstructured optics. Fiber preforms are
created by strategically arranging glass rods, primarily soft glass, of different composi-
tions. This process has to be done manually. By downscaling the drawing process, the
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rods are reduced to subwavelength size so that the propagating light experiences an
effective glass composition, i.e., smooth. In addition, the glass rods are mixed to some
degree due to diffusion during fiber drawing. This approach requires careful planning
of rod placement with simulation and calibration [104, 105]. Stacking of glass rods and
tubes is also used in the preparation of preforms for photonic crystal fiber (PCF)s,
where precise alignment of the glass elements is critical [106].

Alternatively, the structure can be machined into a glass rod [107]. 3D printing like
techniques also exist for plastic [108] and soft glass fiber preforms. The high melting
point of silica poses a challenge for extrusion of heated material through a nozzle, so
a laser powder deposition technique has recently been established that allows preform
production within a few hours [29, 30, 36]. An overview of different additive processes
with different optical materials can be found in [109].

One approach suitable for drawing powder mixtures in tubes is the molten core
technique. It is based on a melting temperature of the core that is lower than the
temperature required to draw the sheath. Fibers with high aluminium content and
inscribed Bragg gratings for high-temperature applications have been developed [110].
The molten phase of the core also allows the growth of crystals, semiconductors such
as silicon. In this case, silicon carbide is added to the silicon in the core, which reacts
with oxygen released from the silica cladding during drawing [111]. A review of molten
core fibers can be found in [110].

Other fiber fabrication techniques include the powder-in-tube technique or sol-gel
based glasses. These methods have been adapted in recent years at the University of
Bern and the BFH in the form of sol-gel based granulated oxide powders that have been
drawn into fibers directly from the powder, or with prior flame vitrification [112–114].

In this paper we will present our own version of the sol-gel based fiber fabrication
process, where we coat the inside of a capillary with the sol-gel and vitrify it directly
under an oxygen atmosphere using a CO2 laser. More about this method in the next
chapter 3.1.
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Chapter 3

Prototyping of novel optical fibers

3.1 Laser-assisted rapid prototyping of doped silica
optical fibers

The following section is based on two papers in preparation for publication:

Pascal Hänzi, Dariusz Pysz, Mariusz Mrózek, Robert Bogdanowicz, Ryszard Buczyński,
Mariusz Klimczak, Valerio Romano, Alexander Heidt. “Laser-assisted rapid prototyp-
ing of silica optical fibers functionalized with nanodiamonds and multiple active rare
earth dopants”.

Pascal Hänzi, Grzegorz Stępniewski, Adam Filipkowski, Sara Lukasik, Tomasz Kar-
das, Yuriy Stepanenko, Maciej Głowacki, Mariusz Mrózek, Adam Wojciechowski, Va-
lerio Romano, Robert Bogdanowicz, Katarzyna Krupa, Ryszard Buczyński, Alexander
M. Heidt, Mariusz Klimczak. “Nanodiamond-doped silica fiber with highly dispersive
nonlinearity”.

3.1.1 Introduction

This work explores the rapid prototyping of functionalized silica fiber preforms by
combining the unique advantages of laser-assisted fabrication with variations of the es-
tablished powder-in-tube and sol-gel dip-coating processes. These preform fabrication
techniques have been implemented in various forms [39, 115–118] and are recognized
as cost-effective and straightforward methods for obtaining silica glasses doped with a
wide range of functional ingredients at high concentrations and uniformity [114, 119–
121].

Here, their implementation using laser-assisted preform fabrication is discussed in
detail (section 3.1), and the production of high quality silica fibers with three different
functionalizations is described (section 3.2). This manuscript reports the achievement
of several important milestones:
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(i) high glass quality, exemplified by an Ytterbium – doped active laser fiber with
emission characteristics comparable to commercial fibers produced by CVD/solution
doping techniques;
(ii) high flexibility, demonstrated by the fabrication of fibers with fluorescence band-
widths exceeding one octave doped with multiple active rare earth ions;
(iii) new functionalities, as demonstrated by the first successful direct doping of silica
fibers with highly temperature-sensitive nitrogen-vacancy (NV) fluorescent nanodia-
monds with dissociation temperatures near 600°C. These studies demonstrate that
laser-assisted preform fabrication is a promising route for rapid prototyping of high
quality fibers with novel core compositions. In particular, these methods enable the
direct doping of silica fibers with temperature-sensitive nanomaterials, a feat not pre-
viously achieved with other fabrication technologies.

Our work shows a strong influence of these particles on the optical nonlinearities.
Therefore, nanodiamond doped preform slices were fabricated and their n2 values were
determined using a Z-scan setup, showing a significant reduction of n2 at 1030 nm. The
complete work on the preform is published in Stepniewski (2023) [38]. The resulting
fiber was studied and its nonlinearity evaluated using nonlinear pulse propagation
at different wavelengths and comparing the measured spectra with simulations. The
results show a strong nonlinearity dispersion with an increase of n2 around 1550 nm
and a decrease at 1050 nm compared to a pure silica core single mode fiber.

3.1.2 Laser system and vitrification setup

The setup is for the laser vitrification experiments is sketched in fig. 3.1 (a). A multi-
kW continuous wave CO2 laser system is used, although only a fraction of its power
is required for preform fabrication. The laser emits a circular flat-top beam with a
diameter of approximately 20mm. Beam shaping techniques are used to adjust the di-
mensions and shape of the hot zone. Since we have plenty of laser power available, we
transform the originally circular laser beam into a nearly rectangular shape by simply
passing it through an aperture. This results in a hot zone with a sharp vertical tran-
sition between heated and unheated areas, measuring approximately 9mm in height
and 20mm in width. Further shaping of the hot zone can be easily achieved by using
different apertures and lenses as needed.

Since we typically use silica tubes with an outer diameter of 5mm or less to make
our preforms, a significant portion of the laser beam will pass around the tube. To
capture this light and ensure uniform heat distribution across the cross section of the
tube, we use a retroreflecting cylindrical mirror that redirects the light to the back of
the tube. Thicker preforms could be produced by splitting the laser beam into several
equal parts and directing them at the tube from different directions [33].

Simulations of the laser heating of the preform show a relatively homogeneous
temperature distribution in the x-y plane, considering that the preform is illuminated
from only two sides. The simulations show a static picture of the process, so axial
rotation is neglected. The actual temperature distribution with rotation will show more
rotational symmetry and thus a smoother temperature distribution. Looking at the
edges of the heated zone, as in the x-z plane (fig. 3.1 (c) and (d)), we see a localization
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Figure 3.1: (a) Schematic of the laser-assisted vitrification setup. (b)-(d) Simulated tempera-
ture distribution in a 4mm pure silica preform under bidirectional CO2 laser irradiation along
the x-axis. The maximum surface temperature is set to 2000 ◦C, preform rotation is not con-
sidered. (b) Horizontal cross section at z = 0. (c) Vertical cross section at y = 0. The inset
shows a photograph of the hot zone observed in the experiments. (d) Vertical temperature
distribution at the preform core (x = y = 0). A temperature gradient of 100 ◦Cmm−1 is
indicated by the red dashed lines.

of the temperature in the middle with a strong gradient of 100 ◦Cmm−1, which means
that the heating is strongly confined to a few millimeters. Localized treatment of the
material can be achieved and process parameters can be quickly adjusted without the
need to re-establish temperature equilibrium, as a region of the preform is quickly
moved through the short heating zone.

A custom-built, computer-controlled vitrification lathe is used to rotate and trans-
late the silica tube vertically along the beam. Critical vitrification parameters such as
laser power, rotation speed, and translation speed are carefully controlled depending on
the preform fabrication method and doping materials used. Gas flow or vacuum can be
applied to the preform tube as required. The lathe can produce preforms up to 23 cm
in length. The preforms are then drawn into fibers using a standard drawing tower,
resulting in fiber lengths of several hundred meters for a 4mm diameter preform drawn
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into a 125 µm diameter fiber. This length is sufficient for research and development of
new fiber compositions and functionalities.

3.1.3 Liquid layer laser vitrification (3LV)

3LV is a variation of the sol-gel dip-coating process [115], and it is found to be partic-
ularly useful for rapid prototyping of high-quality rare-earth doped fiber preforms for
laser and amplifier applications. The basic concept of preform fabrication using 3LV
is illustrated in fig. 3.2.

Liquid Layer

Silica tube

Peleus ball

Sol-gel

Gas connection

Coating layers

N2 �ow

Vitri�ed layers

Retrore�ector

Laser beam

Heliox �ow

a) b) c) d)

Collapsed region

Cladding
Core

d)

Figure 3.2: Schematic of the 3LV process for the production of doped silica fiber preforms. a)
Internal dip coating of a silica glass tube with a thin sol layer containing the dopant precursors.
b) Drying under nitrogen atmosphere. c) Laser vitrification of individual layers with Heliox
flow. d) Collapse of the silica glass tube. The insets show the cross section of the preform at
each step.

The doped silica core material is formed by sequential deposition and CO2 laser
vitrification of multiple thin sol layers inside a fused silica tube. After collapsing the
tube, the vitrified layers form the core of the preform, while the fused silica tube
serves as the cladding. This entire process, including layer deposition, vitrification,
and preform collapse, can be performed in the laser vitrification machine described in
section 3.1.2 without the need to move the preform between steps.

The sol is prepared by mixing tetraethyl orthosilicate (TEOS) with an ethanol
solution of dopants in chloride form at room temperature. A wide variety of functional
dopants can be incorporated into the core at high concentrations while maintaining
uniformity at the molecular level. Doping with an ethanol suspension of nanoparticles
is also possible. The viscosity of the sol, and thus the thickness of each deposited
layer, is adjusted by adding a small amount of distilled water and a few drops of
hydrochloric acid. The mixture is stirred overnight to ensure uniform dispersion of
the SiO2 precursors and dopants in the liquid phase, resulting in the growth of a
homogeneously doped sol-gel matrix.

While the exact process parameters depend on the individual thermodynamic prop-
erties of the dopant materials, we provide details on the fabrication of rare earth doped
fiber preforms discussed in sections 3.2.1 and 3.2.2 as a representative example.
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